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To Enya, Elisa, and Penelope



Biotechnology is likely to be the main driving force of change in human 
affairs for the next hundred years.

Freeman J. Dyson, A Many Colored Glass, University of Virginia Press, 2007

Hopes of realizing the optimistic forecasts about the benefi ts that molecular 
biology will bring to pharmacology are likely, I believe, to be circumscribed 

by the state of physiological knowledge, models, and concepts.

Sir James Black, Foreword in The Logic of Life, edited by C. A. R. Boyd and 
D. Noble, Oxford University Press, 1993
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 PREFACE     

     Most drugs fail at the critical and expensive stage of clinical development due 
to inadequate prediction of effi cacy and/or safety. Today new technologies 
that enable us to be more systematic and profi cient at deciphering the complex 
interactions between biology and medicine are one of our best hopes in 
achieving a better therapeutic index. The goal of this book is to educate the 
readers in aspects of several key emerging technologies and how they have 
substantially impacted drug discovery, while stimulating thinking on how to 
better address safety and effi cacy for drug research and development. 

 Systems biology, stem cells, RNAi, biomarker discovery and new models 
in vivo, are already infl uencing our predictions of drug effi cacy. Automated 
data mining, computational (in silico) approaches, high - throughput screening 
and high - content screening, will continue to impact our predictions of drug 
safety. Finally, several key technological advances in nanotechnology, biolog-
ics, and complex drug discovery will be presented in the same forum to foster 
the cross - fertilization of ideas between the fi elds of small molecule and larger 
molecule discovery. Indeed the breakdown of disciplinary silos   and systematic 
application of the four modalities (manipulate, measure, mine, and model) are 
the central theme of this book. It is envisioned that the cross - disciplinary 
collaborations that are implicit in integrating these technologies with drug 
discovery operations will fuel the engine for future innovations. This book 
cuts across multiple areas of drug discovery. These areas are each presented 
by pioneers in the fi eld, and they should have a broad appeal to many biologi-
cal scientists and interdisciplinary technologists interested in drug research. 

 The book is not intended to be a  how to    book but rather to enhance knowl-
edge of concepts and provide perspectives on drug discovery applications of 



new technologies. Many of the chapters include case studies of how such 
technologies impact drug research and development. The reader should be 
able to take away from the book what the new technology is about, and how 
it enabled drug research and development that previous or conventional tech-
nology was not able to. 

 The book is divided into three sections  : 

  Part I.   Drug Effi cacy and Safety Discovery  
  Part II.   Biologics Technology  
  Part III.   Future Perspective    

 Among the topics addressed are  : 

   •      High throughput protein - based technologies and computational models 
for drug development, effi cacy, and toxicity.  

   •      Systems pharmacology, biomarkers, and biomolecular networks.  
   •      Computational systems biology modeling of dosimetry and cellular 

response pathways.  
   •      Nanotechnology to improve drug delivery.  
   •      Modeling effi cacy and safety of engineered biologics.    

 The book ’ s authors from pharmaceutical and biotechnology companies and 
academe have   aimed to present an accessible volume for scientists at every 
level pursing drug research and development. Each chapter has been edited 
to ensure consistency with explanatory fi gures and key references for readers 
who want to fi nd out more about a topic. We hope that this book will prove 
to be a valuable reference resource on emerging technologies and tools and 
will enhance research productivity, which we show to be based on the modali-
ties of manipulation, measuring, mining, and modeling.        
 

x PREFACE
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Figure 2.2 The three main characteristics of a high-throughput affi nity based assay. 
(a) A multiplexing scheme in which solid supports (e.g., microparticles [35], beads, 
spots, or wells) obtain a unique identity. (b) A capture scheme immobilizes and/or 
isolates the protein of interest. (c) A detection scheme generates a readable output, 
which is linearly correlated to the amount of the immobilized protein of interest.

Cellular Systems

Functional BiomarkersFunctional Biomarkers

Integrated Content

Figure 3.1 Cellular systems biology is the study of the integrated and interacting 
network of genes, proteins, and metabolic processes that give rise to normal and 
abnormal conditions. The cell, as the simplest of complex biological systems, exhibits 
properties in response to external stimulus that are not always anticipated from detailed 
knowledge of its component parts, or component functions and can be measured and 
analyzed using panels of fl uorescently labeled, functional biomarkers coupled with 
advanced informatics.



Figure 3.2 Tools of cellular systems biology. Cells or tissue models are plated in high 
density 384-well microtiter plates and exposed to treatments. At the end of exposure 
time the cells are evaluated for 10 or more measurements using panels of fl uorescent-
based reagents. The 384-well plates are scanned using existing high-content reader 
instruments with image analysis algorithms. Informatics tools extract contextual infor-
mation from the multiplex of functional cell features. Databases containing large 
compound profi les sets can be mined for knowledge.
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Figure 3.4 Constructing the classifi er. (See text for full caption.)
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Figure 3.4 Continued



d.

Classifier output of training and test set of compounds
building the algorithm
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Figure 3.4 Continued
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Figure 3.5 Hierarchical clustering of case study compounds. Cell features in the pro-
fi les are color coded by AC50 value so that red is nM, yellow is μM, and blue is mM 
concentrations. In vivo results are shown on the bottom axis. Blue rectangles indicate 
compounds with high degree of in vitro similarity, thus with a high likelihood that they 
will produce similar responses in vivo. Heat maps are used to identify patterns in 
response profi les between compounds in large data sets.
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nM

µM
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b.
Unknowns I17 (blue) and I98 (gray) with  
high similarity to Terfenadine (red) 

Unknown H25 with high similarity 
to Etoposide 

Figure 3.6 Application of Pearson’s correlation plot similarity analysis. (a) The uni-
verse of all compounds plotted as cell features against magnitude of the response. The 
lines represent individual compounds, with the gray background showing the maximum 
value of feature responses for all compounds in the fi rst-generation database. (b) Test 
compounds I98 and I17 have high similarity to Terfenadine (QT prolongation) while 
H25 has a nearly identical profi le to Etoposide (myleotoxicity). Correlations such 
as these are used as mechanistic indicators for follow-up investigative toxicology 
studies.



Figure 4.3 Cross-compartment subnetwork constructed from observed changes in a 
rodent model due to disease and drug administration. The top network (a) is the cor-
relation network generated using data from normal phenotype animals. The left 
network (b) is the corresponding network for the disease phenotype group. The right 
network (c) is the corresponding network for a disease phenotype group administered 
the therapeutic compound. Node positions are fi xed to compare identical analytes in 
the three treatment groups. Apart from imposing inclusion criteria that analytes be 
either one or two correlation links away from either serum cholesterol or serum HDL, 
each network was generated in an unsupervised manner. Except for the two serum 
clinical chemistry nodes, cholesterol and HDL, all nodes represent analytes in adipose 
tissue. Node colors in networks b and c refl ect concentration levels relative to the 
baseline normal phenotype state (a). “Persistent correlations,” (edges colored gold or 
blue) are unchanged across these three states. Highlighted in network c are two areas 
of interest, namely c″, a group of three analytes among which the disease induces 
correlations that are in turn reverted by drug administration, and c′, a group of 
another three analytes among which the drug induces correlations that were not 
observed in either the normal phenotype or the disease phenotype. All correlations 
shown are based on Pearson product–moment correlation metrics. Analytes have been 
de-identifi ed except for serum cholesterol and serum HDL.



Figure 4.4 Correlation subnetworks constructed from molecular profi ling measure-
ments in a rodent model of disease and the human disease condition. Network a rep-
resents the correlation network in the human disease, and network b represents the 
correlation network in the rodent model. Network c is the intersection of networks a 
and b; it is a candidate network biomarker of disease common to both species. The 
spatial coordinates of all nodes are fi xed across networks for clarity. Each node is a 
distinct lipid as measured by liquid chromatography and mass spectrometry (LC-MS). 
Node colors represent analyte concentration relative to the normal healthy phenotype 
of each species (normal phenotype networks not shown). Each network was generated 
in an unsupervised manner solely from the LC-MS lipid molecular profi ling data. All 
network edges represent correlations based on Pearson product–moment correlation 
metrics. Analytes have been de-identifi ed.



Figure 4.10 Gene Ontology Biological process database traversal on top of a rat 
skeletal muscle correlation network. Red and green edges denote correlations shared 
between fenofi brate and a novel PPARα agonist. Dotted lines denote inclusion in a 
particular biological process node (triangle), and node color indicates direction of 
transcript abundance change between fenofi brate and a vehicle group. Transcripts that 
are either unidentifi ed or poorly characterized have a blue border.

Figure 5.1 Representative transgenic zebrafi sh lines. (A) Insulin:gfp transgenic line, 
30 hpf; (B) pomc:gfp and prol:rfp double transgenic line, 36 hpf (the pituitary is labeled 
with both GFP and RFP); (C) fl k1:gfp transgenic line, 48 hpf. The white arrow points 
an ISV.



Figure 5.3 MPA inhibits angiogenesis in zebrafi sh. (See text for full caption.)

Ingenuity Metacore 

Figure 6.2 Gene list associated with hepatic cholestasis in Ingenuity Pathway Analysis 
and MetaCore version 4.5.



Figure 6.4 High-throughput data analysis on a net work using data for two molecules 
from Fliri et al. [79].
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Figure 8.1 Origin and establishment of human stem cells for drug development and 
toxicity evaluation. (See text for full caption.)



Figure 9.1 Major functional components and working fl ow of a telemetry system used 
in a cardiovascular telemetry study with rodent or large animal.

Figure 11.1 Tools and technologies used in glycomics research.



Figure 11.2 Typical structures of N-glycans present on recombinant proteins pro-
duced in mammalian, insect, plant, and yeast cell systems.

Figure 12.1 Endocytotic recycling machinery. (a) Transferrin recycling. (i) At neutral 
pH, transferrin (orange) bound to iron (black) has affi nity for the transferrin receptor 
(purple); unbound (apo-) transferrin must passively diffuse into the forming endosome 
(ii). (iii) When the endosome acidifi es, iron loses affi nity for transferrin while apotrans-
ferrin gains affi nity for the receptor. (iv) Free (nonrescued) transferrin is shuttled to a 
lysosome and degraded; iron is processed by the cell using other machinery such as 
ferritin (yellow). (v) Receptor-bound apotransferrin is exported to the cell surface 
where it loses affi nity for the receptor at neutral pH. (b) IgG recycling. (i) At neutral 
pH, IgG (“Y”) and target (red) molecules (and the complex of the two) have no affi nity 
for the FcRn receptor (green), and must passively diffuse into the forming endosome 
(ii). (iii) When the endosome acidifi es, IgG gains affi nity for FcRn and may (either 
free or in complex with the target) bind FcRn. (iv) Non–receptor-bound endosome 
components are moved to a lysosome and destroyed. (v) Receptor-bound IgG and 
complex are returned to the cell surface and released at neutral pH. Note that for both 
(a) and (b), the effi ciency of recycling of transferrin/IgG is much more effi cient than 
shown here, leading to the lengthy observed half-lives for these proteins.



Figure 12.2 Antibody–target complex buildup. (See text for full caption.)

Figure 12.3 Antibody therapeutic directed against acutely-introduced target. 
(See text for full caption.)



Figure 13.1 Schematic representation of the RNAi pathway. Exogenously adminis-
tered siRNA or dsRNA produced by viral infection incorporate into the processing 
pathway at different steps to affect cellular signaling and gene expression. Ago2—
argonaute 2; TRBP—tar-binding protein.
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Figure 14.3 A shape feature HIPHOP pharmacophore model (Discovery Studio 2.0 
Catalyst, Accelrys, San Diego, CA) of pergolide and norfenfl uramine. Purple sphere = 
hydrogen bond donor, blue spheres = hydrophobic features, gray shape = van der 
Waals surface around pergolide.
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  1.1   INTRODUCTION 

  “ What is there that is not poison? Everything can be poison. What differ-
entiates a poison from a medicine is its dose ”   [1] . This is the famous 
revelation of Paracelsus (1493 – 1541), the father of modern medicine  . Modern 
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pharmaceutical scientists have refi ned the concept of dose with concentration, 
and added a time variable  [2] . Successful drug therapy relies on not drug 
potency per se but on a wide enough safety margin between toxicity and effi -
cacy, the so - called suffi cient therapeutic index (TI)  [3] . This safety margin is 
exemplifi ed by the lipid - lowering drug class hydroxymethylglutaryl - CoA 
(HMG - CoA) reductase inhibitors known as statins. Cerivastatin is a potent 
statin with therapeutic exposure levels that are an order of magnitude lower 
than other statins. However, it was withdrawn from the market after wide-
spread prescription because of a signifi cantly higher incidence and severity of 
muscle toxicity  [4] . The challenge facing all of us in the pharmaceutical research 
and development fi eld is how to establish robust screening paradigms and 
predictive strategies to (1) proactively identify drugs with narrow therapeutic 
indexes, before they are administered to humans, and (2) select drug candi-
dates with suffi cient safety margins that can withstand the test of time and 
widespread use. 

 Traditionally drug safety evaluation is conducted in the later stages of 
development when the entire development program is focusing on a single 
new chemical entity (NCE). In this mode of compound testing, the safety 
evaluation of the NCE is composed of preclinical animal toxicology, pathol-
ogy, and safety pharmacology studies followed by phased human clinical tests 
(i.e., phases I, II, III, and postmarketing surveillance). In the event that severe 
toxicity occurs without a suffi cient TI, it can lead to abandonment of such 
development programs or severe restrictions on the utility of such an NCE 
(Figure  1.1 ). It is now widely recognized that drug toxicity is the leading cause 
of drug candidate attrition in development  [5] , as well as drug withdrawals 

    Figure 1.1     Role of therapeutic index (TI) screening in drug discovery and 
development.  

Traditional Discovery and DevelopmentTraditional Discovery and Development

ClinicalLeadScreenTarget Candidate Pre-clinical

In vivo Safety 
Studies:

preclinical and
clinical

Lack of TI

HTS: Potency

Animal: Potency
GO

ADME,
hERG,GenTox,

Selectivity

STOP

TI good

Q: Why not screen against the end goal: therapeutic index (TI)?



from the market after they were initially approved by the drug regulatory 
agencies  [6] . Approximately one - third of drug attrition is due to preclinical 
drug toxicity or clinical safety  [7] . These statistics, however, may underesti-
mate the   contribution of toxicity to overall drug attrition.  “ Lack of effi cacy ”  
has been the other leading cause of drug attrition. However, among the drug 
candidates that have exhibited poor effi cacy, there is evidence that for a sig-
nifi cant number of these candidates, the clinical dosing regimen was limited 
or restricted by dose - limiting toxicity. In other words, the proof of clinical 
effi cacy could not be fully achieved if an NCE did not have a suffi cient TI 
(e.g.,  [8] ). Hence an additional fraction of the  “ lack of effi cacy ”  group also 
contained an underlying drug safety cause. If one would introduce a category 
called  “ lack of suffi cient therapeutic index, ”  this category would certainly 
occupy the largest cohort of drug attrition  [9] .   

 If lack of suffi cient TI is the major hurdle of pharmaceutical research and 
development (R & D), the obvious question is, why not focus on this key 
parameter by applying emerging technologies to screen for improved TI in 
key transitioning steps during prolonged R & D programs? If this screening 
strategy is applied early enough in the drug discovery stage (e.g., right after 
cell - based effi cacy screens), the data could help the drug discovery teams 
proactively identify and select drug candidates with an increasing probability 
of improved TI in vivo. The remainder of this chapter will discuss emerging 
technologies that could make this happen, and provide the authors ’  perspec-
tives on challenges in the fi eld.  

  1.2   GENERAL APPROACHES IN PREDICTING THE 
THERAPEUTIC INDEX 

 Predicting a therapeutic index is intrinsically a systems pharmacology and 
systems toxicology challenge. This exercise no longer deals with a single 
enzyme or receptor, but with a multiple - component system that includes com-
peting endogenous ligands, co - factors, off - targets, multiple cell types, organs, 
and tissues. Many scientists view systems biology as an  “ integrated ”   omics . 
While there is a need to integrate all the  omic  data to generate a  “ pathways 
view ”  of biology, this per se does not allow quantitative prediction of a thera-
peutic index. To translate biological knowledge into an effective therapy, 
one needs to quantitatively predict the fundamental attributes of drugs, for 
example, the intrinsic TI of a drug and different ways to optimize TI in vivo. 
This necessitates an accurate prediction of both effi cacious and toxic concen-
trations (Figure  1.2 ). Hence the in vitro – in vivo correlations for cellular 
models, biomarkers, and concentrations need to be established for both drug 
effi cacy and drug toxicity. Furthermore drug disposition and pharmacokinetic 
(PK) properties need to be taken into consideration for the fi nal calculation 
of therapeutic index. In this sense, systems pharmacology and systems toxicol-
ogy build on basic biological knowledge derived from systems biology, but 
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additionally integrate that with in vitro – in vivo correlation, PK measurements, 
pharmacodynamic prediction, and knowledge about mechanisms of chemical 
toxicity and its reversibility.    

  1.3   PREDICTING EFFICACIOUS EXPOSURE 

 A major challenge in predicting drug effi cacious exposure is the apparent  “ loss 
of effi cacy ”  through the translation of model systems. Such  “ loss of effi cacy ”  
may happen when transitioning from the isolated enzyme or receptor screens 
to whole cell assays, from whole cell assays to animal models, from animal 
models to human proof - of - concept (POC) studies, from human POC studies 
to large - scale and/or longer term human patient trials. Since such  “ loss of 
effi cacy ”  leads to negative results, and negative results are typically considered 
less interesting to publish, our systematic understanding of the mechanisms 
behind such a  “ loss of effi cacy ”  are relatively poor. This is unfortunate since 
more productive strategies of drug R & D cannot be devised unless we 

    Figure 1.2     Therapeutic index (TI) screening requires the quantitative prediction of 
clinical effi cacy and safety by a combination of cellular models, biomarkers, and in vivo 
relevant concentrations.  
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understand such mechanisms. After all, the number of negative results by far 
exceeds the successful NCE launches in the R & D endeavor  [7] . 

 While there are few systematic studies on the mechanisms of such apparent 
 “ loss of effi cacy, ”  anecdotally several reasons have been postulated: (1) pre-
clinical effi cacy models do not correlate with clinical diseases, (2) preclinical 
effi cacy biomarkers do not correlate with disease regression, and (3) in vitro 
effective concentrations do not correlate with in vivo concentrations. Funda-
mentally too much emphasis on the isolated disease target and the reductionist 
approach of drug discovery has driven us away from a more holistic under-
standing of disease pathophysiology in an  “ open system ”  in vivo. Translational 
medicine, which focuses on the quantitative correlation between in vitro and 
in vivo, between animals and humans, aims to bridge this gap. In this section 
we will use case studies to highlight certain key principles of such translation 
and present emerging technological approaches that could address this 
challenge. 

  1.3.1   Clinically Relevant Endpoint 

 An example of a  “ loss of effi cacy ”  during preclinical   to clinical transition is 
the case of acyl - CoA cholesterol acyltransferase (ACAT) inhibitors. ACAT 
converts free cholesterol to cholesterol esters; hence it catalyses the reverse 
reaction of cholesteryl ester hydrolase (CEH). The original hypothesis was 
that if ACAT in peripheral cells such as foamy microphages was inhibited, 
more cholesterol would stay in the form of free cholesterol instead of choles-
terol esters. Since it was thought that only free cholesterol could leave the 
foamy microphages, it was hypothesized that inhibition of ACAT could drive 
the effl ux of cholesterol from these cells, and ultimately up - regulate the rate 
of reverse cholesterol transport (RCT) back to liver for subsequent clearance 
(Figure  1.3 ). In cellular effi cacy models it was found that ACAT inhibitor 

    Figure 1.3     Role of acyl - CoA cholesterol acyltransferase (ACAT) and ACAT inhibi-
tors in reverse cholesterol transport from peripheral cells.  
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signifi cantly inhibited cholesterol esterifi cation in rat aortic smooth muscle 
cells and macrophages. It reduced cholesterol ester by 97% and increased the 
cellular free cholesterol by approximately twofold  [10] . In the cholesterol - fed 
rabbit model, the ACAT inhibitor was shown to prevent the formation of 
atherosclerosis and even accelerate its regression  [11] . In fact several ACAT 
inhibitors that were tested in this animal model have showed some degree of 
anti - atheroscerotic effects  [11 – 21] .   

 To date two ACAT inhibitors, avasimibe and pactimibe, have been tested 
in large - scale human clinical trials. However, both trials showed lack of effi -
cacy or even exacerbated the atheroma outcome compared to the current 
standard of care (i.e., statin therapy). In the Avasimibe and Progression of 
Lesions on Ultrasound (A - PLUS) trial, over 600 patients with coronary ath-
erosclerosis were randomized to receive a statin or statin plus avasimibe for 
a period of two years  [22] . The primary outcome was plaque burden, as mea-
sured by intravascular ultrasonography (IVUS) in all patients. At the end of 
the trial, the percent atheroma volume increased or worsened by 0.4% to 1% 
compared with placebo (statin alone) in a dose - dependant manner in the dose -
 escalating avasimibe plus statin groups  [22] . In the ACAT Intravascular Ath-
erosclerosis Treatment Evaluation (ACTIVATE) trial, over 400 patients with 
coronary atherosclerosis were randomized to receive statin or statin plus pac-
timibe, another ACAT inhibitor, for 18 months  [23] . The primary outcome 
was also plaque burden, as measured by IVUS. In this study the atheroma 
volume in the most diseased 10 - mm segment regressed by 3.2   mm 3  in the 
placebo (i.e., statin) group, as compared with a decrease of only 1.3   mm 3  in 
the pactimibe group ( P    =   0.01)  [23] . 

 The fact that both trials with two different ACAT inhibitors showed less 
than the expected atheroma outcomes compared to statin alone, showed a 
lack of correlation between the clinically relevant endpoint, in this case IVUS 
imaging, and previously measured endpoints in vitro (e.g., inhibition of ACAT 
per se). It is possible that direct measurements of the rate of cholesterol effl ux 
from cholesterol - fi lled human macrophages could be a much more clinically 
relevant endpoint to measure in vitro. Indeed pre - incubation of THP - 1 
macrophages with atorvastatin, a widely - prescribed statin, dose dependently 
stimulated cholesterol effl ux to apolipoprotein AI (apoAI) and high density 
lipoprotein (HDL)  [24] . This was confi rmed by ex vivo cellular cholesterol 
effl ux studies in patients treated with atorvastatin  [25] . In the future such 
cholesterol effl ux studies (both in vitro  and  ex vivo) should be conducted to 
compare the effects of the statin alone with the statin plus an ACAT inhibitor. 
Since statin treatment already inhibits cholesteryl ester accumulation in 
macrophages challenged with atherogenic hypertriglyceridemic very low 
density lipoproteins (VLDL)  [24] , it is possible that any further reduction 
of cholesteryl ester content by avasimibe or pactimibe did not result in any 
additional increase in the rate of reverse cholesterol transfer (i.e., ACAT no 
longer being the rate - limiting step of reverse cholesterol transfer). 



 An analogous situation exists in the debate about which is more important 
in vivo, high - density lipoprotein (HDL) concentration or HDL function? 
Since current clinically accepted measurements are IVUS imaging of plaque 
burden in phase 2 or 3   trials, the HDL function on reverse cholesterol transfer 
is likely to be a more important translational biomarker. Indeed the ApoA - 1 
(Milano) carriers originally identifi ed in northern Italy have very low HDL 
levels  [26] . But they also have exceptional longevity with apparent protection 
from atherosclerosis  [26,27] . The putative  “ HDL functions ”  can be measured 
both in vitro and ex vivo by (1) the ability to induce cholesterol effl ux in aortic 
smooth muscle cells and macrophages, (2) the apoA - 1 level, (3) paraoxonase 
1 (PON1) activity, (4) reactive oxygen species (ROS) content, and (5) the 
ability to prevent low - density lipoprotein (LDL) oxidation. Since many clini-
cally effective anti - atherosclerosis medicines have been shown to improve one 
or more of these  “ HDL functions, ”  it is anticipated that a composite index of 
 “ HDL function ”  is a better biomarker for atherosclerosis risk than HDL levels 
 [28 – 30] . It is of interest to note that physiologically relevant assays to measure 
all of these fi ve HDL functions are available  [30] . Therefore future HDL - 
targeted therapies should include these functional assays as part of their 
screening paradigm.  

  1.3.2   Simulated In Vivo Milieu   

 An apparent  “ loss of effi cacy ”  can occasionally be obscured by a lack 
of in vitro – in vivo concentration correlation. In the current drug discovery 
paradigm, initial lead compounds are often identifi ed from in vitro high -
 throughput screens (HTS), for example, an inhibition assay against a target 
enzyme or receptor. It is often hoped that the in vitro potency (e.g., IC 50 ) mea-
sured can be used to predict the in vivo pharmacological activity (e.g., EC 50 ). 
When such a correlation does not exist, there is added uncertainty   as to the 
validity of the pharmacological target and/or the in vitro screening strategy. 
Also the HTS cannot be relied upon to drive the structure activity relationship 
(SAR), and quantitative predictions of TI become impossible to derive. Hence 
establishment of a correlation between in vitro potency and in vivo activity is 
crucial in selecting drug candidates with an optimal therapeutic window. 

 Theoretically the average free effi cacious concentration at the steady state 
in vivo should be correlated with the free effi cacious concentration deter-
mined from an in vitro assay as described by Recant and Riggs  [31] . The 
Recant equation constitutes a fundamental free ligand hypothesis and has 
been supported by many researchers  [32 – 35] . In practice, however, this rela-
tionship is often obscured or confounded due to a variety of factors. For 
example, nonphysiological conditions and nonspecifi c binding within in vitro 
systems may yield an inaccurate estimate of true intrinsic potency. In addition 
complex PK – PD relationships arising from indirect effects or target site dis-
equilibrium may result in inappropriate determination of potency in vivo. 

PREDICTING EFFICACIOUS EXPOSURE 9
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 This was the case for the initial lack of correlation between in vitro potency 
and in vivo activity for human liver glycogen phosphorylase a (GPa) inhibitors 
 [36] . Inhibition of liver GPa blocks the glycogenolysis pathway and therefore 
leads to reduction of hepatic glucose production  [37,38] , an effect that may be 
benefi cial for treating type 2 diabetes mellitus. Initially, among 13   GPa revers-
ible inhibitors (GPIs), no obvious correlation was observed between in vitro 
GPa enzyme IC 50 s and any in vivo measurements such as the minimum effi ca-
cious dose (MED), or plasma or liver total and free drug concentrations at 
MED. It was hypothesized that the IC 50  values obtained from HTS was prob-
ably determined under nonphysiological conditions because of the absence of 
adequate amounts of important cofactors or modulators present in vivo, such 
as AMP, ATP, and other unknown factors. Indeed there is evidence that 
some of these cofactors affect the binding affi nity of a GPI to a GPa in vivo 
 [39 – 41] . 

 Theoretically the in vivo activity should be driven by the amount of enzyme 
bound to the administered inhibitor, which in turn   is determined by the intrin-
sic dissociation constant ( K  d ) and the free enzyme concentration at the target 
site. However, accurate measurement of  K  d  for a target enzyme under physi-
ological conditions can be complicated and time - consuming  [35,42] . A robust 
method was developed to determine the intrinsic  K  d  of inhibitors for a purifi ed 
human enzyme in the presence of organ homogenate using a previously 
validated 96 - well equilibrium dialysis apparatus  [43,44] . These conditions 
were supposed to mimic those in vivo better than the conventional assay  [38]  
because most, if not all, cofactors are present in the organ homogenate (in this 
case, liver). The method utilizes three 96 - well equilibrium dialysis apparatus 
in the following confi gurations (Figure  1.4 ): (1) liver homogenate against the 
target enzyme (in this case, GPa), (2) liver homogenate against the buffer, and 
(3) the target enzyme against the buffer. In the parallel dialysis setups 1 and 
2, small cofactors that exist in the liver homogenate can pass the dialysis 
membrane and reach the enzyme chamber or buffer chamber, respectively. 
To facilitate rapid equilibrium, the inhibitor was added to both chambers at 
concentration of 250   ng/mL ( ∼ 0.5    μ M). At the end of dialysis (7   h), total con-
centrations of inhibitor at both sides of the chambers were determined by 
LC/MS/MS measurements  [36] .   

 By this highly parallel equilibrium dialysis technology, a signifi cantly 
improved in vitro – in vivo correlation was found between the free  K  d  deter-
mined in the presence of liver homogenate and the free inhibitor liver con-
centration at the MED  [36] . In addition, by this method, the concentration 
ratio of an inhibitor bound to the target enzyme over the total inhibitor con-
centration in the liver ([ I ] b   -   GPa /[ I ] t   -   liver ) was estimated. This ratio has several 
important implications: (1) it can predict the total liver exposure in vivo at the 
MED, (2) it is useful in estimating the amount of target enzyme bound to an 
inhibitor at the MED, (3) the higher this ratio is, the more  “ selective ”  an 
inhibitor is for the target enzyme as opposed to the other  “ off - target ”  com-
ponents in liver, and (4) this ratio represents the target effi ciency of local drug 



disposition in this particular organ. One may extend this methodology to 
include a second organ, in order to estimate the relative drug disposition 
between two different organs. Such local drug disposition studies may have 
important implications in predicting TI. After all, it is the local drug concen-
tration and ultimately local enzyme/receptor occupancy that drives drug 
effi cacy. 

 This example highlights the importance of evaluating in vitro drug 
potency in the relevant in vivo milieu. This can be done using the appropriate 
endogenous ligands and co - factors at in vivo relevant concentrations. When 
such information is not known, whole organ lysates may be used instead. In 
general, a better understanding of local drug disposition studies within the 
target organ is an important consideration for drugs that target intracellular 
enzymes.  

    Figure 1.4     Setup of three parallel 96 - well equilibrium dialysis assay confi gurations for 
the quantitative prediction of in vivo effi cacy of inhibiting glycogen phosphorylase a 
(GPa): ( a ) liver homogenate versus the target enzyme (here, GPa), ( b ) liver homoge-
nate versus buffer, ( c ) the target enzyme versus buffer.  
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  1.3.3   Kinetics Rule 

 The previous example relies on the thermodynamic dissociation constant,  K  d  
(or  K  i ), as the primary measure of drug – target potency. However, there is also 
an underlying need to study kinetic properties of drug candidates using in vitro 
approaches, and the resulting data   to make effi cacy predictions  [45 – 47] . In 
particular, since every drug will eventually be cleared from the body, the dis-
sociation kinetics of a drug candidate from its target enzyme needs to be 
evaluated and placed into the context of its pharmacokinetic and disposition 
properties. Until now, few researchers have made the effort to systematically 
study compound SAR on the basis of on - rate and off - rate determinations, and 
fewer still have translated this information into in vivo effects  [48] . 

 One exception is an in vitro – in vivo correlation study on three neurokinin 
1 receptor (NK - 1R) antagonists  [49] . In preclinical animal models the NK - 1R 
was shown to be involved in emesis, asthma, psychiatric disorders, gastroin-
testinal disorders, pain, migraine, infl ammation, and urinary bladder disorders 
(reviewed by  [50] ). However, to date only aprepitant has reached the market 
for treatment of chemotherapy - induced emesis, despite prolonged and exten-
sive efforts by many pharmaceutical companies  [51] . In a proof of concept 
study three different NK - 1R antagonists were compared with respect to 
their functional dissociation kinetics to NK - 1R. The study was performed in 
U373MG human astrocytoma cells endogenously expressing the human NK -
 1R. Substance P - induced mobilization of intracellular calcium (Ca 2+ ) was mea-
sured by the fl uorescent calcium - sensitive dye Fluo - 4, which provided the 
kinetic readouts of the functional interaction to NK - 1R. Cells were pre - loaded 
with 4    μ M Fluo - 4 together with 10   nM of each antagonist or buffer. After 30 
minutes of incubation, the cells were washed three times in assay buffer, and 
the  “ functional dissociation kinetics ”  of each antagonist from the NK - 1R was 
determined by the residual Fluo - 4 dye fl uorescence upon substance P stimula-
tion at various time points post – drug removal  [49] . The inhibitory effect of 
CP - 99994 was abolished within 30 minutes, whereas for ZD6021, 50% inhibi-
tion still persisted after 60 minutes. In contrast, aprepitant produced maximal 
inhibition lasting more than an hour. The  “ functional dissociation kinetics ”  
measurement correlated very well with the duration of effi cacy in the preclini-
cal in vivo animal models of NK - 1R antagonism. Slow functional reversibility 
of aprepitant was associated with long - lasting effi cacy in vivo, whereas the 
effi cacy of compounds with rapid reversibility closely mimicked their pharma-
cokinetic profi les in vivo  [49] . 

 The three examples highlighted here serve to remind us that drugs in vivo 
interact with complex systems including endogenous ligands and co - factors, 
other  “ off - targets, ”  and other binding parties. A successful prediction of in 
vivo effi cacious concentration requires a renewed thinking of in vivo - relevant 
  endpoints, cell milieu, concentrations, dissociation kinetics, pharmacokinetic 
and disposition properties. Key considerations to correlate in vitro potency to 
in vivo activity include (1) the in vitro endpoint measured is not limited to the 
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known activity of the target enzyme or receptor but resembles relevant in vivo 
clinical endpoints, (2) the in vitro milieu utilized closely resembles the in vivo 
milieu, (3) the in vitro dissociation kinetics is studied and integrated with the 
in vivo pharmacokinetic measurements and simulations. The approaches pre-
sented here can be applied to many drugs in pharmacology studies where there 
is a need to use preclinical effi cacious concentrations ( C  eff ) to predict in vivo 
 C  eff , and duration of effects. 

 Finally, it is important to reiterate that the drug effi cacy consideration alone 
is not suffi cient for a reliable TI prediction. For example, if a drug - induced 
side effect is directly linked to hyperantagonism of a target enzyme (as is 
the case for cerivastatin), a slow dissociation rate and long residence time 
can potentially exacerbate such a side effect (especially upon repeated drug 
dosing). While it is likely that poor effi cacy could stem from rapid drug disso-
ciation from its effi cacy target, toxicity could result from slow drug dissociation 
from its  “ toxicity target. ”  This can explain why drug - induced organ toxicity 
typically takes repeated dosing and manifests over longer period of time, as 
intracellular drug concentrations can reach a toxic level. Therefore it is impor-
tant to assess whether toxicity is likely to occur at supratherapeutic levels 
during drug candidate selection.   

  1.4   PREDICTING SIDE EFFECTS/TOXICITY EXPOSURE 

 We now turn to the prediction of drug exposure levels where toxicity is likely 
to be experienced in vivo, as therapeutic index is defi ned as the ratio between 
toxic and effi cacious concentrations. Major dose - limiting toxicities encoun-
tered by pharmaceutical products include cardiac toxicity  [52] , hepatotoxicity 
 [53,54] , muscle toxicity  [55] , hematotoxicity  [56] , genetic toxicity  [57] , and 
teratogenecity  [58] . While many studies have been published on a particular 
drug and its associated organ toxicity, what is still needed at the drug discovery 
stage is a robust quantitative model that can predict across multiple drugs the 
exposure of a toxic drug level compared to a nontoxic drug level. Due to space 
limitations not all organ toxicities will be covered in detail in this chapter. The 
examples provided in this chapter will instead aim to highlight the key strate-
gies and challenges in predicting toxicity exposure. 

  1.4.1   Cardiac Toxicity 

 Human life heavily depends on a functional human heart. Hence it is critical 
to predict and evaluate the safety margin for cardiac side effects for all drugs. 
In particular, the potential proarrhythmic risk of new drug candidates is a 
major subject of concern and needs to be carefully addressed before treatment 
of human volunteers or patients takes place  [59] . The prolongation of the time 
interval between Q and T waves in an electrocardiogram (i.e., QT prolon-
gation), is now a well - recognized biomarker for a life - threatening form of 
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arrhythmia, called torsade de pointes (or twisting of points in an electrocar-
diogram)  [60] . The molecular mechanisms of drug - induced QT prolongation 
have been well characterized. Many drugs that prolong the QT interval also 
block the hERG (human ether - a - go - go - related gene) potassium channel (I Kr  
channel) (reviewed by  [61,62] ). Drug regulators now routinely require ligand 
binding studies for the I Kr  channel, and thorough QT assessment in preclinical 
species and in clinical trials  [63] . Indeed the I Kr  channel binding assay and 
QT prolongation evaluations are probably the best characterized drug safety 
tests developed in the past decade. The collaborative work among scientists 
from several pharmaceutical companies suggested a provisional safety margin 
of 30 times the drug ’ s effi cacious exposure for in vitro hERG I Kr  channel 
binding assays  [64] . However, signifi cant gaps and challenges still exist. They 
include (1) estimation of effi cacious exposure (related to the  “ loss of effi cacy ”  
when transitioning from one drug effi cacy model to the next) and (2) whole 
systems ’  understanding of the interactions among multiple ion channels of the 
heart. 

 In one example, a compound that was inactive at hERG channels produced 
no signifi cant QT changes in preclinical dog studies or in phase I trials with 
healthy human volunteers. However, prolongation of QT occurred in osteo-
arthritis and diabetic neuropathy patients in phase II trials, as a result of a 
signifi cantly higher systemic exposure in these patients, compared with healthy 
volunteers  [65] . This case study illustrated the importance of verifying expo-
sure values and hence safety margins as new clinical pharmacokinetic data are 
available. 

 Small molecules can interact with not just one ion channel, but multiple ion 
channels of the heart. Such interactions can either  “ cancel ”  or exacerbate its 
proarrhythmic risk. More thorough studies should be performed to systemati-
cally characterize the interactions of such small drug molecules with several 
well - known cardiac ion channels. The systems biology modeling efforts to 
integrate the sustained I (Na+)  and  l  - type I (Ca2+) , in addition to I Kr  inhibition 
values hold promise to provide more holistic predictions of cardiac tissue ’ s 
arrhythmic outcome in the future  [66,67] .  

  1.4.2   Hepatotoxicity 

 Since the liver is a highly perfused and the  “ fi rst - pass ”  organ for any orally 
administered xenobiotic, it is a frequent site of toxicity of pharmaceuticals in 
humans  [53,68] . Indeed drug - induced liver injury (DILI) is the number one 
reason why drugs were not approved in the fi rst place, and why some of them 
were withdrawn from the market after approval  [9] . The physiological location 
and drug - clearance function of the liver dictate that for an orally administered 
drug, the drug exposure or drug load that the liver  “ sees ”  is higher than what 
is being measured systemically at peripheral blood  [69] . Hence we hypothe-
sized that for DILI, a higher safety margin than QT prolongation may be 
needed. 
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 To test this hypothesis, we assembled a list of more than 300 drugs and 
chemicals with a classifi cation scheme based on clinical data for hepatotoxic-
ity. Our DILI positive drugs include those (1) withdrawn from the market 
mainly due to hepatotoxicity (e.g., troglitazone  [70] ), (2) not marketed in the 
United States due to hepatotoxicity (e.g., nimesulide  [71] ), (3) receiving black 
box warnings from the FDA due to hepatotoxicity (e.g., dantrolene  [72] ), 
(4) marketed with hepatotoxicity warnings in their labels (e.g., zileuton  [73] ), 
(5) others (mostly old drugs) that have well - known associations with liver 
injury and have a signifi cant number ( > 10) of independent clinical reports of 
hepatotoxicity (e.g., diclofenac  [74] ). Drugs that do not meet any of the posi-
tive criteria above are classifi ed as DILI negatives. Since every drug can 
exhibit some toxicity at high enough exposure (i.e., the notion of  “ dose makes 
a poison ”  by Paracelsus), we searched therapeutic exposure levels through a 
variety of databases (Physicians ’  Desk Reference, PubMed, Pharmapen-
dium ™ , Prous ™ ) and collated the therapeutically active average plasma 
maximum concentration ( C  max ) values upon single - dose administration at 
commonly recommended median therapeutic doses. 

 To evaluate these drugs for their potential to induce hepatocyte damage, 
we utilized primary human hepatocytes cultured in a sandwiched confi gura-
tion and multi - parameter image - based technology. Human hepatocytes 
cultured in the sandwiched confi guration express liver - specifi c metabolizing 
enzymes  [75 – 77] , uptake and effl ux transporters  [78 – 80] , and predict drug 
clearance via the hepatobiliary route  [81] . Cryopreserved human hepatocytes 
were obtained commercially from CellzDirect ( http://www.cellzdirect.com/ ). 
The cells were plated on collagen - coated 96 - well plates (BD Biosciences) in 
hepatocyte plating medium (Dulbecco ’ s Minimal Essential Medium with 5% 
fetal bovine serum; all media obtained from CellzDirect). Upon cell attach-
ment, the medium was changed to hepatocyte culturing medium (Williams E 
medium). On the second day, the hepatocytes were sandwiched by applying 
an overlay of Matrigel ™  (BD Biosciences). On the third day, the cells under-
went a medium change with hepatocyte culturing medium. On the fourth day, 
the cells were treated overnight with the compound of interest or vehicle 
(0.1% DMSO). All compounds were initially solubilized in DMSO and diluted 
in culturing medium containing 5% fetal bovine serum to a fi nal DMSO 
concentration of 0.l%. After 24 hours of incubation (37    ° C, 5% CO 2 , 100% 
humidity) media were removed and the cells were stained by fl uorescent 
probes in the same culturing medium lacking serum. The fl uorescent probes 
were tetramethyl rhodamine methyl ester for mitochondrial membrane poten-
tial (TMRM; 0.02    μ M, 1   h), 1,5 - bis[[2 - (dimethylamino)ethyl]amino] - 4,8 - 
dihydroxyanthracene - 9,10 - dione for nuclei and lipids DNA (DRAQ5; 
45    μ M, 30   min), 5 - (and - 6) - chloromethyl - 2 ′ 7 ′  - dichlorodihydrofl uorescein diac-
etate acetyl ester for reactive oxygen species (CM - H 2 DCFDA; 10    μ M, 30   min), 
and fi nally monochlorobimane for glutathione (mBCl; 80    μ M, 5   min). Auto-
mated live - cell multispectral image acquisition was performed on a Kinetic 
Scan Reader (Cellomics ( http://www.cellomics.com/ ) using a 20 ×  objective 
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and an XF93 fi lter. The fl uorescent images were captured according to the 
excitation and emission wavelengths of each probe. To capture enough cells 
( > 500) for analysis, six image fi elds starting from the center of each well 
were collected. Image analysis was performed using ImagePro Plus (Media 
Cybernetics, Bethesda, MD). 

 It was found that the 100 - fold  C  max  scaling factor represented a reasonable 
threshold to differentiate safe from toxic drugs, for an orally dosed drug and 
with regard to hepatotoxicity (Table  1.1 ). The fi rst 11 drugs in Table  1.1  were 
known to cause idiosyncratic hepatotoxicity in humans. These drugs induced 
changes in the human hepatocyte imaging assays in concordance with many 
of their known mechanisms of hepatotoxicity. Perhexiline was reported to 
induce nonalcoholic steatohepatitis (NASH) in humans  [82] . The mechanism 
of perhexiline - induced NASH involves mitochondrial injury, which causes 
steatosis due to impaired beta - oxidation of fatty acids, and leads to the genera-
tion of reactive oxygen species and ATP depletion  [82,83] . In our imaging 
assay, perhexiline increased ROS and lipid intensity, and decreased mitochon-
drial membrane potential, GSH content, and GSH area. Troglitazone, a 
diabetic drug that was withdrawn from the market due to idiosyncratic liver 
injury, was known to cause mitochondrial damage in the literature  [84,85] , and 
completely depleted mitochondrial membrane potential in our assay (Table 
 1.1 ). In addition troglitazone also increased lipid intensity, and decreased GSH 
content in the hepatocytes. Nefazodone, an antidepressant that was withdrawn 
from the market due to hepatotoxicity  [86] , exhibited substantially higher 
frequency and severity of hepatic injury compared to other prescribed antide-
pressants. The hepatocyte imaging assay points to mitochondrial damage as a 
potential target underlying its side effects. Tetracycline, an antibiotic that was 
frequently associated with liver injury, was reported to induce oxidative stress 
both in vitro and in vivo  [87 – 89] . As expected, the ROS signal was substan-
tially increased in our assay. Tetracycline is also known to cause steatosis and 
affect mitochondria both in vitro and in vivo  [90,91] , and this was confi rmed 
in the imaging assay by measurements of lipid and mitochondrial membrane 
potential. Nimesulide is a nonsteroidal antiinfl ammatory drug (NSAID) asso-
ciated with a higher risk of hepatotoxicity compared to other NSAIDs  [92] . 
Even though in vitro studies have suggested mitochondria as a potential target 
of toxicity, this has not been substantiated by in vivo studies  [93] . Indeed, in 
human hepatocytes, nimesulide increased ROS and lipid intensity without 
affecting mitochondrial health. Likewise, sulindac and diclofenac, the other 
two NSAIDs with a higher risk of hepatotoxicity in the NSAID class of drugs 
 [92] , also increased ROS in our model, suggesting oxidative stress as a common 
mechanism of NSAID - induced liver injury (Table  1.1 ). Our assay technology 
also identifi ed mechanisms of toxicity for those drugs that caused severe clini-
cal DILI, but with unknown mechanisms thus far. Zileuton, a 5 - lipoxygenase 
inhibitor approved for the treatment of asthma in adults and children, is 
known to cause idiosyncratic hepatocellular damage  [73] . The imaging assay 
results suggested an increased level of oxidative stress and intracellular lipids 
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as potential mechanisms. Labetalol, an antihypertensive agent known to cause 
hepatotoxicity in some patients  [94] , increased oxidative stress and intracel-
lular lipids in our human hepatocyte assay. Increased oxidative stress was also 
observed for chlorzoxazone and dantrolene, two muscle relaxants known to 
be associated with idiosyncratic but serious hepatotoxicity in the clinic  [95] . 
In comparison, the bottom 13 drugs in Table  1.1  did not induce the same fre-
quency of hepatotoxicity as the fi rst 11 drugs, and they did not induce any 
signifi cant changes in the human hepatocyte imaging assays. Among these 13 
drugs were antidiabetic drugs pioglitazone and rosiglitazone, antidepressants 
amitriptyline and fl uoxetine, NSAIDs aspirin and ketotifen, and antibiotics 
penicillin and paromomycin. These drugs have relatively safer clinical profi les 
with regard to hepatotoxcity compared to others within their respective thera-
peutic classes, as discussed earlier. The overall concordance of the human 
hepatocyte imaging assay technology (HIAT), when applied to over 300 drugs 
and chemicals, is about 75% with regard to clinical hepatotoxicity, with very 
few false - positives. The fact this relatively simple and high - throughput 
hepatocyte imaging assay can uncover so many common hepatotoxicity mech-
anisms previously reported in the literature made this technology especially 
attractive as a preclinical in vitro assay system to select drug candidates with 
improved TI for clinical hepatotoxicity.    

  1.4.3   Muscle Toxicity 

 Because of its high dependence on intracellular energy levels, muscle can be 
another major site of toxicity for pharmaceuticals  [55] . As referenced in the 
beginning of this chapter, cerivastatin is a structurally distinct HMG - CoA 
reductase inhibitor. It effectively decreases LDL cholesterol at 1% to 3% of 
the doses and about 10% of the  C  max  levels of previously available statins  [96] . 
In preclinical safety evaluation in rats, mice, minipigs, dogs, and monkeys, 
cerivastatin exhibited a similar toxicologic profi le to other statins and is 
well tolerated  [97] . However, in postmarket adverse event reports (AERs) 
submitted to the US Food and Drug Administration (FDA), cerivastatin 
showed a higher propensity to cause muscle toxicity, especially when co -
 administered with fi bric acid derivatives to lower both cholesterol and 
triglyceride levels  [98] . This led to the market withdrawal of cerivastatin  [99] . 
Reporting rates for all statins, except for cerivastatin, were similar and much 
lower than 1 per 100,000 prescriptions. The cerivastatin reporting rate was 
much higher at 4.24/100,000 prescriptions  [98] . Could such a subtle, but impor-
tant, difference be predicted by a therapeutic index screening approach, at 
least retrospectively? 

 The comparative cytotoxicity effects of a panel of statins on human skele-
ton muscle cells (HSkMCs) were studied in vitro  [100] . These HSkMCs were 
derived from normal human fetal skeleton muscle, and were positive for 
sarcomeric myosin and were fused into multinucleated myotubes (Cell 
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Applications, Inc.). HSkMCs were cultured in 24 - well culture plates and 
grown to semiconfl uence. They were induced to differentiate by changing the 
growth medium to differentiation medium (Cell Applications, Inc.). Three 
days later, various concentrations of drugs were added and the cultures were 
incubated for 24 hours. Under the light microscope, cerivastatin induced sig-
nifi cant cell damage in cultured HSkMCs at 0.1 to 1    μ M  [100] , while other 
statins induced similar damage only at 10    μ M or higher. The cell damage 
induced by cerivastatin was abolished by the addition of mevalonolactone, 
suggesting the mechanism of toxicity may be linked to excessive antagonism 
of the HMG - CoA reductase activity in the HSkMCs. It was known that after 
a single oral 0.8   mg dose of cerivastatin, the  C  max  of total cerivastatin is about 
8    μ g/L, or 0.016    μ M  [101] . Thus, based on this limited HSkMC culture studies, 
a provisional safety margin of 30 times the effi cacious  C  max  is needed to mini-
mize the risk of muscle toxicity by cerivastatin and possibly other statin drugs. 
In several comparative studies among several statins, a consistent trend is that 
cerivastatin is the one with an exceptionally low TI in those in vitro test 
systems  [100,102 – 104] .  

  1.4.4   Is Dose Escalation a Common Theme in Estimating Toxic Exposure? 

 As noted above, a provisional safety margin of 30 -  to 100 - fold has been pro-
posed for cardiac toxicity and hepatic toxicity respectively, and possibly 30 -
 fold for myopathy. The requirement for an elevated exposure in the in vitro 
setting to identify deleterious organ effects of drugs may be due to a combina-
tion of (1) liver exposure to an orally dosed drug can be higher than its sys-
temic exposure; (2) population PK variability due to age, genetics (including 
drug metabolism and transporters), and drug – drug interactions could further 
exacerbate local drug exposure and toxicity; (3) idiosyncratic organ history 
(including disease and previous drug exposures); (4) onset of toxicity in vivo 
is typically much longer than in vitro, thus requiring dose escalation in most 
short - term in vitro systems. Hence it is likely that dose escalation may be a 
common theme in estimating toxic exposure in the drug discovery stage. In 
the future, when all the variables in PK and pharmacodynamics can be 
accounted for and simulated a priori, a more precise estimation of TI may be 
possible. 

 Another theme is that the predictive safety margin of each in vitro system 
needs to be  “ calibrated ”  retrospectively using both toxic drugs and  “ clean ”  
drugs in approaches similar to the examples given above. This is a prerequisite 
of building enough confi dence that such predictions can be applied to new 
chemical entities for the same therapeutic target or targets. In the drug dis-
covery stage, a TI prediction strategy needs to be practical to be applied 
broadly. Specifi cally at this stage, the volume of compounds that are generated 
and need to be evaluated typically exceeds several dozens to hundreds or 
thousands, the actual amount of compounds that are available for testing often 
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less than 100   mg, the time window for decision making is often limited to a 
few days to weeks. In these scenarios human and animal cellular systems cul-
tured in well - characterized ways to recapitulate the relevant in vivo responses, 
coupled with high - throughput and high - content screening technologies, 
have the best potential for an effi cient prediction of TI in the drug discovery 
stage.   

  1.5   FUTURE PERSPECTIVES 

 As illustrated in this chapter, the choices of cellular models, biomarkers being 
investigated, and the concentration – effect responses being measured have a 
profound effect on the therapeutic index prediction. Future efforts to improve 
TI prediction should therefore focus on these directions: (1) cellular models 
that better mimic the in vivo situation, (2) more accurate concentration 
measurement, and (3) systems based pharmacokinetic and pharmacodynamic 
prediction. 

 Although cellular models have been used in pharmacology and toxicology 
research for decades, it is only recently that the  omics  technology has been 
applied to the characterization of cell culture models  [77,105,106]  and the 
cell engineering fi eld  [107,108] . Primary cells cultured under defi ned condi-
tions to better mimic the disease situation will be increasingly used as the 
result of better isolation, culturing, and characterization techniques. In par-
ticular, primary cells that maintain tissue - specifi c metabolic functions will 
be in increasing demand (primary neurons, beating cardiomyocytes, drug -
 metabolizing and polarized hepatocytes and nephrons, etc.). Stem cell tech-
nology promises to deliver unlimited sources of differentiated primary cells 
without the need to wait for donor availability  [109,110] . Tissue engineering 
is an emerging fi eld that can provide us with more physiological cell – cell 
interactions, endogenous functions, and well - defi ned fl uid dynamics  [111 – 113] . 
Taken together, these technologies promise to decrease the gaps between the 
in vitro and in vivo world. 

 However, technology alone cannot bring us closer to improved TI predic-
tion without the sound principle of pharmacology and appropriate design of 
toxicological studies. Bioanalytical quantifi cation of the actual  “ total ”  and 
 “ free ”  in vitro drug concentration in both whole cell effi cacy and toxicity tests, 
and better PK prediction to project both effi cacy and toxicity concentrations 
in vivo are still needed for any TI prediction. Recently human PK predictions 
based on in vitro systems have become more realistic  [114,115] . This had led 
to the hope that in silico predictions of PK are not too far in the future 
 [116 – 118] . Regarding pharmacodynamic predictions, mathematical simula-
tions based on our understanding of human pathophysiology will become an 
integral part of any future drug R & D strategy  [119 – 121] . With these techno-
logical advances, the science of projecting in vivo therapeutic index based on 
integrated in silico, in vitro, and in vivo approaches will fl ourish.  
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  2.1   INTRODUCTION 

 Major advances in high - throughput assay capability coupled with increasingly 
sophisticated computational methods for systematic data analysis have pro-
vided scientists with tools to better understand the complexity of biological 
systems. This potent combination of novel experimental and analytical 
approaches should in turn lead to more effective therapeutic design. 
Most high - throughput approaches can generally be categorized based on 
their readouts: genomic, transcriptomic, metabolomic or proteomic. However, 
despite the differences in the endpoints measured by each of these assays 
(DNA, mRNA, metabolites or proteins), the biological information 
they capture is often overlapping and complementary. Accordingly, the 
increasingly interdependent nature of science has also given rise to disciplines 
such as bioinformatics, systems biology and computational biology, which 
are charged with incorporating and interpreting the vast amounts of 
experimental data and generating hypotheses of biological signifi cance. 
Scientists will therefore be increasingly required to understand the advantages 
and limitations of DNA, mRNA, metabolomic and proteomic capabilities 
and use them accordingly depending on the knowledge they wish to 
obtain. Especially critical for the pharmaceutical industry is the coupling 
of experimental approaches with computational algorithms. This integration 
has the potential to signifi cantly impact discovery, reduce research and 
development costs, minimize drug failure by predicting effi cacy and 
toxicity, and ultimately determine a company ’ s competitiveness in the global 
market. 

 The primary objective of a therapeutic strategy is to selectively alter a tar-
geted protein(s) or pathway(s) within diseased cells in order to ameliorate an 
undesired phenotype (unrestrained cell proliferation, infl ammatory cytokine 
release, etc.). Ideally other pathways within the diseased cells, as well as all 
cellular functions in healthy cells, would remain unaffected by the therapeutic 
approach. Thus target selection is a multifaceted problem with several levels 
of complexity: (1) cellular pathway(s) or extracellular targets need to be 
selected; (2) associated biomarkers need to be identifi ed that distinguish 
healthy and disease phenotypes and ideally are capable of refl ecting pharma-
cological effi cacy and safety; (3) the risk – benefi t of different therapeutic 
approaches should be considered: small molecule inhibitors, biologics, siRNA -
 derived therapeutics (transcriptional targets), etc.; and (4) a selection criteria 
needs to be identifi ed for screening compounds against a desired target. 
Addressing these initial issues, however, is just the beginning of the drug dis-
covery process. Drug metabolism might render the pharmacologic approach 
ineffective, genetic and epigenetic person - to - person variability might cause 
 idiosyncratic toxicity  (i.e., a term that signifi es the unknown cause of adverse 
drug effects), and the overlapping cellular pathway architecture might result 
in even very selective on - target compounds having unwanted effects on the 
same or different cells  [1,2] . 



 In this complicated world of drug discovery and development, high - 
throughput technologies (genomics, transcriptomics, metabolomics and pro-
teomics) have become invaluable tools for tackling the complexity of the 
biological systems and optimizing therapeutic strategies. In the following 
section we explore different technologies and their niches in the area of drug 
development, effi cacy, and toxicity. 

  2.1.1   Genomics Technologies 

 Several diseases are strongly correlated with specifi c genomic mutations 
(e.g. Huntington ’ s disease, sickle cell anemia). As a general concept, cancer 
progression can be facilitated by gain - of - function mutations in oncogenes or 
loss - of - function mutations in tumor - supressor genes  [3] . However, in many 
instances dozens of genomic aberrations are associated with the development 
of a single cancer type  [4] . Specifi cally, in hepatocellular carcinoma (the most 
common type of liver cancer) genomic aberrations have been found in several 
proteins including TP53, TGFb, Ras, and Rb, EGFR, ERbB2, and members 
of the Wnt - signaling pathway  [5 – 9] . Thus understanding the genomic basis for 
development of a disease can signifi cantly impact the focus of pharmaceutical 
therapies. It is now evident that genomics has moved therapeutic strategies 
away from being phenotype specifi c (i.e., chemotherapy for highly prolifera-
tive cells), and focused them on pathway - specifi c targets (anti - EGFR or anti -
 VEGF treatments, etc.). 

 Specifi c examples of the role that interindividual genetic variability plays in 
drug effi cacy have also been demonstrated in recent years. The epidermal 
growth factor receptor (EGFR) tyrosine kinase inhibitor Gefi tinib represents 
just such a case. Gefi tinib originally exhibited signifi cant clinical response in only 
10% of patients with non – small - cell lung cancer, a modest response rate  [10] . 
However, when primary tumors from a group of patients were screened for 
EGFR gene mutations, eight of nine gefi tinib - responsive patients had somatic 
mutations in the EGFR gene, representing a sub - population for which the drug 
was extremely effective  [11] . This example of genomic information coupled with 
drug mechanism underscores the importance of understanding underlying 
genetic anomalies in order to better predict whether a therapy will be effective. 
Individual genetic variability of more general biological mechanisms involved 
in drug metabolism, distribution, and clearance can also infl uence drug effi cacy. 
For example, polymorphisms in the P450 drug - metabolizing enzyme can gener-
ate signifi cantly different profi les in drug metabolism  [12,13] . 

 Genomics approaches provide valuable information that can help us better 
understand and predict an individual ’ s response to a drug therapy regarding  : 

   •      identifi cation of critical genomic aberrations that strongly correlate with 
a specifi c disease and, in turn, implicate associated molecular pathways 
that may be appropriate for therapeutic intervention (i.e., targeted 
pathway(s) identifi cation);  
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   •      identifi cation of genetic variations among the population that indicate the 
likely success rate of a therapeutic intervention (i.e., treatment identifi ca-
tion); and  

   •      identifi cation of genetic variations in the biological machinery required 
for drug metabolism, distribution, and clearance (impact on effi cacy and 
toxicity).    

 The main approaches utilized for genomic discovery are  whole genome 
sequencing  (i.e., Sanger sequencing, 454 life sciences), which entail sequencing 
the entire genome without bias toward particular gene sequences, and 
 genotype analysis , which is focused on specifi c genes or genomic locations. 
Moreover genotype analysis may succeed in evaluating   the entire raw sequence 
of particular genes or, alternatively, lead to the identifi cation of single 
nucleotide polymorphisms (SNPs) located at discrete genomic locations 
on a population level. New high - density DNA microarrays and bead - coupled 
universal Tag arrays have enabled SNP analysis to move toward a whole -
 genome approach  [14] . For further details regarding the application of genomic 
technologies to drug development, we direct the reader to several reviews 
 [4,15 – 18] .  

  2.1.2   Transcriptomic Technologies 

 Transcriptome analysis is based on the detection and quantifi cation of mRNA 
transcripts. The main advantage transcript profi ling provides, relative to 
genomic approaches, is the ability to capture the  dynamic  response of a bio-
logical system under different conditions by measuring the expression profi le 
of thousands of mRNA transcripts. There are approximately 25,000 human 
genes, yet only a small percentage (roughly 20%) is active at any given time. 
Transcriptome technology provides the researcher with a perspective closer 
to the functional response of the biological system. The technological plat-
forms for transcript profi ling are very similar to those used for genomic analy-
sis, and they similarly can be subdivided into two categories: approaches that 
evaluate all mRNA without prior bias regarding the sequence, namely as a 
serial analysis of gene expression (SAGE), and analysis that is focused on a 
predefi ned set of genes, namely in   DNA microarrays. Even though SAGE and 
DNA microarrays are based on different technologies, they have been dem-
onstrated to correlate well in terms of mRNA quantitation, especially in the 
case of highly expressed transcripts  [19] . Current technologies allow high 
density DNA microarrays to contain roughly 45,000 unique transcripts and 
genes that span the entire genome, with several commercial DNA microarrays 
now available at low to moderate cost (Affymetrix, Agilent, GE Healthcare, 
Applied Biosystems, etc.). Results from high - throughput transcript profi ling 
approaches are frequently confi rmed using lower throughput assays such as 
quantitative reverse transcript – polymerase chain reaction (qRT - PCR) or 
Northern blotting. 



 Similar to genomic approaches, transcriptomic technologies have facilitated 
the identifi cation of putative targets and pathways, as well as provide predic-
tions regarding drug effi cacy and toxicity: 

   •      Transcript analysis can identify mRNA transcripts that are strongly cor-
related with a disease (and indicate associated molecular pathways suit-
able for therapeutic intervention).  

   •      Identifi cation of on - target and off - target drug effects throughout the 
whole genome may infl uence drug effi cacy and toxicity.  

   •      Transcriptomic profi ling of the biological mechanisms which are engaged 
in drug   metabolism, distribution, and clearance.    

 For further information regarding current DNA microarray products and 
applications, the reader may refer to an excellent recent review on  “ Toxico-
genomic Technologies to Predictive Toxicilogy ”  by the National Research 
Council of the National Academies  [20] . In addition to genomic and transcrip-
tomic profi ling, several related areas of study show promise in furthering the 
understanding of drug effi cacy but are beyond the scope of this chapter. These 
include technologies involved in detection of DNA methylation  [21] , 
microRNA technologies, and CpG microarrays  [22] .  

  2.1.3   Metabolomic Technologies 

 Metabolomics refers to the study of metabolites (i.e., products or small - 
molecule intermediates of the biological processes) as they exist in the cell, 
tissue, organ, or animal as a whole. Biological samples including cellular 
supernatants, blood, plasma, saliva, urine, and stool provide the source mate-
rial that is typically analyzed using nuclear magnetic resonance (NMR) spec-
troscopy or mass spectrometry (MS). These technologies are capable of 
evaluating a wide range of metabolic components (e.g., disease - specifi c metab-
olome changes). Metabolites have also been used as biomarkers in order to 
quantify the toxic effects of drugs. For a complete review of metabolomic 
applications, the reader can refer to more focused reviews  [23 – 25] .  

  2.1.4   Proteomic and Protein Activity Technologies 

 Proteins are the ultimate executors of cellular function, and thus are directly 
responsible for a biological phenotype  [26 – 30] . Proteomics is the study of the 
expression, modifi cation, and activity of proteins in a biological system. In 
comparison to genomic or transcriptome approaches, proteomic profi ling 
involves several unique challenges: 

  1.     Screening of the entire proteome in a manner similar to whole genome 
or transcriptome is currently impossible and impractical.  
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  2.     The proteome cannot be defi ned using a constrained list of proteins 
(similar to genome approaches) because of the wide range of post-
translational protein modifi cations, and these in turn can produce infi nite 
combinations that are ultimately responsible for the phenotype.  

  3.     Protein modifi cations such as phosphorylation, ubiquitination, methyla-
tion, sulfation and proteolytic cleavage (which are the main modulators 
of protein activity) cannot simultaneously be measured from a single 
assay  [31] .  

  4.     Protein abundance from a single cell population can span more than 
six orders of magnitude, creating a bias toward high - abundance 
proteins.  

  5.     Compared with DNA - based experiments, protein experiments lack a 
 “ protein - amplifi cation ”  feature (similar to PCR for genes) that makes 
protein amount valuable.  

  6.     The ability to broadly analyze protein binding affi nity (the driving force 
in signal transduction) is not possible on a high - throughput scale.    

 As with the previously described genomic and transcriptomic techniques, 
protein analysis can be divided into two separate approaches: one that makes 
no a priori assumption about protein composition or structure (i.e., 2D - PAGE, 
capillary electrophoresis, and mass spectrometry [MS] technology), and 
another that is based on a predetermined set of target proteins (i.e., affi nity -
 based approaches). In a 2D - PAGE approach, the control lysates are separated 
based on their physical properties (mass and charge). Diseased (or drug -
 treated lysates) are identically processed, and a comparative analysis is per-
formed to evaluate protein expression between the two samples. The MS 
approach, which often com plements 2D - PAGE, entails protein digestion to 
generate a mixture of peptides, which are then separated and analyzed using 
liquid - chromatography - coupled mass spectrometry (LC - MS). Depending on 
specifi c physical properties, each peptide generates a unique signature (i.e., 
MS - MS spectra) that can be identifi ed by a semiautomated search against 
proteomic databases. This approach, known as shotgun proteomic analyses, 
enables the automated characterization of hundreds of proteins in a complex 
mixture. Both 2D - PAGE and MS approaches have the disadvantage of being 
biased toward high - abundance proteins and can only process a very low 
number of samples at a time. 

 Affi nity - based assays utilize capture entities (antibody, peptide, nucleo-
tides, etc.) to preferentially bind target proteins of interest. In contrast to the 
2D - PAGE and MS approaches, affi nity - based assays identify proteins that can 
be recognized and captured by high - affi nity molecules. Thus a well - developed 
affi nity assay provides a high degree of specifi city. A critical feature of 
affi nity - based approaches is the ability to quantitate both protein concentra-
tion and protein activity, information that is essential for computational 
models. Antibody - based detection approaches are among the most commonly 
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used for high - throughput protein analysis and therefore will be more thor-
oughly described later in this chapter. 

 High - throughput measurements of protein activity can capture the dynamic 
changes in intracellular signals, thus generating a large amount of data that 
encompasses high - quality protein - level information. These data carry 
valuable information regarding propagation of signals, a process known to be 
nonlinear and highly dynamic. Time - dependent and nonlinear processes have 
been well studied in many fi elds of engineering, a discipline known as dynami-
cal systems. It is anticipated that similar methods can be utilized to extract 
valuable information from protein activity measurements to describe the bio-
logical phenotype. Thus the combination of high - throughput data under dif-
ferent conditions (perturbations) and mathematical modeling (see Figure  2.1 ) 
supported by bioinformatics tools is a paradigm in which a systems biology 
approach can have an impact on drug development, effi cacy and toxicity 
 [32,33] .     

  2.2   EXPERIMENTAL PLATFORMS FOR PROTEIN 
ACTIVITY QUANTIFICATION 

 This section describes high - throughput and multiplexed protein activity - based 
measurements in cells. First, we introduce the basics for high - throughput 
protein measurements. Then, we focus on select platforms that are based on 
antibody detection and list their major advantages and limitations. This is not 
an exhaustive list of all proteomics platforms as the technology is constantly 
developing and new assays are continually emerging. We do not discuss 
single - cell based approaches (fl uorescence - activated cell sorting — FACS —
 high content screening/microscopy) because they are extensively covered in 
other chapters of this book. Last, we introduce computational tools that 
can be used for the analysis of protein signaling datasets obtained by high -
 throughput approaches. 

    Figure 2.1     A systems biology approach for high - throughput protein - based datasets: 
The modify – measure – mine – model paradigm  [32] .  
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  2.2.1   Affi nity - Based Assays 

 Affi nity - based assays utilize molecules with high affi nity and specifi city for the 
capture and detection of target protein(s). The most commonly used high -
 affi nity molecules are antibodies, whose selectivity and affi nity for the target 
protein are critical for the outcome of the assay. Despite the fact that antibody 
development and production is a mature industry, scientists should continually 
be aware that a signifi cant percentage of antibodies often recognize more than 
one target and thus are not suitable or interchangeable for every assay. Assays 
are only as good as the antibodies available. In addition, when we discuss 
antibody - based measurements of  “ protein activity, ”  we are generally referring 
to the phosphorylation state of the protein and not to the actual protein activ-
ity. This is especially relevant for kinase molecules, in which the phosphoryla-
tion state of a substrate is a good surrogate of kinase activity. However, 
discrepancies between kinase phosphorylation status and activity are to be 
expected under varied conditions  [34] . 

 There are three main characteristics of every affi nity based assay (Figure 
 2.2 ): 

  1.     An  identifi cation (multiplexing) scheme  in which a  solid support  
(individual wells, spots on glass, beads, etc.) obtains a unique identity 
required for multiplexing. A solid support not only contributes to the 

    Figure 2.2     The three main characteristics of a high - throughput affi nity based assay. 
( a ) A multiplexing scheme in which solid supports (e.g., microparticles  [35] , beads, 
spots, or wells) obtain a unique identity. ( b ) A capture scheme immobilizes and/or 
isolates the protein of interest. ( c ) A detection scheme generates a readable output, 
which is linearly correlated to the amount of the immobilized protein of interest. (See 
color insert.)  
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multiplexability of the assay, it is essential for all steps in the assay, 
including washes, protein separation and coupling, and measurements. 
This unique identity can be obtained by either:  
   •       spatially distributed 2D arrangements , whereby the individual coordi-

nates on a 2D plane correspond to individual conditions, (such as well 
 “ B2 ”  in a 96/384 - well plates, spot with coordinates ( n, m ) on a printed 
glass slide, or combination of both ( 5 th spot on the B2 well), or  

   •       microparticles in suspension  whereby each microparticle has a unique 
physical characteristic (i.e., emits a unique spectrometric signature, or 
carries a unique graphical signature; see Figure  2.2  a ).    

  2.     A  capture scheme  that aims to immobilize the protein of interest to the 
uniquely addressed solid support. Three main approaches widely used 
for immobilization of a protein of interest are: 
    •      a capture antibody, peptide, or aptamer attached to a solid substrate 

(plate, slide, bead);  
   •      cell lysate directly spotted on a chemically derived glass slide (usually 

known as  reverse phase  approach); and  
   •      cells that are directly fi xed on a support (usually on a 96/384 well 

plate).    
  3.     A  detection scheme  that aims to produce a signal that ideally is linearly 

proportional to the amount of the protein captured on the support. 
Depending on the multiplexing and capturing scheme there are at least 
four distinct categories of detection: 
    •       Fluorescent - labeled detection.      This can take one of three forms: 

(a)  direct labeling  whereby samples are chemically labeled with a 
fl uorophore, as has successfully been applied to study cancer markers 
 [36] , but not widely adopted because it involves chemical modifi cations 
of the samples that may affect their biochemical properties; 
(b)  single - antibody labeling  whereby proteins that have been cova-
lently immobilized on a substrate are recognized by a single antibody 
that is either directly labeled, biotinylated (for binding fl uorescent 
Streptavidin) or recognized by a species - specifi c antibody (i.e., anti -
 goat fl uorescent secondary antibody); or (c)  double - antibody labeling 
(or sandwich assay)  whereby the protein of interest is captured 
between an immobilized antibody and a secondary antibody that can 
be directly labeled, biotinylated, or recognized by a species - specifi c 
antibody.  

   •       Enzymatic labeled detection.      Typically a biotinylated secondary anti-
body is bound by a streptavidin - linked horseradish peroxidase that 
yields amplifi ed chromogenic products.  

   •       Planar wave guide technology.      This technology, implemented by Zep-
tosens ( www.zeptosens.com ), uses a guided light that is passed over a 
thin fi lm located below the detection antibody. The electromagnetic 
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fi eld created by the propagation of the light can lead to measurements 
with a 50 - fold increase in sensitivity compared to regular fl uorescent 
schemes.  

   •      Electrochemiluminescent detection.     This technology, implemented by 
Meso Scale Discovery (MSD,  www.meso - scale.com ), is based on the 
electrical induction of an oxidation - reduction cycle resulting in emitted 
light. The technology is similar to that of planar wave guide technol-
ogy, but only labels proximal to the captured antigen surface can be 
detected, resulting in minimal background signals.        

 A novel detection scheme recently reported is the proximity ligation pro-
cedure in which detection signals can be generated by a PCR - type reaction. 
This assay is based on pairs of primers that are separately coupled to individ-
ual antibodies that recognize closely related epitopes. Thus, when the anti-
bodies bind their targets and come in close proximity, a PCR reaction can 
generate a DNA product that verifi es the proximity and presence of the anti-
bodies ( [37 – 40] ).  

  2.2.2   Specifi c Platforms for Protein Measurements 

  Protein Microarrays     Protein microarrays (or capture microarrays) employ 
a capture antibody (alternatively: peptide, nucleotide, etc.) that is covalently 
bound to a slide (or membrane) in an ordered manner; multiple distinct anti-
bodies may be affi xed at separate locations on the same slide. Their main 
advantage is the ability to measure dozens to hundreds of proteins in each 
sample although the total number of samples that can be processed is some-
what limited (Figure  2.3  and Table  2.1 ). Even spotting of the antibody is criti-
cal for proper interaction with analytes and subsequent reading of the slide. 
Following blocking of the free microarray surfaces to reduce nonspecifi c 
binding (and improve signal to background noise ratio), lysate bathes the 
entire slide. Detection and quantifi cation of an interaction between the capture 
antibody and analyte can be achieved either by direct labeling or by sandwich 
assay, as mentioned above. The advantage of direct labeling is the simultane-
ous measurement of many analytes and a requirement for only a single anti-
body (the capture antibody). However, uneven labeling of all proteins and the 
chemical alteration of the labeled protein is a source of false - positive and high 
background signals. On the other hand, a sandwich assay employs two anti-
bodies, a captured protein and a detection antibody. The detection antibody 
binds to a protein that is already immobilized to the surface via the capture 
antibody. Subsequently a fl uorescent - labeled secondary antibody associates 
with the capture antibody, allowing for detection and quantifi cation of the 
signal. The sandwich assay avoids labeling of the sample and ensures more 
accurate and specifi c detection of a positive signal. In turn, a limitation is the 
requirement for two high - quality antibodies. Identifi cation of high - quality 
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antibodies is a common theme for all protein microarrays and poses a 
challenge beyond identifying antibodies suitable for Western blotting, which 
detects denatured proteins. In either case (direct labeling or sandwich 
assay), slides are analyzed using readers that are fairly common equipment 
in many laboratories today. An alternative to fl uorescent detection is the 
planar wave guided technology by Zeptosens, which offers increased signal 
sensitivity and lower background. However, this methodology requires 
specialized instrumentation and the proprietary technology makes the assay 
more expensive.      

  Meso - scale Discovery     MSD is a multi - array technology that utilizes electro-
chemiluminescent detection of antibody – analyte interactions. Its main advan-
tage is the ability to measure a few proteins (up to 10) in a large number of 
samples (96 per plate) (Figure  2.3 , Table  2.1 ). Capture antibodies are bound 
to the surface of the wells of a 96 - well plate. Each well can accommodate up 
to 10 distinct antibodies at defi ned locations (multi - spot). Lysates and super-
natants are incubated in each well, followed by the addition of a capture 
antibody containing a proprietary SULFO - Tag. Electrochemical stimulation 
is then initiated by carbon electrodes located in the base of the microplate. 
Activation of SULFO - Tags within close proximity to the electrode results in 
the emission of light which is read by the specialized MSD reader. The reader 
can process a plate in 1 to 3 minutes and does not involve any fl uidics  . One 
drawback is the reader ’ s inability to re - read plates, if needed, as the signal is 
signifi cantly reduced after the plate has been read. The assays are quite sensi-
tive (to near 10 attamole for some analytes) and have a dynamic range of 
approximately 5 logs. However, because of the specialized nature of the MSD 

    Figure 2.3     High - throughput proteomics platform comparison based on the number 
of samples and the number of analytes that can be processed.  
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plates, customers are limited to targets available from the company, or alter-
natively must develop their own plates. The specialized MSD reader, plates, 
and reagents are commercially available at an appreciable cost.  

   x  MAP  Technology     xMAP technology developed by the Luminex Corpora-
tion ( www.luminexcorp.com ) is a bead - based assay that allows for the simul-
taneous analysis of up to 100 different analytes from a single well. Microspheres 
(5.6    μ m polystyrene beads) are internally dyed to generate up to 100 distinct 
spectral signatures. Each uniquely identifi ed bead can in turn be coupled to a 
different capture antibody (or enzyme substrate, DNA, receptors, antigens, 
etc.). The distinctly conjugated beads can then be mixed (multiplexed) and 
incubated with a single sample. A mixture of biotinylated detection antibodies 
is subsequently added to form a sandwich assay on the surface of the bead; a 
fl uorescently labeled reporter molecule (StreptAvidin PhycoErythrin — SAPE) 
binds the detection antibody, allowing for detection and quantifi cation. A fl ow 
cytometer - based instrument equipped with two lasers and associated optics 
excites the dyes and allows for quantifi cation of the fl uorescent signal repre-
senting each analyte. The red diode (635   nm) laser excites and identifi es the 
bead as one of 100 distinct signatures. The green diode (532   nm) laser simul-
taneously excites the fl uorescent reporter tag bound to the detection antibody, 
with the resultant amount of green fl uorescence proportional to the amount 
of analyte captured in the assay. 

 The theoretical multiplex capabilities of xMAP technology are currently 
unparalleled; 100 proteins in each of 96 distinct samples can be measured 
(Figure  2.3 , Table  2.1 ). In practice, however, there are several limitations 
with regard to the number of targets which simultaneously can be evaluated 
including antibody cross - reactivity, natural protein abundance, and antibody 
competition for protein complexes  [41] . A further advantage in using bead 
suspensions (relative to planar microarrays) is the fast reaction kinetics and 
the high surface - to - volume ratio, which leads to better washes and homoge-
neous chemical reactions. As with other antibody - based assays, scientists are 
limited to commercially available targets or developing their own assays, 
although several vendors currently provide a growing list of analytes. The 
vacuum - based protocol and plate - reading time is moderately time - consuming 
and limits the number of plates that can be processed. However, advances 
including the use of magnetic bead technology and automated assay/readers 
promise to couple the tremendous amount of data per well with the ability to 
increase the plates throughput. The xMAP technology requires a specialized 
bead - reader, although a comparable technology has also been developed by 
Becton Dickinson and Company (Cytometric bead array) that utilizes a more 
typical FACS instrument.  

  Reverse Phase     Reverse phase assays also utilize an antibody - based approach, 
but in contrast to capture microarrays, the cell lysate itself is immobilized on 
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a solid support (typically a chemically treated slide or membrane). A real 
strength of this approach is that multiple lysates (dozens to several hundreds) 
corresponding to different treatments or conditions can be arrayed and pro-
cessed on a single slide (Figure  2.3 , Table  2.1 ). The entire slide can be probed 
with a single antibody or alternatively, distinct individual primary antibodies 
can be compartmentalized at discrete locations. A labeled secondary antibody 
binds the capture antibody, allowing for detection and quantifi cation. Reverse 
phase arrays only require a single antibody for detection, which is an advan-
tage over the necessity to identify two reliable antibodies as is the case for 
sandwich assays. However, the signal that is generated by reverse phase rep-
resents the sum of specifi c and nonspecifi c antibody binding; thus it is very 
dependent on the quality of the antibodies being used (an issue avoided by 
Western blotting, in which individual proteins are separated). Thus, presence 
of all cellular proteins bound to a spot carries with it issues of specifi city and 
decreased signal to noise ratio.    

  2.3   ORGANIZING AND ANALYZING DATA 

 The tremendous amount of data obtained using these high - throughput 
approaches necessitates an organized system of data storage and handling. 
Context specifi c information (conditions under which the data were obtained, 
protocols used, cell type, etc.) should accompany the experimental data. A 
popular approach to storing data (widely used in genomics) is relational data-
base management systems (RDBMS). In a relational database, the subdivision 
of data and its storage follows a predefi ned schema which allows one to iden-
tify and maintain links between disparate pieces of information. However, this 
approach comes at the price of limited fl exibility: it is diffi cult for a relational 
database to accommodate frequent changes in data formats and to incorporate 
unstructured information. Such changes and adaptations may be common 
during the experimental process and thus should be considered when deciding 
on a system for data storage. There are a number of RDBMS type databases 
adapted for proteomics data, such as SBEAMS ( http://www.sbeams.org ) or 
Bioinformatics Resource Manager  [42] . In order to overcome the limitations 
of RDBMS, we have developed  DataRail , a free and open - source ( http://code.
google.com/p/sbpipeline/ ) MATLAB ( http://www.mathworks.com/ ) toolbox 
for data management which stores, processes, and visualizes experimental 
data.  DataRail  supports both scripting and GUI - based interaction, and incor-
porates a variety of data processing algorithms (normalization, scaling, etc.) 
and visualization routines. The information derived from a set of experiments 
is organized into a structure called a compendium, which consists of multiple 
 n  - dimensional data arrays. The algorithms and parameters used during data 
processing are stored with each array to maintain a record of the provenance 
of the data  [43] . 



 Besides its fl exibility, the strength of  DataRail  is its ability to link the data 
to mathematical models. Data are imported and exported using a MIDAS 
(minimal amount of information for data analysis in systems biology) format, 
a derivative of the MIACA (minimum information about a cellular assay, 
 http://miaca.sourceforge.net/ ) format. In addition import of the data gener-
ated by disparate devices (Luminex reader, ELISA, etc.), as well as export to 
specifi c modeling tools ( CellNetAnalyzer   [44]  and the differential - equation 
based modeling package  PottersWheel     ( http://www.PottersWheel.de/ )) are 
possible (see Figure  2.4 ).   

 High - throughput data sets are inherently diffi cult to interpret solely based 
on inspection and intuition. Thus mathematical analyses can help extract 
information that is not readily apparent. There are two main approaches: 
strictly studying the data in a hypothesis - free manner using  “ data - driven 
models ”   [45]  or comparing the data to a priori biological knowledge encoded 
in a mathematical framework  [32] . 

  2.3.1   Data - Driven Models 

 Data - driven approaches to data analysis encompass several methods derived 
mainly from machine learning and statistics. Methods of machine learning 
follow one of two paradigms: supervised or unsupervised learning  [46] . In 
supervised learning, such as the support vector machine (SVM) algorithm, a 
set of objects (e.g., drugs) with certain properties (e.g., their effect on intracel-
lular signals) are assigned to different groups (e.g., toxic or nontoxic). Rules 

    Figure 2.4     DataRail Workfl ow. DataRail helps to close the iterative loop between 
measurements, modeling and generation of hypothesis characteristic of systems biology 
(see Figure  2.3 ). Experimental measurements are fi rst converted into a MIDAS format 
and then used to assemble a multidimensional primary data array. Different algorithms 
transform the data to create new data arrays (orange) that can then be modeled using 
internal (full - line boxes) or external routines (dashed boxes)  [43] .  
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are constructed that link the properties to the groups. These rules can then be 
used to classify objects whose class is unknown. For example, one could train 
a classifi cation system with information (e.g., based on intracellular signals) 
from drugs known to be either toxic or nontoxic, and then use this system to 
screen new compounds with unknown toxicity  [47] . 

 In unsupervised learning there is no information about which group each 
object (e.g., drug) belongs to, and therefore one tries to defi ne such groups 
(called clusters) based on similarities. One application of clustering is to orga-
nize signaling responses based on their similarities  [45] . Another method of 
unsupervised learning is based on the computation of principal components, 
which transforms the values of a single measurement into combinations of 
measurements capturing the maximum data variability. For example, instead 
of considering individual phosphorylation of particular proteins  [48] , one con-
siders the combined phosphorylation of groups of proteins  [45] . This approach 
has the additional feature that it reduces the dimension of the data. Principal 
component analysis (PCA) can be helpful to obtain biological insight. Using 
signaling profi les, PCA was employed to qualitatively discriminate apoptotic 
cell fates  [45] . Partial least squares regression (PLSR)   is another technique 
similar to PCA. However, in PLSR, the data are structured into independent 
and dependent variables (inputs and outputs), whereas in PCA there is only 
one set of data. PLSR reduces the inputs and outputs to their principal com-
ponents and then identifi es a linear solution that relates the former to the 
latter  [45] . PLSR not only provides biological insight; it can also be used to 
predict the results of new experiments. Multiple linear regression (MLR) is a 
technique used to extract correlations between inputs and outputs and can be 
viewed as simplifi ed PLSR. In MLR the linear solution is computed directly 
between the measured variables. It does not reduce the components as PLSR 
does. On the other hand, the resulting correlations are links between experi-
mentally measured variables, and therefore the results are easier to interpret. 
For example, the results of MLR can be visualized as a pathway map that 
connects phosphoprotein activity to cytokine release  [41] . Therefore MLR can 
be used as a means to reconstruct the network topology from the experimental 
data. There are also more sophisticated methods to construct pathways maps 
out of data that constitute a fi eld known as reverse engineering  [49] . Reverse 
engineering has been extensively applied to gene regulatory networks  [49] , 
and to a lesser extent to signaling networks  [50,51] . 

 In addition to  DataRail , a number of tools are available to perform data -
 driven analyses, including the free open source systems R/Bioconductor  [46]  
as well as commercial software such as MATLAB specifi c toolboxes.  

  2.3.2   Topology - Based Models 

 The methods described above make use of only the data, and in some cases 
a classifi cation scheme (categorization of objects into classes in the case of 
supervised learning). Knowledge accumulated from decades of research and 



gathered in the form of thousands of scientifi c publications is not utilized. An 
in silico replica of the current knowledge of the signaling system under 
consideration may be generated to take advantage of this vast resource. This 
model can then be interrogated with respect to its ability to reproduce the 
experimental data in order to obtain mechanistic insight. There are several 
mathematical formalisms that can be used to describe signaling networks, 
varying in the level of detail they incorporate. An extensive review is outside 
the scope of this chapter, but we will describe the most popular approaches 
and refer to reviews for further reading. 

 Probably the simplest description of a signaling network is what is known 
in mathematics as a graph: each species (typically proteins) is represented as 
a node, and the nodes are linked with edges ( “ lines ”  representing the interac-
tions). Using this simple description, one can unravel important structural 
properties of the network such as the presence of clusters of proteins (poten-
tially involved in common biological functions), or to identify elements which 
are highly connected (known as hubs) representing central elements of a sig-
naling network  [52,53] . 

 Directionality and sign (positive or negative) of the arrows (defi ning the 
effect between nodes) leads to interaction graphs that can capture the direct 
dependencies among species (see Figure  2.5 ). This description allows a useful 
analysis in terms of examining networks and data, that is, one can compute 
the paths from any species A to any other species B. Four possibilities exist: 
the paths are all positive, all negative, mixed positive and negative, or there 
is no path. Accordingly, the species A can be classifi ed with respect to B as 
activator, inhibitor, ambiguous, or nonaffecting. By comparing the  possible  
connections (positive, negative, ambiguous) between two proteins with the 
experimental data, one can identify consistencies and discrepancies, and 
thereby build a model that best represents the cellular system  [54] . For 
example, in the case of an intervention in which a particular protein A is 
blocked (e.g., with an inhibitor), if the activity of a different protein B increases, 
A cannot have a direct positive effect on B.   

 In cellular networks, an interaction (edge) often represents a 
relationship among more than two species (nodes). In an interaction graph, 

    Figure 2.5     Different representations of pathway topology in mathematical terms.  
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the interpretation of such cases can be ambiguous: if two kinases both have a 
positive effect on a third C, does it mean that either of them can activate C, 
or rather that both together are required? The logical gates AND (for the 
latter case) and OR (for the former) can be used to distinguish the possibili-
ties. Thus, by including some additional information about the logic of the 
signal propagation, one obtains a more accurate description. This type of 
refi nement of interaction graphs is called interaction hypergraphs and is the 
framework for boolean (or logical) networks (see Figure  2.5 ), in which all 
states have a discrete value (in the simplest case, either ON or OFF)  [54] . 

 Within this framework it is possible to test the consistency between the 
network topology and experimental data across different cell types and condi-
tions. Measurements of protein activation under different conditions can 
automatically be compared with the predictions of a model based on a certain 
topology. By comparing the models with data from different cell types, one 
can uncover signifi cant differences in the signaling networks. Furthermore 
experimental data that cannot be reconciled with the a priori knowledge 
encoded in the maps suggests gaps in our current knowledge that point to 
potential new connections  [41] . 

 Additional insight can be unlocked by constructing and subsequently 
analyzing detailed, mechanistic, kinetic models. Here, one fi rst   considers the 
individual chemical processes underlying signaling events, and then defi nes 
the reactions consuming and producing species, leading to balanced concen-
trations. This procedure   is typically encoded as a set of ordinary differential 
equations (ODEs) that describes the time - dependent concentration of the 
protein species as a function of kinetic parameters and initial concentration 
 [32,64] . However, the large number of unknown parameter values and entities 
(enzymatic activities, binding constants, etc.) make modeling a very large 
network in a mechanistic manner an arduous task. If large amounts of data 
are available, one can try to calibrate the model by fi nding parameter values 
so that the model optimally describes the data. This is nevertheless a very 
challenging problem  [55,56] , so fully calibrated models are typically only avail-
able for small systems or subsets of systems. 

 A wide range of methods is suitable for the analysis of ODE models: analy-
sis of nonlinear behavior (e.g., oscillations), calculation of sensitivities (the 
variations of the activation level of certain proteins upon changes in the model 
parameters, which reveal key parameters in the signaling network, have 
importance for drug discovery) or fi nite - time Lyapunov exponents (which 
discern how initial transients in a signaling network determine alternative cell 
fates)  [32,56] . 

 Many computational tools are now available that allow scientists to estab-
lish, simulate, and analyze models. A number of these tools are graph based 
(Cytoscape, visANT, etc.; see Aittokallio for reviews  [52] ), others analyze 
biochemical systems from a qualitative perspective (GNA: [57] , GINsim: [58] , 
CAN:  [44] ), and a still larger number are suitable for kinetic modeling ( [59,60] ). 
Most of these computational tools help with the setup and analysis of   models 



through user interfaces and/or programming of scripts. The standard formats 
CellML and specially SBML ( [61] ) are widely used because they allow 
exchange of data between different programs. Information on how to set up 
specifi c models is readily   available in the literature and also on the Web, where 
extensive discussion can be found on signaling pathways, interactions between 
molecules (binding, substrate/enzyme relationships, etc.) and cell - specifi c 
information. Tools that mine data are invaluable   for facilitating the retrieval 
of such information.   

  2.4   CONCLUSION 

 Knowledge is power. Scientists have long sought to extract as much informa-
tion as possible from their experiments in order to maximize understanding 
of the systems they study. This effort is demonstrated, for example, by the 
wide range of genomic screening approaches undertaken by academics and 
industry in the much celebrated Human Genome Project and in the ongoing 
International HapMap Project. Several computational tools have evolved 
around such datasets that seek a global view of biological systems. 

 When it comes to protein - based measurements, scientists have been reluc-
tant to follow similar approaches. The main reason is the tremendous (if not 
impossible) task of generating large proteomic datasets using standard biologi-
cal assays such as Western blots or ELISAs  [62,63] . However, the recent 
high - throughput protein platforms such as the ones described in this chapter 
have provided scientists with the opportunity to use computational models to 
harvest the power of protein and phosphoprotein based measurements 
 [41,47,48] . That said, despite the fact that current protein datasets lack the 
scope of whole genome sequencing, phosphoprotein measurements incorpo-
rate knowledge much closer to a cell ’ s biological function. 

 The pharmaceutical industry has a vested interest in applying a systems 
biology approach to the drug discovery process. For target identifi cation, the 
interconnectivity of biological pathways can be incorporated into models to 
elucidate the optimal novel targets  . Scientists can then evaluate whether a 
single - target approach is preferential to a multitargeted scheme that may be 
carried out either by co - dosing regimen or  “ nonspecifi c ”  inhibitors. For lead 
compound discovery, cell - based protein screens can complement chemical 
screens for understanding the effects of  “ on - target ”  inhibition on the rest of 
the cellular network. For toxicity studies, compounds can be classifi ed as toxic 
or nontoxic based on their effect on the intracellular and extracellular protein 
space  [47] . The contribution of such knowledge to the success or failure of a 
drug therapy is obvious. 

 As the sizes of protein - based datasets increase, computational tools 
will become increasingly necessary for understanding cellular   biology  . 
Nevertheless, combining mathematical models with protein datasets is not a 
trivial task, and certain limitations may need to be overcome prior to the 

CONCLUSION 47



48 DRUG DEVELOPMENT, EFFICACY, AND TOXICITY

implementation of a model or the generation of an expensive dataset. For 
example, correlation algorithms such as PCA, PLSR or MLR cannot handle 
time and space as effi ciently as an ODE model. ODE models in turn cannot 
handle large topologies (because they are computationally expensive) and 
require time - dense, high - quality experimental data. Boolean models, on 
the other hand, can handle large topologies but with a limited description 
of the time domain. Other algorithms, such as SVM, can optimally handle 
classifi cation problems (e.g., toxic or nontoxic drugs) but require a sizable 
dataset. 

 For a given proteomic platform, two of the main reasons that limit the size 
of protein datasets are bench time and cost. On the other hand, there are many 
requirements that increase the dataset size: time points, dosing concentrations, 
measured signals, stimuli selection, inhibitors (especially for compound screen-
ing), and the number of replicates. This is actually a multidimensional cost –
 benefi t optimization problem where the several dimensions of the dataset 
(time, inhibitors, etc.) should be designed to work in harmony with the com-
putational model. The complexity of both experimental approaches and com-
putational algorithms also highlights the importance of interdisciplinary 
collaboration among scientists. 

 The pairing of high - throughput proteomic approaches with advanced 
computational models promises to vastly increase our understanding of 
biological systems and their behavior. It will be up to the pharmaceutical 
industry to use this knowledge to develop more effi cient and effective drug 
strategies.  
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  3.1   INTRODUCTION 

  3.1.1   Challenge in the Pharmaceutical Industry 

 The goal of the pharmaceutical industry should be to create drugs that exhibit 
high effi cacy, low toxicity, and high patient specifi city. To reach this goal, there 
must be changes in the approaches applied in the continuum from early drug 
discovery, through drug development and clinical trials/diagnostics. This 
chapter addresses the application of Cellular Systems Biology (CSB) ™  to 
safety testing at the interface between discovery and preclinical testing. CSB 
can be applied across the continuum from early drug discovery to clinical trials 
and diagnostics  [1,2] .  

  3.1.2   Cellular Systems Biology ( CSB ) ™  

 Cellular Systems Biology (CSB) ™  is the investigation of cells as 
integrated and interacting networks of genes, proteins, and metabolic 
processes that give rise to either normal or pathological conditions. Cells 
are the fi rst level of biological organization that integrate the activities 
of constituents such as genes, proteins, and metabolites into a functioning 
system. Cells, of course, form the basis of higher order tissue and organ 
systems that   in turn make up organisms. In addition to providing the basic 
functions required of tissues and organs, cells are involved in mediating their 
interactions. 

 Individual cells and combinations of cells are complex enough to yield 
important systems information and knowledge, but simple enough to manipu-
late and measure if we take   advantage of the last few decades of reductionist 
exploration of isolated cellular constituents ( “ omics ” ) to create moderate -
 throughput assays and profi les (Figure  3.1 ). The paradigm shift in applying 
CSB is that we can now look at individual cells and collections of cells as 
surrogate systems, not just  “ containers ”  of independent target molecules and 
specifi c pathways. The goal of CSB is to understand the systems response of 
cells to various chemical and biological challenges and the relationships 
between those responses and organ and organismal (dys)function. Analysis of 
the response profi les of a panel of target molecules and pathways allows the 
identifi cation of characteristic patterns that can be used to reduce the com-
plexity of CSB data to simpler mechanistic interpretations as well as an index 
value that can be used to make decisions.   

 CSB builds on the  “ omics ”  approaches by harnessing genomics, proteomics, 
and metabolomics analyses to guide the selection of panels of functional bio-
markers. In addition the CSB approach takes advantage of the evolution of 
cell - based assays and instrumentation over the last 10 years from whole plate 
cell population averages to high content screening (HCS) methods  [3] . CSB 
is the next generation of cell - based discovery, and it can be applied in basic 



biomedical research, drug discovery, drug development, and clinical trials, as 
well as, in diagnostics to create more powerful answers in less time and for 
lower cost.  

  3.1.3   Tools of  CSB  

 The tools of CSB are designed to manipulate and to measure biomarkers of 
key processes and pathways in models of cellular and tissue functions  [1] . 
Furthermore ideal tools provide precise spatial, temporal, and contextual 
information on the interrelationships between biomarker activities within the 
same cells. Currently CSB profi ling data can be captured with high content 
imagers multiplexed across multiple wells of the same cell preparations. Final 
integration of CSB profi ling data employs computational software to 

    Figure 3.1     Cellular systems biology is the study of the integrated and interacting 
network of genes, proteins, and metabolic processes that give rise to normal and 
abnormal conditions. The cell, as the simplest of complex biological systems, exhibits 
properties in response to external stimulus that are not always anticipated from detailed 
knowledge of its component parts, or component functions and can be measured and 
analyzed using panels of fl uorescently labeled, functional biomarkers coupled with 
advanced informatics. (See color insert.)  
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interrogate, summarize, and transform CSB profi ling information into new 
systems knowledge (Figure  3.2 ).   

  Cellular Systems Biology Assays     CSB assays utilize a panel (usually  > 6) of 
functional biomarkers to extract, a “cellular systemic response” to a treatment 
or condition in the form of a panel of  “ features ”   [1] . The assays are performed 
in a high - throughput format (384 well plates) often with an HCS reader. The 
assays   can be fi xed end point, where the cells are fi xed and labeled with mul-
tiplexed, fl uorescence - based reagents after treatment, or they can be live cell 
assays, where the treatment and readouts are performed directly on living 
cells.  

   C ell C iphr ™  Profi les     Automated, computational analyses of the data are 
derived from a set of cellular systems biology assays. The resulting summary 
index can help guide decisions.    

    Figure 3.2     Tools of cellular systems biology. Cells or tissue models are plated in high 
density 384 - well microtiter plates and exposed to treatments. At the end of exposure 
time the cells are evaluated for 10 or more measurements using panels of fl uorescent -
 based reagents. The 384 - well plates are scanned using existing high - content reader 
instruments with image analysis algorithms. Informatics tools extract contextual infor-
mation from the multiplex of functional cell features. Databases containing large 
compound profi les sets can be mined for knowledge. (See color insert.)  
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  3.2   PRECLINICAL SAFETY TESTING AS ONE KEY CHALLENGE 

  3.2.1   Improved Prioritization of Leads and Clinical Candidates   

 The pharmaceutical industry is under high pressure to reduce the overall 
failure rate in drug development while meeting tougher human regulatory 
standards. The cost to drive one drug successfully to approval is estimated 
at  $ 897 million, of which approximately  $ 200 million is spent during the 
preclinical phase of development, and the remainder for clinical testing 
 [4] . However, if the cost of failed drugs is taken into account, the cost 
of developing a successful new drug has been estimated to be approximately 
 $ 1 billion  [5] . Attrition of compounds is evident at all levels of drug 
discovery and development. Out of 10,000 compounds synthesized only 
one will ever be marketed as a drug. Approximately 9000 have undesirable 
chemical properties such as solubility and reactive groups; another 750 fail 
due to overt toxicity, lack of effi cacy, or IP protection issues. Of the 
remaining 250 compounds that could possibly move into preclinical testing, 
only 10 will eventually enter clinical trials with just one of those gaining 
approval. 

 Current human safety requirements still rely heavily on the in vivo animal 
toxicity testing protocols that have changed little in decades. Although animal 
testing will remain pivotal as the safety testing standard involved in the devel-
opment and approval process of new drug applications for the foreseeable 
future, half of new drug applications failed since 1990 because of unpredicted 
toxicities that animal safety studies were not able to present  [6] . Furthermore 
the industry has been subject to withdrawals of approved drugs due to safety 
concerns. Terfenadine, troglitazone, bromfenac, cisapride, and cerivastatin 
have been pulled from the market for toxicological issues,   and many others 
have received use restriction labels  [7] . The withdrawal of two high - profi le 
drugs, valdecoxib (Bextra) in 2005 and rofecoxib (Vioxx) in 2004 heightened 
criticism of the regulatory agency and its current drug safety policies  [8] , which 
is expected to level additional safety burdens on the industry. Besides the 
pressure to foresee human drug risks that are not likely to present under exist-
ing animal toxicity safety protocols, the industry is faced with the need to 
reduce the failure rate and costs in developing drugs. The pharmaceutical 
industry must therefore fi nd new protocols or technologies to improve the 
effi ciency with which compounds enter the postdiscovery stage development. 
Among these considerations are higher throughput methods that can   better 
prioritize compounds for animal testing and be more predictive of human 
toxicity. 

 Recently toxicogenomics, the study of how the genome responds to envi-
ronmental stressors or toxicants, has been applied to whole animal toxicity 
testing to elucidate mechanisms of action (MOA)  [9,10] . The full value of the 
toxicogenomics - based approach to pharmaceutical sciences is, however, 
limited by two critical defi cits: (1) gene array information does not refl ect 
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functional effects, such as posttranslational modifi cations and molecular inter-
actions in time and space, and (2) the protocols have as yet unresolved chal-
lenges to interpretation and reproducibility of data. With regard to the  “ omics ”  
revolution, in general, these defi cits prompted Scott Gottlieb, deputy FDA 
commissioner for medical and scientifi c affairs, to observe in 2006 that pro-
teomics, genomics, and microarrays have only added to the cost of discovery 
and development without making the process any faster or more certain. 
 [6,11] . Nevertheless, the toxicogenomics data are useful in selecting panels of 
functional biomarkers for CSB profi ling in specifi c - tissue and cell types.  

  3.2.2   Early Cytotoxicity Assays Were Too Simple 

 Healthy cells extract energy from the environment to build and maintain the 
intricate, energy - rich subcellular structures, pathways, and processes involved 
in a range of cellular functions including homeostasis, motility, and self - 
replication. Disease from infections, genetic defects, environmental stress, or 
xenobiotic insult impairs normal phenotypic responses. For example, insulin -
 resistant liver cells exhibit decreased glucose and small cell lung cancer 
cells grow uncontrollably as a result of eliminated cell cycle check points. 
However, if the insult or injury is of suffi cient duration and intensity to push 
the extent of the injury beyond the cell ’ s capacity for repair, regeneration, or 
re - adaptation, a series of cascading cellular events occur that are collectively 
called cytotoxicity  [12] . 

 Historically simple cytotoxicity assays depended on cell loss or decreases 
in cell health indicators such as MTT, Alamar Blue, ATP, or increased leakage 
of cytosolic enzymes to determine a cytotoxic response  [13] . In 2000 the 
Scandinavian Society for Cell Toxicology published the results of a large study 
from an initiative began in 1988 as the MultiCenter Evaluation of In Vitro 
Cytotoxicity (MEIC)  [14] . The study compared the results of 50 reference 
compounds screened by 39 laboratories using 67 single end - point in vitro 
assays conducted in a variety of 60  “ test ”  systems of established or primary 
cell types from humans, animals, insects, or bacteria and found an 84% cor-
relation of 4 assays to acute human lethality. The assays were as follows: (1) 
24 - hour protein content in Hep G2 cells, (2) 24 - hour ATP levels in HL - 60 
cells, and (3) two morphology assessments in Chang liver cells. Despite the 
positive association of the in vitro assays to predict lethal doses in humans, 
these simple cell health indicators had limited value to predicting the sub -
 lethal toxicity with an overall accuracy below 50%.  

  3.2.3   Cytotoxicity Assays Still Not Optimal 

 Given the diffi culty in generating, analyzing, and interpreting toxicogenomic 
data, the cytotoxicity assay that continues to dominate in many labs is a single 
measurement involving one component of a biological system, whether a 



phenotypic marker (cell death, decreased mitochondrial membrane potential, 
intracellular ATP) or change   in one gene or protein (DNA repair gene, stress 
gene activation). But as determined in the MEIC study, these single measure-
ments have not proved to be a reliable indicator of sub - lethal whole organ or 
animal toxicity. Early attempts to combine the single measurement assays 
together were useful, but the layered approach was still separated from the 
context of the function of the intact cellular system  [15] . 

 A crucial step in the generation of useful biological information is the 
choice of the cell type and method of measurement of cell activities. O ’ Brien 
et al. reported better than 80% correlation between the safety data and a fi ve -
 parameter HCS assay using HepG2 cells as an indicator of human in vivo 
hepatotoxicity  [16] . Although HepG2 cells are generally a well - regarded cell 
line for human liver studies when primary cells are inconvenient, or of ques-
tionable quality or unobtainable, HepG2 cells do not possess physiologic 
levels of the most abundant liver metabolizing enzyme CYP 3A4  [17] . Addi-
tional cell types may be necessary to identify drugs requiring metabolic activa-
tion through this enzyme. Nonetheless, some researchers regard HepG2 cells 
better as a   indicator of general toxicity than as an indicator of specifi c hepa-
totoxin activity. Because hepatotoxicity is generally regarded as one of the 
major limiting factors in drug discovery  [18,19] , cytotoxicity panels using liver -
 based models would be predicted to decrease delays and expenses throughout 
the discovery and development process Hepatotoxicity is also often cited as a 
major reason for failure to gain approval for new drug applications, which can 
lead to expensive drug withdrawals and label restrictions  [7] . Consequently 
there is a continued need for more powerful test systems to identify potential 
hepatotoxins. Primary hepatocytes have emerged as a relevant and depend-
able model test system. When isolated and handled appropriately, hepatocytes 
express a broad range of metabolizing enzyme activities, hepatic transporters, 
and other differentiated functions  [20,21] . Furthermore numerous laborato-
ries have reported correlations between the primary hepatocyte model and in 
vivo metabolic profi le of drugs  [22 – 25] . Taken together, the primary hepato-
cyte is well suited to assess hepatocellular liver injury or hepatotoxicity using 
a CSB approach. Given that animal liver cells can process drugs quite differ-
ently than human liver cells  [26,27] , that rats are the most often used animal 
species in drug safety studies  [28] , and the need for reliable screening tests at 
the decision - junctures between drug discovery and preclinical safety assess-
ment, the primary rat hepatocyte becomes one good candidate for CSB 
profi ling.  

  3.2.4    CSB  as a New Approach to Preclinical Safety Testing 

 Cellular Systems Biology can be applied to toxicity testing and used to pull 
identifi cation of problematic side effects forward into the interface between 
early drug discovery and drug development. CSB brings in the contextual 
information missing from the single end - point measures, adds cause and effect 
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relational information missing from toxicogenomics, and importantly, offers 
tremendous advantages in the speed and number of compounds that can be 
tested earlier in the process to yield a safety index that can be used to make 
decisions to prioritize the compounds that move forward into preclinical 
testing. Better decisions will be made possible through application of CSB 
profi ling in relevant cell types. Here is described the application of CSB to 
cytotoxicity profi ling and a report on a case study of the performance of the 
fi rst generation CellCiphr ™  toxicity profi ling tools.   

  3.3   APPLYING CELLULAR SYSTEMS BIOLOGY TO 
CYTOTOXICITY PROFILING 

  3.3.1   Case Study: 100 Compound  C ell C iphr ™  Panel 1 Profi le 

 CellCiphr ™  cytotoxicity assays are designed to be used as stand - alone assays 
or in combination to provide a more detailed profi le. The assays are per-
formed in 384 well plates with extensive intra -  and interplate quality controls 
using HCS readers. The images collected from each well of the dose – response 
series are processed using off - the - shelf software applications provided with 
the existing high - content instruments. The results are extracted as measure-
ments from a dose series that is fi t to a dose – response curve (Figure  3.3  a ) 
using a standard four - parameter logistics model. A set of QC metrics are used 
to automatically accept or reject curves based on the quality of the fi t and the 
likelihood that the curve accurately represents a dose – response relationship. 
Cell feature responses can increase or decrease depending on the treatment, 
and these changes are monitored as appropriate by the slope of dose – response 
curve (Figure  3.3  b, c ). The concentration at which the population average 
response is 50% of the control activity range (AC 50  value) is calculated from 
the curve and the collection of AC 50  values over the entire cell feature set 
comprises the response profi le. The profi les are then analyzed with proprietary 
visual and quantitative data mining tools including CellCiphr classifi ers, cor-
relation analysis and cluster analysis.   

 The CellCiphr ™  cytotoxicity panel 1 uses the Hep G2 cell line derived from 
human liver hepatoma and panel 2 uses primary rat hepatocytes to profi le the 
cellular responses to toxic challenges in a cell - specifi c set of fi xed end - point 
assays (Table  3.1 ). The cell features are captured in time -  and concentration -
 dependent responses to toxicants at 1, 24, and 72 hours in HepG2, at 1, 24, 
and 48 hours in rat hepatocytes, and in 10 concentration ranges from 0.003 to 
100    μ M for the two panels.   

 The performance of the CellCiphr ™  panel 1 was assessed in a set of 136 
compounds with preclinical safety reference data. A total of 100 of the com-
pounds were blinded test compounds provided by a consortium of pharma-
ceutical companies, while the remaining 36 compounds were well - known 
compounds. Initially each compound was assigned to a categorical toxicity 
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      Figure 3.3     Example of CellCiphr ™  panel 1 data processing. ( a ) Image analysis 
extracts cell features as numeric data forming a 10 - point dose – response curve. 
( b ) Representative control response curves from CellCiphr ™  HepG2 assay. 
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Figure 3.3 

 TABLE 3.1      C ell C iphr ™  Assays Used to Evaluate Compound Effects over a Broad 
Range of Indicators 

  CellCiphr ™  Panel 1 HepG2    CellCiphr ™  Panel 2 Rat Hepatocytes  

  Cell loss    Cell loss  
  DNA degradation    DNA degradation  
  Nuclear size    Nuclear size  
  Cytoskeletal disruption    DNA damage  
  DNA damage response    Phospholipidosis  
  Oxidative stress    Apoptosis  
  Mitosis marker    Mitochondria function  
  Stress kinase activation    Steatosis  
  Mitochondria function I      
  Mitochondria function II      
  Cell cycle arrest          
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class based on a severity score derived from the analysis of drug safety studies 
by two separate toxicologists. This toxicity score along with the CellCiphr ™  
profi ling results for approximately half of the unknown compounds was 
used as the training set to build the computational Classifi er algorithm 
(Figure  3.4  a ,  b ). The classifi er is an analysis method by which a two - stage 
regression model is applied to the cell feature data with the outcome being a 
categorical classifi cation of the overall response as a function of the strength 
and frequency of the variables. Once created, classifi er performance was then 
tested against the remainder of the unknown compounds (the test set) and an 
independent set of control compounds (Figure  3.4  c ).   

 Because CellCiphr ™  profi ling was developed to provide facilitated decision 
making from complex sets of response profi le data, the results are presented 
in several forms. Each compound can be reported simply as a noncorrelated 
individual response profi le or after computational analysis to reduce dose -  and 
time - dependent data into a set of descriptors that are used to tease out cellular 
modes of toxicity, so as to   provide a relative ranking score and safety index 
predictor (Figure  3.4  d ). Clustered heat maps are used to identify patterns of 
responses in large data sets (Figure  3.5 ). Statistical tools such as the Pearson ’ s 
correlation coeffi cient are used to compare compound profi les for similarity, 
which can also be visually assessed in overlaid profi le plots. The profi le simi-
larity plots are used to identify potential mechanisms of action by direct 
interpretation of functional responses as well as the mechanisms predicted by 
the correlations between the unknown test compounds and known control 
compounds (Figure  3.6 ) with known mechanisms of action. The relative toxic-
ity of compounds in a series, such as a lead series or SAR, predicted by the 
CellCiphr ™  classifi er provides a rank order of toxicity that can be utilized to 
prioritize compounds for additional follow - on studies or for preclinical candi-
dacy. This safety risk index has been demonstrated in the study presented here 
to reliably predict potential in vivo liabilities. Additional results, such as the 
earliest and the most potent cell feature response of a compound, can also be 
easily extracted from the data. These results may be useful to identify a single 
end - point assay for more extensive toxicity SAR campaigns, as well as mecha-
nisms of action campaigns.    

  3.3.2   Performance of First - Generation CellCiphr ™  in the Case Study 

 The fi rst generation, two - stage classifi er produces three output classifi cations: 
signifi cant toxicity, moderate toxicity, and minimal toxicity. When applied to 
the 136 compounds in the HepG2 assay panel, if the unbiased automated 
CellCiphr ™  classifi er identifi ed a compound as signifi cantly toxic, it was 
indeed, in all cases toxic, giving an accuracy of 100%. (Table  3.2 ). The accu-
racy over the entire 136 compound set of unknowns to identify compounds 
with in vivo toxicity was 76%, a substantial improvement over the less 
than 50% accuracy found in the MEIC study. Although the performance 
accuracy for classifying minimal/negative toxins was low, it was improved 
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          Figure 3.4     Constructing the classifi er. ( a ) Basic classifi er construction method. The 
collection of compounds having categorical in vivo safety reference data are binned 
according to in vivo severity so that 0 are nontoxic, 1 minimally toxic, 2 and 3 moder-
ately toxic, and 4 signifi cantly toxic compounds. A limited number of nontoxic 
compounds existed in this initial set of compounds necessitating a combination of 
compounds scored 0 and 1 into minimally toxic and 2, 3, or 4 into signifi cantly toxic 
bins. ( b ) A subset of each bin was randomly selected to use as a training set. Regres-
sion analysis using a two - stage approach was applied to the training set to identify 
patterns and changes between minimally toxic and signifi cantly toxic profi les, creating 
an algorithm to simplify the profi le to a single number called the toxicity score. The 
safety score algorithm was then applied to classifi cation of the test set of compounds. 
( c ) An independent set of control compounds with drug safety reference data was used 
to validate the fi ndings of the classifi er. ( d ) The results are tabulated according to the 
simple binning and ranked according to the calculated toxicity score. (See color 
insert.)  

compared to the single end - point assay method, with the advantage that the 
accuracy can be refi ned with addition of larger sets of compounds in the data-
base additional cell types and additional assay panels targeted to other toxicity 
mechanisms.   

 Several of the control compounds used in the large study are currently 
marketed or market - withdrawn drugs. Table  3.3  compares the results of two 
drugs still on the market against one marketed with a warning label for hepa-
totoxicity and four that were market - withdrawals due to safety issues. The 
classifi er performed very well in identifying correctly the compounds with 
safety issues. These drugs would have failed the CellCiphr ™   “ fi lter ”  early in 
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Figure 3.4 Continued

their development phase, if applied. This would have given the investigators 
key information to help make decisions and could have saved a large amount 
of time and money. In comparison, the single end - point cell viability 
assessment would prioritize Tacrine and Troglitazone ahead of Lovastatin, 
Haloperidol, Astemizole, and Cerivastatin simply on cell loss AC 50  values of 
115, 26, 14, 25, 10, and 0.2    μ M, respectively. CSB assay data linked to classifi ca-
tion proved to be a powerful tool that could be used   to confi dently prioritize 
unknown compounds early in drug discovery process prior to preclinical safety 
assessment.   

 In the set of unknown compounds, approximately 7% of them produced 
profi les that have a correlation coeffi cient with known control compounds of 
greater than 0.8, while an additional 10% showed a correlation of at least 0.7 
when compared with known controls. The unknown set of compounds pro-
duced an average of 9 cell feature responses, while the control compounds 
averaged 11 cell feature responses. As expected, nearly all features show 
increased frequency and decreased AC 50  with exposure time. All cell feature 
assays showed activity for at least one compound. DNA degradation was the 
least frequent while changes to nuclear size and cell loss were the features 
affected most frequently. Nearly a third of the compounds caused signifi cant 
cell loss ( > 20%) at 1 hour and 80% showed measurable cell loss at the chronic 
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    Figure 3.5     Hierarchical clustering of case study compounds. Cell features in the pro-
fi les are color coded by AC 50  value so that red is nM, yellow is  μ M, and blue is mM 
concentrations. In vivo results are shown on the bottom axis. Blue rectangles indicate 
compounds with high degree of in vitro similarity, thus with a high likelihood that they 
will produce similar responses in vivo. Heat maps are used to identify patterns in 
response profi les between compounds in large data sets. (See color insert.)  
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time point (72   h). Overall the selectivity (frequency of features responding) 
correlated better to in vivo toxicity than sensitivity (mean AC 50  of the 
responses).  

  3.3.3   Combining Multiple  C ell C iphr ™  Panels 

 Detailed analysis of the compounds that exhibited toxicity, but were not clas-
sifi ed as toxic by the fi rst - generation classifi er, indicates that the toxic mecha-
nisms involved were not expected to be active in the HepG2 panel. Mechanisms 
including immune - mediated toxicity, neuropathies, cardiac, renal, and respira-
tory toxicities highlight the need for development of additional assay panels. 
To address this need, and to further optimize detection in rats, a primary rat 
hepatocyte panel has been developed. Although the two panels were designed 
with different functional endpoints and only the HepG2 panel results are 
reported here, preliminary results from the rat hepatocyte panel show that the 
different cell types produce results consistent and unique to the cellular 
biology. Diclofenac is a NSAID compound that requires CYP3A4 metabolic 
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    Figure 3.6     Application of Pearson ’ s correlation plot similarity analysis. ( a ) The uni-
verse of all compounds plotted as cell features against magnitude of the response. The 
lines represent individual compounds, with the gray background showing the maximum 
value of feature responses for all compounds in the fi rst - generation database. ( b ) Test 
compounds I98 and I17 have high similarity to Terfenadine (QT prolongation) while 
H25 has a nearly identical profi le to Etoposide (myleotoxicity). Correlations such 
as these are used as mechanistic indicators for follow - up investigative toxicology 
studies. (See color insert.)  



 TABLE 3.2     Accuracy of  C ell C iphr Classifi er 1   

  In Vivo Toxicity   a        n     Accuracy CellCiphr Classifi er  

  Signifi cant    33    100%  
  Moderate    65    80%  
  Min    38    41%  

     a  Includes 136 unknown and control compounds for which  
 CellCiphr ™  and drug safety data were available.   

 TABLE 3.3     Comparison of Two Examples of Currently Marketed Drugs and Five 
Failed or Warning Labeled Drugs Run in  C ell C iphr ™  Classifi er 

  Drug    Status    CellCiphr ™  Safety Index  

  Lovastatin    Currently marketed    Low risk  
  Haloperidol    Currently marketed    Low risk  
  Tacrine    Label warning to monitor hepatotoxicity    High risk  
  Troglitazone    Withdrawn for hepatotoxicity    High risk  
  Cerivastatin    Withdrawn for rhabdomyolysis    High risk  
  Astemizole    Withdrawn for drug – drug interactions    High risk  

activation to produce a toxic intermediate  [29] . Cell responses to diclofenac 
were evident in rat hepatocytes but not in HepG2 cells (Figure  3.7  a ). Primary 
rat hepatocytes, but not HepG2 cells, maintain measureable levels of CYP 3A 
activity in short - term culture  [17] , so the results between the two panels are 
consistent with a metabolism - driven mode of toxicity. Another example of 
differential response to a compound from the test set is a compound which 
exhibited toxicity consistent with a toxic proliferation inhibitor. In vivo the 
compound presented bone marrow depletion, reduced blood counts, and 
thrombocytopenia, but minimal effect on liver cells. As demonstrated in the 
two CellCiphr ™  panels, no measureable responses were evident in the rat 
hepatocyte panel, but signifi cant number of features responded in HepG2 cells 
(Figure  3.7  b ). These results are consistent with an in vivo profi le of a com-
pound effect on cycling Hep G2 cells but no effect on noncycling cells such as 
primary hepatocytes. The two selected examples serve to show that multiple 
cell types or panels are required to cover the broad range of in vivo toxicity 
mechanisms.     

  3.4   CONCLUSION 

 The principles of CSB were used to address the problems arising during 
the drug development process by developing a reliable, new in vitro solution 
for identifying toxic compounds in an automated process. The fi rst - generation 
CellCiphr ™  cytotoxicity profi ling system offers a rapid, inexpensive, cell -

CONCLUSION 69
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    Figure 3.7     Comparison of CellCiphr ™  profi le responses of an in vivo hepatotoxic and 
myleotoxic compound in CellCiphr ™  panels in Hep G2 and rat hepatocytes. ( a ) The 
NSAID compound diclofenac requires metabolic activation to a toxic intermediate to 
produce a liver - specifi c cytotoxicity. HepG2 have limited metabolic capacity to activate 
the toxic intermediate as evidenced by the lack of responses (insert). However, the 
primary rat hepatocytes contain a full complement of metabolic function depict early 
activation of apoptosis with time - dependent effects on mitochondrial mass and other 
cell features. Therefore the best system will probably include multiple cell types. 
( b ) The test compound W11 was found to be a potent myleotoxic, nonhepatotoxic 
compound in drug safety studies; it produced numerous cell feature responses in 
cycling HepG2 cells but none in noncycling primary rat hepatocytes (not shown).  
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 based method capable of accurate and sensitive identifi cation of compounds 
associated with severe in vivo toxicity with the additional benefi t of no 
occurrence of false - positives. The CellCiphr ™  cytotox panels are designed 
to fi lter compounds for toxicity and would be employed anywhere that 
compound ranking for effi cacy or preclinical safety assessment is useful. 
Further the multiplexed image - based data captured by the CellCiphr ™  
cytotoxicity profi le tools offers advantages over single end point well - 
based assays by providing deeper insight into potential mechanisms of 
action. 

 The CellCiphr ™  HepG2 panel presented here is the fi rst in a series of 
panels to be developed aimed at applying Cellular Systems Biology to in vitro 
toxicity assessment. Preliminary results from the CellCiphr ™  primary rat 
hepatocyte panel, including some additional mechanistic insights resulting 
from the use of the two panels, were discussed. New panels making use of 
cells from other organs and additional measurements, coupled with a growing 
library of reference compound profi les will continue to improve the reliability 
of the classifi cation, as well as add signifi cantly to the mechanistic insights 
provided by the feature measurements and the correlations with the reference 
compounds in the database.  
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  4.1   INTRODUCTION   

 Recent decades have witnessed a robust increase in both the volume and 
diversity of information derived from measurements of biological systems. 
Steady progress in analytical measurement technologies and advances in data 
analysis techniques have provided the ability to measure orders of magnitude 
more components of biological systems than previously possible. Concurrently 
the life sciences community has broadly come to the realization that to the 
extent biological systems are not characterized in their inherent complexity, 
the completeness and accuracy of our understanding of health, disease, and 
pharmacological intervention are signifi cantly compromised. Recent advances 
in analytical measurement technologies have been seen in areas such as bio-
logical mass spectrometry, gene expression measurement, nucleic acid sequenc-
ing, nuclear magnetic resonance measurement, multiplexed protein assay 
platforms, and a multitude of other techniques that are often collectively 
referred to as  “ molecular profi ling  technologies  [1] . In addition a wide variety 
of in vivo biological imaging modalities such as PET, CT, and MRI   have 
made signifi cant advances in the last decades; these imaging technologies 
are, however, beyond the scope of this chapter. Generally situated under the 
rubrics of  “ proteomics, ”   “ metabolomics, ”   “ transcriptomics, ”   “ genomics, ”  and 
the like, these molecular profi ling technologies, tools, and approaches collec-
tively measure, characterize, and quantify an increasingly diverse and expan-
sive set of components in a given biological system. Reviews of the applications 
of molecular profi ling approaches have been published on transcriptomics  [2] , 
metabolomics  [3,4] , and proteomics  [5,6] , for example. As these tools continue 
to advance in capability and become increasingly adopted by the life sciences 
community, they promise to have signifi cant consequences for drug discovery 
and development. The purpose of this chapter is to explore these implications, 
summarize the current applications for which they are being exploited, and 
extrapolate the possible consequences of the increasing integration of these 
technologies into the research and development process. 

  4.1.1   Systems Pharmacology and Molecular Biomarkers in 
Pharmaceutical Development 

 The paradigm of target - centric drug discovery as traditionally practiced by the 
pharmaceutical industry has recently come under scrutiny, particularly in light 
of decreasing productivity, dramatically increasing research, and development 
costs, and well - publicized safety and effi cacy concerns  [7] . Many have pro-
posed that advanced molecular measurement technologies and their applica-
tion to the life sciences herald and enable  “ systems - level ”  analyses spanning 
functions from target validation to lead optimization to effi cacy and safety 
evaluation, providing important decision support tools in drug discovery and 
development as well as in clinical patient management  [8 – 14] . A fundamental 
defi nitional aspect of  “ systems - level ”  approaches is: What exactly is the 



 “ system ”  under question? In the literature the biological  “ system ”  can range 
from a relatively minimal one, such as an isolated enzyme – substrate complex, 
to an intact organism, or to even an entire ecosystem. For the purposes of this 
chapter, the word  “ system ”  is understood to refer to a specifi c single or mul-
tiple biomolecular attribute(s) within a unicellular or multicellular organism 
in a particular condition (healthy, diseased, perturbed with a pharmacological 
agent, etc.). For example, biochemical signaling pathways and their constitu-
ent components related to infl ammation in dendritic cells underlying a par-
ticular disease in a mammalian species would be considered to constitute a 
 “ system ” ; the human endocrine system comprising the brain, thyroid, heart, 
striated muscle, adipose, liver, kidney, and other organs would similarly be 
considered a  “ system ”  in the present context. 

 A fundamental principle of systems - level analyses is that biological systems 
do not merely comprise a collection of independent components — be they 
genes, proteins, biochemical pathways, or cells   — but that inherent degrees of 
 “ connectivity ”  between and among components lead to various levels of orga-
nizational complexity and emergent properties  [15,16] . The premise of systems 
pharmacology is that it is the response of these organizational units to phar-
macological intervention that must be evaluated in order to assess more fully 
the effects of a perturbation to the system such as the effi cacy of a drug com-
pound  [17,18] . Indeed the concept that biology and medicine are suited to a 
systems - level approach is not a new one. The works of von Bertalanffy in the 
midtwentieth century on the application of systems theory to complex biologi-
cal organisms are perhaps among the early ventures into systems - level per-
spectives in the life sciences  [19] . 

 What has proved challenging is matching systems - level approaches and 
capabilities to real problems in modern drug discovery and development. 
Recently, however, the number of studies, initiatives, and large - scale public 
and private research and development programs that explicitly invoke systems -
 level approaches and molecular profi ling methodologies has dramatically 
increased  [20 – 29] . The terms  “ systems pharmacology ”  and  “ systems pathol-
ogy ”  have recently been coined, the former referring to the application of 
systems - level approaches for understanding the effects of therapeutic inter-
ventions in complex systems, and the latter having to do with better under-
standing disease etiology and subsequent pathological processes  [9,30] . 

 Broadly considered, systems pharmacology, systems pathology and molec-
ular profi ling can be considered to be of particular relevance to two general 
objectives of the contemporary drug discovery and development community. 
The fi rst of these is a more comprehensive understanding of the on - target, 
off - target, and systemwide effects induced by pharmaceutical compounds and 
their metabolites, both in preclinical models and in humans. In this context, 
studies have been reported in the literature on the use of molecular profi ling 
and systems - level analysis to investigate the perturbative effects of different 
compounds on systems  [31,32] , for target discovery and validation  [33] , and 
for the selection of appropriate preclinical models for translational purposes 
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 [34,35] . More recently, proteomic, metabolomic, and other molecular profi ling 
tools have been applied to complement genomic and transcriptomic (gene 
expression) approaches for the analysis of samples ranging from in vitro cell 
lines to clinical samples from treated patients. In such studies, objectives 
include better understanding the mode of action of a compound  [36] , assessing 
the effi cacy of a compound  [37] , evaluating the toxicity and sources of toxicity 
of a compound  [38 – 40] , reducing or eliminating adverse drug effects (often by 
informing subsequent cycles of pharmaceutical chemistry)  [41] , exploring 
dose - dependent effects  [42,43] , and investigating combinations of distinct 
agents as therapeutics  [44] . 

 The second general area of relevance of systems - level analysis to drug dis-
covery and development is in the area of biological markers, or  “ biomarkers. ”  
The term  “ biomarker ”  has been used in the life sciences community with often 
differing meanings. The defi nition we adopt here is one developed by the 
National Institute of Health Biomarkers Defi nition Working Group, namely 
that a biomarker is a characteristic that is objectively measured and evaluated 
as an indicator of (1) normal biologic processes, (2) pathogenic processes, or 
(3) pharmacologic responses to a therapeutic intervention  [45] . A biomarker 
can be a characteristic, such as an analyte or set of analytes, that is derived 
from a broader systems - level analysis; as such, molecular biomarkers often 
comprise selected subsets of results from a larger molecular profi ling study. 
In order for a biomarker to be meaningful in drug discovery and development 
and, further, in the clinical setting, it often must advance to the criteria of 
providing a  “ surrogate end point. ”  Generally, a surrogate end point is an 
expression level of biomarker that is intended to serve as a substitute for a 
clinical end point, and such equivalency is assumed to be based on epidemio-
logic, pathophysiologic or other established scientifi c evidence. A useful bio-
marker is also generally considered one that can be relatively accessible for 
measurement through minimally   invasive procedures in living organisms, for 
example, derived from biological matrices such as peripheral blood, urine, 
other bodily fl uids, or biopsy material. Indeed, regulatory agencies such as the 
Food and Drug Administration have expounded on the use of biomarkers in 
a variety of framework, guideline, and guidance documents  [46,47] . Biomark-
ers of effi cacy, toxicity, response, and other aspects have become increasingly 
important elements in the modern drug discovery and development process 
 [48,49] . 

 Molecular biomarker discovery often proceeds from molecular profi ling, 
systems pharmacology, and systems pathology studies. These studies are nec-
essary but not suffi cient elements in yielding a successful biomarker for drug 
discovery and development purposes, as will be discussed in subsequent sec-
tions of this chapter. In drug discovery and development, biomarkers as 
defi ned above assume roles throughout the process from target discovery to 
compound optimization to clinical trials, both as decision support tools and 
potentially as companion diagnostics for approved therapeutic compounds. 
Indeed certain biomarkers have already proved useful in increasing the 



effi ciency of the drug discovery and development process. In particular, 
biomarkers derived from molecular profi ling studies have had impact on target 
validation, drug safety and effi cacy evaluation, and patient selection for 
clinical trials and as companion diagnostics. Widely reported are studies for 
discovering and validating novel biomarkers relevant to drug discovery and 
development, to date primarily of transcriptomic and genomic origin but 
increasingly incorporating other molecular profi ling technologies as well 
 [50 – 54] .  

  4.1.2   Challenges of Systems Pharmacology Approaches 

 The challenges inherent in systems pharmacology and related biomarker 
studies can be generally categorized as (1) challenges involving measurement 
and (2) challenges involving data analysis and interpretation. Challenges 
involving measurement are present in activities from experimental design to 
instrumentation and process control. As with any experiment in pharmaceuti-
cal research and development, a study must comprise a suffi cient number of 
distinct samples available for analysis in order to achieve an acceptable level 
of statistical power. Systems - level studies typically measure many hundreds 
or thousands of individual analytes or features, while the number of available 
distinct samples in preclinical or early - stage clinical studies is often on the 
order of 10 or 100. This inequality is the opposite of that typically encountered 
in, for example, traditional late - stage clinical trials, where often one or a few 
outcome measures or surrogate end points are tested in a population of hun-
dreds or thousands of individuals. While a number of strategies have been 
proposed and are used to address this statistical regime, the implications are 
often insuffi ciently considered, leading to inconclusive or misleading results 
 [55] . 

 Systems pharmacology studies also place extremely stringent demands on 
measurement technologies, instrumentation, and laboratory practices. Inher-
ent in systems pharmacology and molecular profi ling is the objective of mea-
suring, characterizing, and quantifying as many biomolecular components of 
a system as possible. The diversity and often incompatibility of techniques to 
extract and detect different types of analytes from biological matrices, ranging 
from peptides, proteins, nucleic acids, to   endogenous metabolites such as 
lipids necessitate a diverse set of distinct bioanalytical platforms and sample 
preparation protocols. Because of the often limited volumes of starting mate-
rial available for study, and a lack of amplifi cation techniques analogous to 
polymerase chain reaction for analyte types other than nucleic acids, minimiz-
ing sample consumption across each bioanalytical platform is of paramount 
importance; this is a particularly important consideration in preclinical small 
animal experiments. Mass spectrometric techniques, for example, are favored 
for proteomic and metabolomic studies in part due to their relatively small 
sample volume consumption. The large range in concentration of many endog-
enous analytes of all classes presents a measurement challenge as well, and 
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the consequence is often a balance between extensive sample preparation and 
analytical repeatability. 

 Another challenge involving measurement in systems pharmacology 
approaches is the required stringency of analytical consistency, reproducibil-
ity, repeatability, and accuracy. The demands of measuring tens or hundreds 
of samples using bioanalytical platforms such as mass spectrometry or oligo-
nucleotide microarrays are dramatically different than those for protocols to 
measure one or a few specimens. Internal and external standards, elaborate 
analysis order randomization schemes, and other analytical protocols and 
practices are broadly used in molecular profi ling and systems pharmacology 
experiments  [56 – 59] . The driving imperative is to ensure that for as many 
analytes as possible, the measurement variability not overwhelm the inherent 
biological variability across distinct samples that the experiment is designed 
to measure. This imperative is complicated by the sheer numbers of analytes 
that are simultaneously, or within a short time span, being measured, and the 
differing natural biological variability of each analyte. 

 Challenges involving data analysis and interpretation are similarly varied, 
and their successful management is fundamental to successful systems phar-
macology experiments. While systems - level experiments generate large 
volumes of data, this is most often not the most daunting challenge. Rather, 
the heterogeneity and diversity of data sets derived from different bioanalyti-
cal platforms poses challenges that are signifi cant. Innovative approaches to 
normalizing and integrating disparate data sets, which often differ in size, 
format and number of measured features have recently emerged in systems -
 level analyses. Indeed the inequality in the number of analytes measured by 
any two given bioanalytical platforms presents a data analysis challenge in 
itself. For example, an experiment seeking to integrate genomewide expres-
sion profi les using oligonucleotide arrays that may contain tens of thousands 
of probe sets with a metabolomics data set that measures and quantifi es on 
the order of 100 analytes represents a purely quantitative imbalance; if not 
addressed, this may result in a skewing of results to the overwhelmingly larger 
data set. When incorporating public or third - party data sets in systems phar-
macology analyses, a lack of accessibility of both data collection and analysis 
methods can also pose a signifi cant challenge. Although uniform reporting 
standards are emerging for various bioanalytical measurement technologies, 
their adoption by the community at large often remains incomplete  [60 – 64] . 

 As important, with the ability to detect and quantify hundreds or thousands 
of analytes in a single experiment, interpretation of results becomes a funda-
mental challenge. The  “ list paradigm ”  in which analyte concentrations,  “ mean -
 fold changes, ”  standard deviations, and probability values are accumulated, 
ranked, and  “ listed ”  is ill - suited to molecular profi ling experiments. This 
approach inherently ignores the relationships between and among discrete 
biological components, as well as fundamental levels of biological organiza-
tional complexity. Indeed the most relevant observed effects due to pharma-
cological intervention or disease are often the more subtle changes observed. 
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In subsequent sections of this chapter, methodologies will be reviewed 
that implement top - down, bottom - up, and hybrid approaches to providing a 
context to molecular profi ling measurements and observations. The objective 
of these endeavors is to take fuller advantage of systems pharmacology 
and biomarker data sets and to move beyond the  “ list paradigm, ”  ultimately 
to enable the use of such studies as key decision - making tools in drug discov-
ery and development.   

  4.2   A SYSTEMS - BASED VIEW OF MOLECULAR PROFILING 
AND BIOMARKERS 

  4.2.1   Biological Systems and Networks 

 In contemporary systems - based studies in the life sciences, frameworks of 
analysis based on  “ networks ”  have become prominent. The fi eld of network 
analysis has its roots in information science, and borrows many of its funda-
mental elements from applied mathematics, physics, and graph theory. Ever 
since Euler pioneered network theory in the late eighteenth century, network 
analyses have been exploited to investigate the properties of complex systems 
in disciplines such as sociology, economics, computer science, and transporta-
tion. In the context of biology these approaches have been applied to meta-
bolic networks  [65,66] , neuronal networks  [67] , gene regulatory networks 
 [68 – 71] , protein interaction networks  [72 – 74] , and drug - target networks  [75 –
 78] , among others. Generically and simply defi ned, a network is an intercon-
nected system of components. By the terminology adopted from applied 
mathematics, each component of a network is referred to as a  “ node, ”  and 
each connection between a pair of nodes a  “ link ”  or  “ edge. ”  In working with 
biological systems, these expressions have largely been preserved. For example, 
in a biological network a node may refer to an analyte such as a protein, while 
an edge or link may indicate a known protein – protein interaction (see Table 
 4.1 ); there are a few exceptions in which a complementary representation is 
used where nodes represent reactions and edges represent enzymes  [79] . Bio-
chemical pathways as traditionally defi ned can be considered to comprise such 
networks. Biological networks can be constructed from experimental data and 
evidence, for example, from yeast two - hybrid experiments for protein – protein 
interactions, or from dynamic mathematical modeling approaches using tech-
niques such as systems of coupled differential equations  [80 – 82] . The current 
chapter focuses primarily on the former, evidence - based type of network 
construction.   

 Understanding biological networks and using them in practice is a primary 
challenge in systems pharmacology. The increasing capabilities and availabil-
ity of data from broad molecular profi ling approaches, together with data from 
focused sources such as protein – protein interaction, localization, and regula-
tion studies, generally provide pairwise evidence of biological relationships 
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between various analytes. Cellular processes, however, involve higher order 
relationships among genes, proteins, metabolite, exogenous compounds, and 
other analytes that act together in specifi c concerted, coordinated ways to 
carry out various biological processes. Biological network analysis is a means 
to investigate such multiparametric systems and their behavior under different 
conditions. The relationships among analytes in a given network can be quite 
varied, and can be based on empirically based observations (e.g., those derived 
from molecular profi ling or other experiments), or on a priori knowledge or 
hypotheses of network properties. Further, for example, observed associations 
among components involved in metabolic processes may be defi ned by strict 
stoichiometric constraints, while relationships among constituents in signaling 
pathways may be less uniquely determined. Table  4.1  lists some of the types 
of relationships that can be captured in biological networks. 

 Importantly, network approaches inherently transcend the so - called list 
paradigm  , and therefore represent an important element in systems pharma-
cology. By considering biological networks, and considering experimental 
observations within such frameworks, the unit of analysis is extended from 
individual analyte properties to the properties of multiple related components 
that together often form modules of functional or other similarity. Further 
biological networks, as other networks, exhibit dramatic hierarchical struc-
tural properties characterized by distinct levels of organization, information 
storage and processing  [100] . For example, cellular components such as pro-
teins, metabolites, and nucleic acids can be considered as fundamental build-
ing blocks of biological networks; regulatory motifs and metabolic pathways 
represent a higher level of organization and interconnectivity; and functional 
modules defi ne yet larger scale cellular organization and processes  [15] . 

 As in other fi elds that utilize network analysis, biological networks are 
often visualized in a two - dimensional plane, with nodes and edges represented 
graphically. The types and interpretations of various network layouts and 

 TABLE 4.1     Types of Relationships in Biological 
Networks 

  Relationship    Reference  

  Protein – protein interaction     [83,84]   
  Metabolic process     [65,66]   
  Cell - signaling process     [85,86]   
  Transcriptional regulation     [87,88]   
  Drug – target interaction     [76,77]   
  Drug – drug interaction     [89,90]   
  Literature co - occurrence     [91,92]   
  Ontology     [93,94]   
  Linear statistical association     [95,96]   
  Nonlinear statistical association     [97,98]   
  Mathematically modeled reaction     [81,99]   
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topologies can differ based on the information that has been used to derive 
and arrange the visualization  [101,102] . Figure  4.1  shows a biological network 
that integrates and relates multiple types of data. In this fi gure experimental 
transcriptomic and proteomic data are associated with the cellular component 
hierarchy as defi ned by gene ontology  [103] . Within the network shapes of 
nodes indicate the data source, and the color of the node indicates whether 
the measured abundance of the analyte was greater or less than a baseline 
level in this particular experiment. Further the two types of edges in the 
network indicate whether the shown association is derived from gene ontology 
or on known sequence - based association between gene transcripts and pro-
teins. As such, the edges in this network are all based on a priori annotated 
biological knowledge, and the experimental (transcriptomic and proteomic) 
results, represented as the square and hexagonal nodes, are fi tted within this 
scaffold. In the graphical representation of the network in Figure  4.1 , there is 
no meaning to the length of the edges between the nodes; the algorithm for 
organizing nodes arranges both nodes and edges for maximal clarity in this 
case.   

 Figure  4.2  shows a network which is relatively more complex than that of 
Figure  4.1 . The network of this fi gure comprises fi ve distinct types of nodes 
and two types of edges, and was constructed in an unsupervised manner from 
experimental data and from accessible biological data sources. Nodes and 
edges that denote a priori defi ned biological knowledge are those that repre-
sent co - occurrence of analyte nomenclature terms in PubMed abstracts (docu-
ment icons), and associations with disorders as annotated in the Online 
Mendelian Inheritance in Man (OMIM) database (crosses)  [104] . In contrast 
with the network of Figure  4.1 , the network in Figure  4.2  further integrates 
experimental results from this particular study. For example, the blue edges 
between pairs of proteomic, metabolomic or transcriptomic nodes represent 
statistical correlation, as observed in this specifi c experiment, among analytes. 
The color shading of the nodes representing analytes denotes the statistical 
abundance changes of each analyte observed within this study. The topological 
layout of the network in Figure  4.2  is such that clusters of nodes that appear 
in close topologic proximity are connected by a higher density of edges than 
nodes that are spatially farther removed from such clusters. Note that not 
every analyte node (protein, transcript, or metabolite) is associated with a 
PubMed abstract or OMIM node. Indeed a minority of the experimental 
nodes are so connected. This refl ects generally the relatively incomplete anno-
tation and curation of measurable molecular analytes into existing knowledge 
bases, a topic that is discussed in subsequent sections of this chapter.   

 Use of a network - based approach is relevant to drug discovery and devel-
opment, as it is motivated by the goal of capturing both biological complexity 
and   pharmaceutical chemistry. The inherent complexity and connectivity 
characterizing biological systems implies that even a hypothetical drug of 
perfect selectivity and specifi city addressing a known target will have effects 
of modulating an intact system beyond the putative target. Similarly 
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exogenous drugs that affect multiple components in a biological system or, for 
example, yield bioactive metabolites will similarly perturb a highly connected 
system in a complex manner. 

 Figure  4.3  illustrates this phenomena. In contrast to the networks presented 
thus far, the components, nodes, and edges in Figure  4.3  are solely empirically 
derived, based on Pearson product - moment correlations; such correlation 
networks are discussed further in Section  4.3.4   . As with analyte abundance 
changes, correlations among analytes can be tested statistically, and confi -
dence metrics such as  p  - values assigned and adjusted for multiple hypothesis 
testing  [106] . In Figure  4.3  the broad effects of a single drug compound admin-
istered in vivo on a biological network that centers on cholesterol and HDL 
and spans serum and adipose tissue in a rodent model are shown. Three net-
works are illustrated: one for normal phenotype animals (network  a ), one 
for disease phenotype animals (network  b ), and a corresponding network 
for disease phenotype animals administered a therapeutic compound for the 
disease (network  c ). These networks are graphical representations of the 
covariance matrices across all animals in each group. Apart from the imposed 
criterion that adipose analytes must be either one or two correlation links 
away from either serum cholesterol or serum HDL, these networks are derived 
in an entirely unsupervised manner. The colors of the edges represent the 
strength and sign of the statistical correlation, and the analyte node colors 
represent the concentration changes in each analyte relative to the normal 
phenotype state.   

 As can be seen in Figure  4.3 , administration of the drug to diseased animals 
has dramatic and widespread effects not only on analyte concentrations (rep-
resented by node colors) but also in the measured correlations among ana-
lytes. None of the analytes shown in this fi gure were the putative target of the 
drug under study. While the drug is seen to reduce levels of serum cholesterol 
and serum HDL in the disease phenotype (as denoted by the coloring of the 
nodes representing these two analytes), drug administration is also seen to 
induce positive correlations among three gene transcripts that are not corre-
lated in either the normal or disease phenotype (the circumscribed area labeled 
c ′  in Figure  4.3 ). This drug - induced effect may be the consequence of unin-
tended modulation of reactions or pathways in adipose tissue in this disease 
model. This type of observation may well merit further investigation to deter-
mine whether such coordinated drug - induced changes among these particular 
analytes are detrimental, inconsequential, or perhaps benefi cial and protective 
in terms of the properties of this particular compound. Another set of corre-
lated analytes in tissue that is of interest is the area labeled c ″  in Figure  4.3 . 
These three analytes are seen to be correlated only in the disease phenotype, 
and the correlations are broken upon administration of the drug. These three 
analytes refl ect a common pathophysiologic process in this disease state, and 
changes observed in their network relationship indicate that the drug com-
pound reverts their coordinated behavior to that of the normal phenotype. 
Such an observation is a signifi cant one in terms of assessing drug effi cacy that 
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    Figure 4.3     Cross - compartment subnetwork constructed from observed changes in a 
rodent model due to disease and drug administration. The top network ( a ) is the cor-
relation network generated using data from normal phenotype animals. The left 
network ( b ) is the corresponding network for the disease phenotype group. The right 
network ( c ) is the corresponding network for a disease phenotype group administered 
the therapeutic compound. Node positions are fi xed to compare identical analytes in 
the three treatment groups. Apart from imposing inclusion criteria that analytes be 
either one or two correlation links away from either serum cholesterol or serum HDL, 
each network was generated in an unsupervised manner. Except for the two serum 
clinical chemistry nodes, cholesterol and HDL, all nodes represent analytes in adipose 
tissue. Node colors in networks  b  and  c  refl ect concentration levels relative to the 
baseline normal phenotype state ( a ).  “ Persistent correlations, ”  (edges colored gold or 
blue) are unchanged across these three states. Highlighted in network  c  are two areas 
of interest, namely c ″ , a group of three analytes among which the disease induces 
correlations that are in turn reverted by drug administration, and c ′ , a group of 
another three analytes among which the drug induces correlations that were not 
observed in either the normal phenotype or the disease phenotype. All correlations 
shown are based on Pearson product – moment correlation metrics. Analytes have been 
de - identifi ed except for serum cholesterol and serum HDL. (See color insert.)  



88 BIOMOLECULAR NETWORKS

goes signifi cantly beyond evaluating analyte concentration levels on an 
analyte - by - analyte basis.  

  4.2.2   Biological Networks and Molecular Biomarkers 

 A recent but increasingly active area of investigation in biological networks 
involves their potential use for the discovery of more robust, sensitive, and 
specifi c biomarkers. A motivation once again can be traced to the shortcom-
ings associated with the list paradigm, in which measurements that exhibit 
large changes between or among groups are often prioritized as putative bio-
markers. In contrast, systems - based network approaches have been shown 
to highlight analytes that, while exhibiting perhaps more subtle changes in 
expression or abundance, are nonetheless more fundamental to a specifi c 
biological process compared to downstream effectors that exhibit larger mag-
nitudes (and variability) of change. 

 These hypotheses have led a number of groups to investigate networks 
of biomolecules, or  “ network biomarkers, ”  comprising analytes within, for 
example, a common canonical biological pathway or metabolic process as 
better biomarkers of the outcome of interest  [107 – 112] . Such approaches often 
face the challenge that a majority of genes and proteins in higher species have 
not yet been assigned to defi nitive pathways. However, the use, for example, 
of protein – protein interaction data (e.g., derived from the literature, yeast 
two - hybrid experiments, transcriptional interaction screens, or mass spec-
trometry measurements) expands the inclusion criteria for such network bio-
markers by effectively expanding the network to include associations that are 
more empirical in nature (such as protein - protein interaction measurements) 
than a priori defi ned biological pathways (e.g., from a database of biochemical 
pathways). An extension of this approach is the generation of yet more 
complex biomarkers comprising multiple distinct subnetworks, with each 
subnetwork in turn comprising discrete functional pathways or complexes. 
Because network - based biomarkers comprise multiple analytes, a quantitative 
scoring metric is often devised for validation and implementation in subse-
quent studies  [110] . Ultimately, because network - based biomarkers are com-
posed of multiple analytes that are presumably functionally related, they in 
effect sample more of the  “ biological space ”  within a biological system and 
hold the promise to be more robust to variability within any single constituent 
component, in addition to being more specifi c to the particular pathologic or 
drug - induced processes of interest. 

 Related to the concept of network biomarkers described above are unsu-
pervised correlation networks used to identify molecular biomarkers. In con-
trast to other types of biological networks, the construction of networks such 
as correlation networks begins with a strictly empirical, mathematical and 
unsupervised data analysis approach. As such, correlation networks as defi ned 
here do not at the outset use a priori determined associations among analytes, 
such as known regulatory pathways or protein – protein interactions. Because 



the starting point for correlation network construction is a mathematical com-
putation, for example, yielding a covariance matrix, the network itself is a 
visualization of underlying empirical relationships within the data. Correlation 
network construction is discussed in additional detail in Section  4.3.4 . 

 As with network biomarkers described previously, correlation networks 
can also be used to construct subnetworks as multiparametric biomarkers that 
are more robust than single analyte biomarkers. An example is shown in 
Figure  4.4  (network  c ), which illustrates a correlation subnetwork comprising 
tissue lipids that were found to be conserved across species in this disease 
model. Lipids and other endogenous metabolites are attractive in cross - species 
studies, in part, because of their invariance across species. The networks are 
arranged in this visualization such that the spatial coordinates of the nodes 
(which have been de - identifi ed) are aligned between the human and rodent 
networks.   

 Note that although the individual analyte concentrations in the disease state 
relative to nondisease normal phenotypes match quite well across species (i.e., 
the node colors across networks  a  and  b  in Figure  4.4 ), the empirical correla-
tion structure is signifi cantly different between the rodent disease model and 
the human disease condition. An approach to identifying a correlation network -
 based biomarker is to fi lter for those correlations the respective human and 
rodent networks that are common to both. The underlying hypothesis in doing 
so is that empirical correlations among analytes are a result of common meta-
bolic pathways and processes. In choosing the intersection set of the two net-
works from human and animal, one captures those pathophysiologic biological 
processes that are common across species. As such, these common subnet-
works serve as candidate cross - species network - based biomarkers that inher-
ently capture important biological processes common to both species. These 
types of complex biomarkers hold the promise of more accurate assessment 
measures in evaluating drug effi cacy or drug safety in translational studies.   

  4.3   TOP - DOWN APPROACHES: PATHWAY, REACTION, AND 
INTERACTION MAPPING 

 Contextualization, or biological contextualization, is the process of mapping 
experimental results onto known and defi ned bioinformatics data sources. The 
goal of this exercise is to gain an understanding of the relationships between 
experimental measurements that support or refute biological hypotheses. 
Top - down approaches most often involve overlaying experimental fi ndings, 
as often embodied in a  “ list paradigm ”  — namely collections of analyte identi-
ties and respective changes in concentration, structure, location, and the like, 
onto a priori defi ned frameworks of biomolecular pathways, reactions, interac-
tions, or other processes. These defi ned information sources often represent 
biological knowledge in a graphical construction, where nodes or vertices 
represent molecular analytes and edges or links represent a known biological 
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    Figure 4.4     Correlation subnetworks constructed from molecular profi ling measure-
ments in a rodent model of disease and the human disease condition. Network  a  rep-
resents the correlation network in the human disease, and network  b  represents the 
correlation network in the rodent model. Network  c  is the intersection of networks  a  
and  b ; it is a candidate network biomarker of disease common to both species. The 
spatial coordinates of all nodes are fi xed across networks for clarity. Each node is a 
distinct lipid as measured by liquid chromatography and mass spectrometry (LC - MS). 
Node colors represent analyte concentration relative to the normal healthy phenotype 
of each species (normal phenotype networks not shown). Each network was generated 
in an unsupervised manner solely from the LC - MS lipid molecular profi ling data. All 
network edges represent correlations based on Pearson product – moment correlation 
metrics. Analytes have been de - identifi ed. (See color insert.)  



or biochemical relationship between pairs of analytes. After mapping experi-
mental analytes such as sets of gene transcripts, proteins, and metabolites onto 
such a graph structure, bioinformaticists and domain experts set out to infer 
the behavior of the system. This is referred to here as a  “ top - down ”  (knowl-
edge on top of data) approach (Figure  4.5 ).   

 Bioinformatics data sources are derived broadly from three types of curated 
knowledge bases: pathway databases, ontologies, and literature. Other sources 
may include drug – protein interactions, disease databases, and sequence data-
bases, which may annotate relationships with other genes or proteins. In 
practice, particularly in drug discovery and development, a combination of all 
three sources is used. Implementation often entails a collection of commercial, 
academic and  “ home - grown ”  bioinformatics sources and applications. The 
bioinformatics data source may be coupled directly to visualization schemes 
or may be decoupled, requiring distinct mapping and visualization steps. Some 
applications are able to offer near  “ one - stop shopping ”  but may entail a trade -
 off in terms of either breadth of coverage or insuffi cient fi t to the experiment 
and data under study. 

  4.3.1   Pathway, Ontology, and Literature Mapping Approaches 

 Of the three primary bioinformatics data sources, pathway sources are among 
the most specialized. They differ depending on the types of relationships of 

    Figure 4.5     Schematic view of the top - down paradigm for providing context to molec-
ular measurements. Results of molecular profi ling experiments ( left ) are analyzed to 
generate lists of analytes and associated statistics ( middle ); this is referred to in the 
text as the list paradigm. Subsequently analytes are placed in the context of a priori 
defi ned biochemical relationships ( right ) for further interpretation.  
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interest to their curators. For example, some specialize in metabolic reactions, 
signal transduction reactions, gene regulatory events, or protein – protein inter-
actions. A thorough resource of current pathway data sources is maintained 
by the Pathguide Web site ( www.pathguide.org ,  [113] ). 

 An overview of just some bioinformatics sources is presented here. The 
 Kyoto Encyclopedia of Genes and Genomes  (KEGG)  [114] , Ligand and 
Enzyme databases, are extensive sources for metabolic networks across mul-
tiple species. KEGG and EcoCyc  [115] , an  Escherichia coli  derived metabolic 
pathway database, were among the fi rst in the fi eld, dating to 1995 for KEGG 
and 1992 for EcoCyc. Many subsequent metabolic network data sources have 
leveraged KEGG directly or indirectly. Both  Nature  (The Signaling Gateway, 
 [116] ) and  Science  (Signal Transduction Knowledge Environment, STKE, 
 [117] ) host Web sites that act as both signal - transduction focused journals as 
well as signal transduction databases.  Nature  ’ s Signaling Gateway is part of 
the Alliance for Cell Signaling  [118] . Biobase ’ s Proteome Knowledge Base 
(PKB,  [119] ) and TRANSPATH database  [120]  also capture signal transduc-
tion relationships. Biobase ’ s TRANSFAC  [121]  database focuses on gene 
regulatory relationships. It captures transcription factors, binding sites, regu-
lated genes and other genetic elements. The Mammalian Promoters Database 
(MPromDB,  [122] ) focuses on mammalian promoters, cis - regulatory elements, 
and chromatin immunoprecipitation (including ChIP - chip) results. The Bio-
molecular Interactions Network Database (BIND,  [123] , and its successor 
the Biomolecular Object Network Databank), the Database of Interacting 
Proteins (DIP,  [124] ), IntAct  [125] , and many other databases focus on 
protein – protein interactions, with a mix of experimentally derived and com-
putationally predicted interactions. Protein – protein interactions included in 
such data sources may be derived from reported experimental results of yeast 
two - hybrid systems, affi nity purifi cation and mass spectrometry, phage display, 
gene co - expression studies, fl uorescence resonance energy transfer, among 
others  [126,127] . 

 Specialized applications such as Gene Map Annotator and Pathway 
Profi ler (GenMAPP,  [128] ) provide environments for mapping experimental 
measurements onto one or more bioinformatics pathway data sources. 
VisAnt  [129]  and MEGU  [130]  are visualization programs built on top of 
KEGG ’ s Ligand database. Cytoscape  [131]  was originally designed to visual-
ize protein – protein interactions but has been subsequently expanded by an 
ambitious user group. Cell Designer  [132]  also allows pathway visualization 
along with more complex systems modeling. A number of commercial pack-
ages, such as Ingenuity Pathway Analysis (IPA,  [133] ) and GeneGo ’ s Meta-
Core  [134]  provide environments to integrate bioinformatics information as 
well. IPA has coupled visualization with the database source, displaying 
canonical pathways for analysis and interaction. Reactome  [135]  is an ambi-
tious pathway and process knowledge base whose underlying data model 
aggregates metabolic, signal transduction, and gene regulatory content into a 
single unifi ed model. 



 The use of ontologies in the life sciences, identifi ed here as structured 
and controlled vocabularies relating scientifi c concepts, has been pursued 
by, among others, Michael Ashburner and colleagues at the Gene Ontology 
(GO) consortium, initially while members of Flybase, the Mouse Genome 
Database (MGD), and the Saccharomyces Genome Database (SGD), as a 
way to categorize and structure sequence - derived biological knowledge 
 [103] . Most ontological mapping today is accomplished by fi tting analytes 
into the three branches of the Gene Ontology  [136]  hierarchy. Because this 
ontology was constructed to capture relationships within analytes both at low 
and high levels of hierarchy, it is not analogous to pathway mapping and can 
be exploited for complementary purposes. The GO Biological Process hierar-
chy can provide indications of what cellular processes are affected in an 
experiment, while the GO Cellular Component hierarchy delineates cellular 
locations that may be relevant. Mapping to the Molecular Function hierarchy 
can elucidate what classes of related enzymes may be affected in a particular 
study. As with other mapping approaches, multiple viewers and mapping 
programs, such as Gene Ontology ’ s browser AmiGO, GO TermFinder  [137] , 
and GO Miner  [138]   , exist to place analytes graphically within the GO 
hierarchies. 

 Curated literature sources arise from the application of either manual or 
automated text mining. A number of commercial products such as Ingenuity 
Pathway Analysis (IPA) and GeneGo ’ s MetaCore build their biological net-
works and network visualization primarily on top of such curated literature. 
Users submit lists of analytes for mapping, which are placed into the context 
of a background network constructed from curations. Ariadne Genomics ’  
Medscan  [139] , for example, allows users to create their own networks from 
their own libraries and literature as well. An extensive description of text -
 mining approaches in biology is beyond the scope of this work; Ananiadou 
and Spasic  [140,141]  provide a review of these approaches in the context of 
systems biology.  

  4.3.2   Advantages and Limitations of Available Knowledge 

 The top - down approach is a de facto standard in the systems pharmacology 
and systems pathology communities in drug discovery and development. It is 
relatively easy to implement, especially for Web - based commercial applica-
tions, and can map many analyte identifi ers from different molecular profi ling 
platforms. Most of these tools were built to support microarray experiments, 
and as such, they do a comparatively better job of placing gene transcripts into 
biological context. Mapping protein identifi ers is also fairly straightforward, 
but again, context can be challenging. A relatively few approaches such as 
KEGG Ligand, IPA and MetaCore are able to map endogenous metabolites. 
No approach currently enables lipid contextualization specifi cally, although 
the Lipid Maps initiative  [142]  has been established to resolve this 
shortcoming. 
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 The fi rst, and perhaps obvious, challenge with a top - down approach is 
determining what data sources and visualization methods are appropriate for 
a given experiment. Many are highly specialized to either a particular biologi-
cal process or a small number of biological species. Using an inappropriate 
approach can both give very few matches to your experimental data and can 
potentially place results in an unsuitable context. Some of the more compre-
hensive commercial packages perform well in terms of depth of coverage, but 
often at the expense of a loss of contextual information that would make a 
more relevant  “ fi t ”  to a particular data set. Even among commercial efforts, 
with teams of researchers curating literature and adding links, there remains 
a high level of incompleteness. For example, only a small fraction of all genes 
that are able to be currently measured have been mapped to canonical 
pathways or processes. This refl ects the biological community ’ s inevitable 
focus on a minority of genes in the genome, which is consequently manifest 
in biological literature and related sources. One is also often encountered with 
a problem of consistency in mapping onto predefi ned information structures. 
For example, if a set of genes are measured and identifi ed as belonging to a 
canonical pathway, what is to be interpreted if a subset of those genes are 
up - regulated while others are down - regulated? Is the pathway or process 
deemed to be up -  or down - regulated? Indeed a challenge remains to capture 
the complexity, redundancy, and interconnectedness within biomolecular 
systems in contemporary representations of biological function. 

 From the computational perspective the plethora of biological data sources 
has inspired innovative approaches for integration and contextualization. 
Many larger pharmaceutical, biotechnology, and research organizations have 
devoted signifi cant resources of staff, software, and hardware to parsing, inte-
grating, maintaining, and updating public and private bioinformatics data 
sources to develop in - house biological  “ knowledge bases, ”  often building 
search and visualization tools on top of these infrastructures. Semantic layers 
are often constructed for traversing different data sources using both unifi ed 
data source queries and a visualization modality. There are a number of paral-
lel public efforts at standardizing data source formats, such as BioPAX  [143]  
and the Systems Biology Markup Language (SBML  [144] ) as well as larger 
efforts governed by biological ontologies under the Semantic Web Health 
Care and Life Sciences Interest Group with its prototype application called 
BioDash  [145] . 

 The history of biological data sources is also of key importance in terms of 
their utility. Historically, biological data sources have been constructed to 
support the key biological initiatives of the last few decades, and as a conse-
quence often refl ect the designs at the time of conception. During the pursuit 
to sequence the fi rst free - living organism, for example, involving Craig 
Venter ’ s group at the Institute for Genomic Research (TIGR, sequencing 
 Haemophilus infl uenzae ) and Fred Blattner  E. coli  Consortium centered at 
the University of Wisconsin (sequencing  Escherichia coli  strain K - 12), data-
bases were constructed to support these efforts including EcoCyc  [146]  and 



what has grown into the Comprehensive Microbial Resource  [147] , among 
others. These databases were annotated primarily by sequencing groups, with 
help from the scientifi c community. These particular bacterial genomes were 
from species streamlined for rapid reproduction and, for the most part, com-
prise genes for coding regions of single - domain proteins. This annotation 
foundation was carried over onto the annotation of other, more complex, 
eukaryotic genomes where multidomain proteins are common and a bewilder-
ing set of splice variants are possible. This leads to the challenge of  “ annota-
tion transitivity ”  where functions for an incorrect protein domain can be 
assigned on the basis of high - scoring sequence alignments  [148,149] . The mul-
tidomain annotation transitivity issue is confounded by so - called moonlighting 
proteins  ; that is, enzymes with a well - known canonical function that often have 
other functions as well  [150,151] . Enolase is a classic moonlighting protein; 
canonically it converts 2 - phosphoglycerate to phosphoenolpyruvate during 
glycolysis, but it can also function as a heat shock protein, an eye - lens crystal-
lin, a DNA - binding protein, and a plasminogen receptor  [152] . Relatively few 
bioinformatics data sources capture all of the known relationships regarding 
such moonlighting proteins. 

 Context is also a key aspect of biological interpretation that represents a 
challenge for the broader bioinformatics community. For example, consider 
an experiment evaluating human protein biomarkers of liver toxicity in 
plasma. After verifying protein identities, a scientist may begin the contextu-
alization process with a set of identifi ers, typically from Uniprot  [153]  or the 
International Protein Index (IPI,  [154] ). Subsequently a set of identifi ers 
may be submitted to a mapping tool. Are the networks returned by the 
program known to be valid in plasma? Are they valid in humans? Does the 
mapping account for posttranslational processing of proteins in the network? 
Is the mapping from the protein sequence identifi er to the pathway element 
an exact match or a more generalized class representation? While this 
example is deliberately focused on a particularly complex issue, relatively 
few contextualization methods address comparatively simpler contextual 
discrepancies such as that between gene transcripts and inferred protein 
product behavior. The distinction between transcript protein product is as of 
yet often undeveloped. Reactome and aMAZE  [155]  are examples of data 
sources that explicitly model transcripts and proteins as separate entities, and 
the broader community is maturing toward increasing levels of content 
refi nement.  

  4.3.3   Bottom - up Approaches: Empirical Relationships and 
Network Construction 

 As a complement to the top - down approaches outlined in the previous section, 
other methodologies have been advanced to further the analysis and under-
standing of complex molecular profi ling datasets. One such unsupervised 
approach mentioned earlier in this chapter is the correlation network 
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construct, in which empirical relationships between and among analytes 
are determined and mined. This type of bottom - up unsupervised analysis, 
followed by subsequent top - down bioinformatics - based interpretation, can be 
summarized by the maxim  “ unsupervised discovery, supervised interpreta-
tion. ”  Figure  4.6  is a schematic illustrating the general concept.   

 Networks in which the links between nodes are derived empirically and in 
an unsupervised manner from a molecular profi ling data set are of particular 
interest as starting points for understanding behavior of a system to disease 
or drug intervention. The family of network - based approaches in which 
network nodes represent analytes and links refl ect a measure of pairwise 
association between analytes is quite broad. These associations can be math-
ematical correlations  [96,97,156,157] , measures of pairwise entropy and mutual 
information  [98,158,159] , and Bayesian constructs  [160 – 162]  among others 
 [163 – 165] .  

    Figure 4.6     Schematic view of the bottom - up paradigm for providing context to 
molecular measurements. Results of molecular profi ling experiments ( left ) are 
analyzed not only to generate lists of analytes and associated statistics but also for 
empirical associations and relationships between and among measured analytes 
( middle ; the equation, related to Pearson ’ s product – moment correlation coeffi cient, is 
only for illustration). In coupling bottom - up and top - down approaches, network struc-
tures that result from bottom - up analyses ( right ) can be subsequently compared to a 
priori defi ned biochemical frameworks ( right, top ), which may explain observed 
network structures, or can be exploited as evidence to suggest novel hypotheses ( right, 
bottom ).  



  4.3.4   Correlation Network Approaches 

 In the case of Pearson ’ s product – moment correlations as the association 
measure, the network graphs are in essence visualizations of covariance matri-
ces of the experimental molecular profi ling data sets. Such correlation net-
works are particularly useful for integrating large and diverse molecular 
profi ling data because, as mathematical constructs derived from the data, they 
are agnostic to the class of analyte; indeed among the most interesting correla-
tions are those measured across different analyte types. Further, because 
covariance matrices are independent of absolute concentration measurements 
for analyte abundances and rely on relative quantitation measures, such 
network constructs are very useful for molecular profi ling data sets in which 
absolute analyte concentrations are not typically determined. Correlation net-
works exploit the subtle but intrinsic biological variability across study sub-
jects, and as such are often thought of as orthogonal to the  “ list paradigm ”  in 
which variability within a nominally homogeneous group is detrimental to 
statistical power and in which analyte concentrations within an a priori defi ned 
group are averaged or otherwise combined. Although data integration by cor-
relation analysis requires extremely stringent tolerances on bioanalytical plat-
forms, namely that the measurement variance be consistently less than the 
individual - to - individual biological variability, the additional information is 
essential in detecting subtle and early modulations of biochemical pathways 
and mechanisms  [97,105,156,166,167] . The networks shown in Figure  4.3  and 
Figure  4.4 , for example, are correlation networks. 

 Correlation networks that span biological compartments are particularly 
useful in selecting and prioritizing biomarker candidates from in vivo models. 
Because calculation of correlation metrics such as covariance matrices is 
agnostic to both the type of analyte and its biological compartment, correla-
tion networks spanning multiple compartments such as plasma and tissue have 
recently been reported  [95] . With an unsupervised approach, analyte data 
from molecular profi ling sources are fi rst well - qualifi ed based on instrument 
and other experimental criteria, and then selected based on statistical metrics. 
True to its defi nition, unsupervised data mining typically does not involve 
any prior fi ltering or selection of analytes based on existing biological 
hypotheses. 

 From the set of all analytes, correlations can be determined both within 
and across platforms, within and across tissues or compartments, and within 
treatment groups. These correlations are qualifi ed using conventional statisti-
cal confi dence values  [168,169] , often correcting for multiple hypothesis testing 
consequences inherent to large data sets  [170,171] . From this background 
matrix of correlations, subnetworks may be selected that best match the exper-
imental objectives. These subnetworks may be further refi ned for particular 
relationships in the data. For example, analytes may be selected only if they 
are individually different in concentration between experimental groups of 
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interest, that is, of statistical signifi cance with some biological plausibility, 
within the experiment. 

 Correlation edges can also be compared across treatment groups to deter-
mine relationships that differ or persist. For example, a correlation edge can 
be tested to see if a correlation is signifi cantly different between a vehicle -
 treated normal group, a vehicle - treated diseased group and a drug - treated 
diseased group. Correlation patterns can be evaluated for relationships that 
exist in the normal group, are altered by disease, and are restored with drug 
treatment, or the complementary case. Relationships may exist only in the 
diseased state, possibly indicative of a systemic response to disease. Relation-
ships may also exist only in drug - treated states, indicative of potential off -
 target effects. Perhaps not as intuitive, relationships that persist across all 
treatment groups are of interest as well. Such a scenario may indicate that 
either the system cannot tolerate perturbations to these relationships and 
compensates, or that the disease and drug do not affect these relationships. 
Examples of these types of correlation network behavior are shown in Figures 
 4.2 ,  4.3 , and  4.4 .  

  4.3.5   Emergent Properties of Biomolecular Networks 

 Focusing on correlations in analysis has important implications during inter-
pretation. It moves the systems biologist out of the  “ list paradigm ”  and into 
systems frameworks. No longer is the focus on explaining a fold - change or  p  -
 value of a particular analyte, but rather on the empirical relationships between 
and among larger sets of analytes. In drug discovery and development, this 
enters the realm of systems pharmacology  [8] . When considering the behavior 
of a given analyte, it cannot be realistically divorced from its local and global 
context. Where is it located? With whom does it interact? What factors deter-
mine its transcription and translation? What factors make it active? What 
recycles it? 

 It is possible to investigate these associations by examining correlations 
between and among analytes. For example, one might predict that the 
expression of proteins participating in a macromolecular complex forms 
a strongly correlated set. In the absence of suffi cient and matching expression 
of the components of a molecular machine, it would be unlikely to properly 
assemble. Figure  4.7  illustrates such results from a recent experiment in which 
the expression of both subunits of the eukaryotic ribosome were observed. In 
a liver tissue from a group of rodents, 37 distinct ribosomal proteins were 
measured and identifi ed that gave rise to 478 correlations links among them, 
the observed Pearson ’ s correlation values ranging from +0.80 to +0.99. The 
measurements of the proteins in this case involved mass spectrometric pro-
teomic analysis of liver tissue. In the network comprising these proteins, 
shown on the left in Figure  4.7 , node density is particularly striking (Figure 
 4.7 , right); the majority of subunits have between 24 and 34 correlations to 
other subunits while a small subset has between 1 and 6, strongly supporting 
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the concept of co - expression for this particular molecular machine in this 
experiment.   

 While strong correlations often exist for proteins that are components of a 
common molecular machine, this fi nding does not imply that these correla-
tions necessarily exist at the mRNA message level. Likewise relationships 
within a metabolic pathway need not be correlated. Morgenthal et al. have 
shown strong correlations between the metabolic neighbors glucose 6 - 
phosphate and fructose 6 - phosphate, substrates and products of phosphoglu-
coisomerase in the Calvin cycle; however, other substrate/product relationships 
are uncorrelated or even anti - correlated, while longer distance correlations, 
such as that between sucrose and triose phosphate in the same pathway, are 
observed  [167] . 

 In addition, techniques adopted from network graph theory may also be 
used to characterize and select subnetworks from larger networks. These 
include approaches to analyzing the structure and topology of networks in 
order to discern potentially important subnetworks representing, for example, 
regulatory motifs or other functional subunits. Correlation networks are direc-
tionless graphs and, as such, can be characterized using simple metrics from 
graph theory. One method is to fi lter networks using node degree, a simple 
count of the number of edges. This will select  “ hubs ”     in a network, recognized 
as a key property for regulators in protein – protein interaction networks, sig-
naling networks, and metabolic networks  [15,100,172] . Other graph proper-
ties, such as analysis of cliques, or maximally connected subgraphs, can be 
used to fi nd functional units such as the ribosome described above  [15,173,174] . 
An example of graph theoretic properties of correlation networks based upon 
molecular profi ling exercises is shown in Figure  4.8 . While there are insuffi -
cient data to evaluate the scale - free properties of this network, the general 
distribution of analyte nodes and correlated edges, particularly at high correla-
tion thresholds, is as expected based on other studies of biological networks; 
most analytes have relatively few connections to others (low node degree), 
while considerably fewer analytes exhibit properties of  “ hubs ”    that are char-
acterized by a high number of connections to other analytes within the network 
(high node degree).     

  4.4   SYNTHESIS OF TOP - DOWN AND BOTTOM - UP APPROACHES 

  4.4.1   Convergence of Pathway Mapping and 
Unsupervised Network Construction 

 Correlation networks are very useful at determining relationships among ana-
lytes that may not have been previously recognized. The next step is determin-
ing what underlying biochemical processes give rise to the observed 
relationships. This is where supervised interpretation is implemented. After a 
network has been qualifi ed based on statistical criteria, experimental objec-



    Figure 4.8     Plot of the count of nodes as a function of node degree and correlation 
threshold in a correlation network derived from a molecular profi ling experiment in a 
rodent model of disease.  

tives and graph theory approaches, the next step is to layer knowledge from 
bioinformatics data sources on top of the network, often as additional edges 
in the network. Figure  4.2  is an example where literature data from PubMed 
and OMIM edges are added to a molecular correlation network structure. 

 Building on top of the common industrial model of a data warehouse for 
public and private bioinformatics data sources, one can model all relationships 
among analytes — whether experimental or from existing bioinformatics data-
base sources — as edges, and build a system to query the resulting graph struc-
ture for particular relationship types. Such a system uses both direct and 
indirect semantic typing of nodes to achieve this goal. A typical use case would 
be to determine all protein – protein interactions from a network of gene tran-
scripts. While there is no direct interaction between transcripts, a goal of this 
database traversal is to fi nd interactions among their protein products. The 
rule for such a relationship begins with the set of Affymetrix identifi ers from 
the gene transcript network as an input data set, maps them into Unigene, 
then Entrez Gene, then into UniProt protein identifi ers, and then the system 
determines interacting partners from the IntAct table within the UniProt 
record. Figure  4.9  shows such a traversal. Any transcript pair satisfying this 
rule would then be annotated with an interaction edge. Other bioinformatics 
data sources and routes through the data warehouse can subsequently be 
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traversed by the query and added to the graphical network representation. In 
the example illustrated in Figure  4.9 , a mathematical correlation was observed 
between the gene transcripts Pten and Mast3. Subsequently the NetAffx, 
Entrez Gene, and Uniprot databases were automatically traversed to submit 
a query using appropriate identifi ers to the IntAct database. The IntAct data-
base returned evidence, based on multiple publications, of physical interaction 
between and phosphorylation involving Pten and Mast3. Given the IntAct 
database evidence, as well as the observed experimental correlation between 
these two analytes, a supplemental, confi rmatory interaction edge (dark in 
Figure  4.9 ) is added to the network. Indeed many vendors encourage interac-
tion with their data sources either through the use of programming interfaces, 
such as Ingenuity ’ s IPA - Integration Module, or by providing their data model 
and schema directly, such as Biobase ’ s Proteome Knowledge Base.    

  4.4.2   A Case Study in the Synthesis of Approaches 

 Fenofi brate is among the more commonly prescribed drugs used to treat dys-
lipidemia and metabolic key risk factors in cardiovascular disease and type 2 
diabetes mellitus  [175] . It targets and activates peroxisome proliferator acti-
vated receptor alpha (PPAR - alpha  ), which then activates a set of genes 
involved in lipid transport, lipid catabolism and energy utilization, predomi-
nantly in the liver and type I muscle fi bers. Common side effects of fenofi brate 
and other fi brate drugs in this class are muscle pain, weakness, and rhabdo-
myolysis. We used a synthesis of the bottom - up and top - down approaches to 
compare shared properties of fenofi brate and a novel PPAR - alpha activating 

    Figure 4.9     Database traversal layered upon empirical correlation. Two gene tran-
scripts, Pten and Mast3, were observed to be positively correlated empirically in an 
experiment ( solid edge ). The data sources NetAffx, Entrez Gene, and Uniprot were 
used to map identifi ers from Affymetrix, Unigene, Entrez Gene, Uniprot, and the 
IntAct database. The traversal yields a multiple reported interactions involving IntAct 
between Pten and Mast3. After the traversal is completed an interaction edge is added 
(double arrow) to the network.  



compound in rat skeletal muscle both to see that the treatments generated 
expected biological behavior and to see if any novel gene expression patterns 
could be detected with this approach. Under this approach, all common, sig-
nifi cant correlation in skeletal muscle were generated and analytes were placed 
in the context of the Biological Process branch of the Gene Ontology hierar-
chy (Figure  4.10 ). By this approach, expected GO enrichment in fatty acid 
metabolism, fatty - acid beta oxidation, lipid metabolism, and fatty acid biosyn-
thesis were demonstrated (gray triangles). Enrichment in protein biosynthesis, 
apoptosis, transcription, and signal transduction is also evident. However, 
there were many poorly characterized or unidentifi ed transcripts that were 
also brought into this network on the basis of strong correlations to well - char-
acterized genes (blue - bordered hexagons). These unidentifi ed transcripts rep-
resent potential novel targets of PPAR - alpha or potential off - target effects. 
By bringing together the expert - guided interpretive power of the top - down 
approach with the mathematically guided power of the bottom - up approach, 
one is able indeed to gain insight at a much broader and extensive level than 
with either approach alone.     

    Figure 4.10     Gene Ontology Biological process database traversal on top of a rat 
skeletal muscle correlation network. Red and green edges denote correlations shared 
between fenofi brate and a novel PPAR α  agonist. Dotted lines denote inclusion in a 
particular biological process node (triangle), and node color indicates direction of 
transcript abundance change between fenofi brate and a vehicle group. Transcripts that 
are either unidentifi ed or poorly characterized have a blue border. (See color insert.)  
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  5.1   INTRODUCTION 

 The zebrafi sh is a small freshwater fi sh. It was given this name because there 
are fi ve horizontal pigmented stripes on each side of its body. Native zebrafi sh 
live in the warm regions south of the Himalayas, including India, Pakistan, 
Bangladesh, Nepal, and Myanmar. Before it was recognized as a genetic 
model organism, the zebrafi sh was a popular pet fi sh for beginner 
aquariums. 

 The zebrafi sh was fi rst taxonomically named  Cyprinus rerio  by Hamilton –
 Buchanan in 1822 in a book describing fi sh in the Ganges river area  [1] . In 
1981 Shrestha proposed that the taxonomic name of zebrafi sh should be  Danio 
rerio   [2] . Although there have been additional taxonomic names used,  Danio 
rerio  is now offi cially accepted. 

  5.1.1   Basic Biology   

 The adult zebrafi sh is approximately 4   cm long. The abdomens of females are 
normally bigger than those of males. The mating behavior is controlled by the 
light cycle. Under a 14 - hour light and 10 - hour dark cycle, one female zebrafi sh 
can often lay several hundred embryos per clutch. The fertilized zygotes 
develop quickly, and all organ rudiments of this vertebrate species become 
visible within 24 hours of development. By 5 days postfertilization, zebrafi sh 
embryos hatch out of the chorion and become free swimmers. Up to this point, 
the body is still transparent, allowing easy visualization of organs and tissues 
that are already fully functional. Under standard laboratory conditions, it 
takes approximately three months for a zebrafi sh to become sexually mature 
 [3] . Zebrafi sh are genetically diploid, containing 25 pairs of chromosomes  [4] . 
The haploid zebrafi sh genome contains about 1.7    ×    10 9  bases of DNA  [5] , 
which is approximately half the size of the human and mouse genomes.  

  5.1.2   Establishment as a Model Animal 

 Because of its small size, fast external development, transparency of embryos, 
short generation times, and amenability to genetic analysis, zebrafi sh has 
become an ideal vertebrate animal model. Initially zebrafi sh were considered 
a useful animal model for monitoring water pollutants, for instance, mutagens, 
teratogens, and toxicants  [6] . In 1981 George Streisinger fi rst introduced 
zebrafi sh into the developmental genetics fi eld through his pioneering work 
published in  Nature   [7] . His work demonstrated that zebrafi sh had the poten-
tial to combine the technologies of genetics, embryology, and molecular 
biology in a single organism. Since then the scientifi c community began to 
recognize that the zebrafi sh is a promising vertebrate animal model that 
bridges the gap between invertebrate models and mammals. To date, hun-
dreds of research laboratories worldwide have adopted zebrafi sh as their 
animal model of choice. 
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 In 1996  Development , the premier journal of developmental biology, 
devoted an entire issue (Vol. 123) to the zebrafi sh, publishing 37 papers that 
described zebrafi sh mutations affecting nearly every aspect of its development 
 [8 – 10] . The work was accomplished by the laboratories led by Nusslein –
 Volhard of the Max Planck Institute in Tubingen, Germany, and by Driever 
and Fishman of Massachusetts General Hospital/Harvard Medical School in 
Boston. This was the fi rst large - scale systemic genetic screening performed in 
a vertebrate species. 

 In 2001, the Sanger Institute, in collaboration with the zebrafi sh commu-
nity, launched the Zebrafi sh Genome Project. The latest release on the 
Ensembl Web site is the zebrafi sh assembly version 7 (Zv7), based on integrat-
ing physical maps and whole genome shotgun sequences. In this version there 
are 17,330 known protein - coding genes, 2467 novel protein - coding genes, and 
4162 RNA genes ( http://www.ensembl.org/Danio_rerio/index.html ). Most of 
these genes have conserved human homologs. The progress of the Zebrafi sh 
Genome Project has remarkably promoted and facilitated the research of 
zebrafi sh. 

 In addition to developmental biology studies, zebrafi sh have now been 
widely used in genetics analysis, behavioral studies, human disease modeling, 
and drug discovery. This chapter focuses on the use of zebrafi sh in studies of 
human diseases and drug discovery.   

  5.2   ZEBRAFISH TECHNOLOGIES 

 As the   zebrafi sh became an established animal model, a good number of 
techniques have been developed for the zebrafi sh system. Several of the fre-
quently used techniques are discussed here. 

  5.2.1   Mutagenesis 

 The zebrafi sh is a suitable vertebrate model to perform genetic screens. Several 
strategies of forward genetic screening have been established  [11 – 13] . Here 
we focus on chemical mutagenesis with ENU ( N  - ethyl -  N  - nitrosourea) and 
insertional mutagenesis with a retrovirus. 

  N  - ethyl -  N  - nitrosourea (ENU) is a potent alkylating mutagen that 
transfers its ethyl group to bases of DNA. ENU effi ciently produces 
random point mutations in zebrafi sh germline cells  [14 – 16] . The estimated 
frequency of independent mutations per locus per gamete is approximately 
1.0    ×    10  − 3   [16] . Two large - scale genetic screens using ENU yielded over 
1700 mutants  [9,10] , which affected various developmental processes. 
Recently a number of individual laboratories have performed additional 
ENU genetics screens, in which investigators looked for specifi c phenotypes 
using in situ hybridization, behavioral analysis, or tissue - specifi c transgenic 
lines  [12,17] . 
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 The ENU - mutated gene can be identifi ed by positional cloning  [18,19] . The 
fi rst positional cloning of a zebrafi sh mutant was done by Zhang et al. in 1998 
 [20] . A novel gene,  oep  (one - eyed pinhead), related to epidermal growth 
factor (EGF) was isolated. In 2007 a group of international scientists fi nished 
a rough mapping of 319 zebrafi sh mutants using positional cloning  [21] . 

 TILLING (Targeting Induced Local Lesions IN Genomes) was developed 
to induce mutations in specifi c zebrafi sh gene loci by ENU treatment followed 
by identifi cation of mutations by sequencing. The fi rst TILLING cloning of a 
zebrafi sh mutant was done by Wienholds et al. in 2002  [22] . The TILLING 
method for zebrafi sh has been further developed by Wienholds et al.  [23]  and 
Draper et al.  [24] . More recently lesions in specifi c zebrafi sh genes were 
induced by zinc fi nger nucleases (ZFNs) designed to cut DNA at specifi c DNA 
sequences (Scot Wolfe, personal communication). This is an exciting technol-
ogy for zebrafi sh research as zinc fi nger proteins can be designed to specifi cally 
target virtually any gene sequence of choice. 

 Although ENU - mediated chemical mutagenesis is effective, both positional 
cloning and TILLING are time - consuming and laborious, which is the major 
disadvantage of chemical mutagenesis. Insertional mutagenesis is an alterna-
tive approach, in which foreign DNA is inserted into chromosomes as a 
mutagen and also serves as a tag to clone the mutated genes quickly. The 
pseudotyped retrovirus has been effectively used as an insertional mutagen, 
which is a modifi ed Moloney Murine Leukemia Virus (MoMLV) genome 
packaged in an envelope containing glycoprotein of vesicular somatitis virus 
(VSV)  [25] . Injection of MoMLV(VSV) into blastula stage zebrafi sh embryos 
creates mosaic founders, in which individual cells have integrated the retrovi-
rus at multiple sites on chromosomes. When integrated into germline cells, 
provirus is transmitted to offspring in a Mendelian fashion. By inbreeding, 
mutations will be recovered in F2 progeny. Genomic DNA fragments adjacent 
to the retrovirus insertion site can be isolated by molecular biological means, 
for instance, linker - mediated PCR or inverse PCR. Using the sequence of 
adjacent genomic DNA to do an alignment search in databases, the insertion 
loci can be found rapidly  [26] . Large - scale forward genetic screens with this 
strategy have been conducted successfully  [27 – 29] . In the insertional screen 
performed by Amsterdam et al., 525 mutants were found. Among them, 315 
mutated genes were identifi ed  [28] . Recently insertional mutagenesis with 
retroviruses has been further improved in a way that all genes in the zebrafi sh 
genome can be effi ciently tagged and mutations can be stored in retrievable 
databases and resources. These resources will be extremely useful for studying 
disease genes, since many of them only show phenotypes in adults.  

  5.2.2    RNA  Whole Mount In situ Hybridization 

 RNA in situ hybridization (ISH) is a technique that detects gene expression 
by combining molecular biological methods and histological methods. Labeled 
nucleotide probes are used to hybridize with the complementary target RNA 
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sequences at their original sites within whole mount tissue or tissue section 
samples to reveal the expression level of gene transcripts. Since its invention 
in the 1960s  [30] , ISH has been developed into many variations and become 
a widely used tool in biomedical research  [31] . The employment of 
digoxigenin - labeled antisense RNA probes, antibody - alkaline phosphatase 
conjugate, and BCIP/NBT staining makes ISH even easier and faster. 

 Because of the small size of the zebrafi sh embryo, ISH can be carried out 
in whole mount zebrafi sh embryo precluding the need for sectioning  [32] . The 
whole mount in situ hybridization is a powerful tool to reveal temporal - spatial 
gene expression patterns in zebrafi sh embryos, providing extremely valuable 
information about functional and regulatory mechanisms of genes. Addition-
ally tissue - specifi c genes can be used as molecular markers for studying 
biological processes before any tissues or organs become visually 
recognizable  [33] .  

  5.2.3   Gene Knockdown by Antisense Morpholino Oligos 

 Morpholino oligos are a type of antisense oligonucleotides in which the deoxy-
ribose rings are replaced with morpholine rings and the phosphates are 
replaced with phosphorodiamidate to link the morpholine rings. These modi-
fi cations make morpholino oligos highly stable in cells because they are unrec-
ognizable and degradable by nucleases  [34] . In zebrafi sh, morpholino oligos 
are injected into embryos at the 1 to 2 cell stage by a microinjection apparatus. 
Each   morpholino oligo diffuses freely within a cell and distributes evenly 
among subsequent daughter cells. A trained researcher can inject hundreds 
of embryos in several hours. 

 A typical morpholino oligo is 25 bases in length. It binds to RNA by com-
plementary nucleic acid base pairing and prevents other molecules from inter-
acting with the target sequences. For protein - coding genes, morpholino oligos 
either bind to the region of the mRNA start codon to block protein translation 
in the cytoplasm or bind to the exon - intron junction of pre - mRNA to interfere 
the correct splicing within the nucleus. As a result morpholino oligos decrease 
the expression level of the targeted gene. The effi ciency of a specifi c morpho-
lino can be determined by Western blot for protein levels or RT - PCR for 
mature mRNA levels from splicing. Morpholino oligos mediated knockdown 
of gene expression in zebrafi sh provides a method to rapidly reveal gene func-
tion in vivo  [35]  and have been widely used since its initial introduction into 
zebrafi sh.  

  5.2.4   Transgenic Technologies 

 The fi rst stable transgenic zebrafi sh exhibiting tissue - specifi c expression of a 
transgene that recapitulated the endogenous gene expression pattern was 
reported in 1998. In this fi rst study, a DNA construct containing the putative 
zebrafi sh promoter sequence of GATA - 1, an erythroid specifi c transcription 
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factor, and the green fl uorescent protein (GFP) reporter gene was microin-
jected into single - cell zebrafi sh embryos. The resulting transgenic zebrafi sh 
had GFP expression patterns that were refl ective of the pattern of GATA - 1 
mRNA expression detected by RNA in situ hybridization. Since then addi-
tional technologies, including BAC (bacterial artifi cial chromosome) and 
transposon - mediated transgenesis, have been developed. Applications of 
these technologies produced a great number of stable tissue - specifi c transgenic 
lines, covering a wide range of tissues and organs, including neurons, blood 
cells, blood vessels (Figure  5.1  C ), pancreas (Figure  5.1  A )  [36] , pituitary (Figure 
 5.1  B )  [37] , thymus, muscle, germ cells, and so on  [38] . These transgenic lines 
have been used as great tools in investigating developmental biology ques-
tions. Below we describe applications in gene regulation studies.   

 Gene expression is largely controlled by regulated interactions between 
DNA  cis  - elements and corresponding transcription factors. Here different 
fragments of regulatory   genomic sequences of a gene are linked to GFP and 
the resulting constructs are injected into zebrafi sh embryos. Then the temporal 
and spatial expression pattern of GFP is quickly analyzed in the live trans-
parent embryos to identify essential  cis  - elements required for tissue - specifi c 
expression of this gene. This approach was fi rst employed by Meng et al. to 
identify regulatory regions of GATA - 2 required for its tissue - specifi c expres-
sion  [39] . Since then, this method has been successfully used to analyze the 
 cis  - elements of other zebrafi sh genes. It appears that genes expressed as 

    Figure 5.1     Representative transgenic zebrafi sh lines. ( A ) Insulin:gfp transgenic line, 
30   hpf; ( B ) pomc:gfp and prol:rfp double transgenic line, 36   hpf (the pituitary is labeled 
with both GFP and RFP); ( C ) fl k1:gfp transgenic line, 48   hpf. The white arrow points 
an ISV. (See color insert.)  



terminally differentiated markers have shorter promoters and nearby enhanc-
ers, whereas the developmental regulatory genes have longer promoters and 
distal enhancers. For example,  islet1 , a transcription factor expressed in many 
types of neurons and endocrine cells, has an enhancer necessary for cranial 
motor neurons that is located about 62   kb upstream from the start codon  [40] . 
Since it is not practical to clone DNA fragments larger than 10   kb into a con-
ventional plasmid vector, BAC transgenesis is used to analyze distal enhancers 
(reviewed by Yang et al.  [41] ). BAC is a type of cloning vector that is capable 
of accommodating large DNA inserts (up to 300   kb). Transgenes can be 
inserted into BAC clones precisely at desired positions through homologous 
recombination. Modifi ed zebrafi sh genomic BAC constructs have now been 
widely used to faithfully recapitulate endogenous gene expression patterns 
that require distal enhancers.   

  5.3   ZEBRAFISH MODELS OF HUMAN DISEASES 

 Animal models of human diseases are highly valuable tools that enable detailed 
investigation of molecular mechanisms that cannot be achieved in humans. 
Modern biomedical research therefore needs as many animal models as pos-
sible. Zebrafi sh resemble humans on multiple levels, including genomic 
sequence, molecular pathway, organ development, and physiology. This was 
fi rst demonstrated by the fact that some mutants identifi ed in the large - scale 
genetic screens phenocopied human diseases with mutations in the same 
genes. With the effort of the zebrafi sh community, a long list of zebrafi sh 
disease models has been established, covering neural system, cardiovascular 
system, blood, kidney, digestive system, behavior, and cancer  [42 – 44] . Here 
we outline zebrafi sh disease models of blood cells, blood vessels, diabetes, and 
cancer. 

  5.3.1   Blood Cells and Blood Vessels 

 Blood cells and blood vessels develop together during embryogenesis, likely 
through a common progenitor called the hemagioblast. Similar to mammals, 
zebrafi sh blood cell development consists of two consecutive waves, primitive 
(embryonic) hematopoiesis and defi nitive (adult) hematopoiesis  [45] . Although 
the anatomical locations of hematopoiesis are different, zebrafi sh and mammals 
share the same set of functionally critical genes. Those functionally important 
genes that were previously identifi ed from mammals, such as  c - myb, gata - 1 , 
and  scl , are highly conserved in zebrafi sh  [46] . Through large - scale mutagen-
esis screens, more than 50 mutants defective in hematopoiesis were identifi ed 
 [47,48] . Some of these zebrafi sh mutants are phenocopies of human homo-
logical diseases of hypochromic anemia, congenital sideroblastic anemia, 
anemia due to the defective iron transporter, porphyrias, and hemolytic 
anemia  [42] . 
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 Blood vessel formation of vertebrates also occurs in two different and 
closely related ways, vasculogenesis and angiogenesis  [49,50] . Vasculogenesis 
is the process of de novo blood vessel formation in which endothelial precur-
sors are derived from the mesoderm. Angiogenesis is the process of new blood 
vessel formation based on preexisting vessels in which endothelial cells sprout 
from the existing vessels, migrate, and fi nally connect to each other to form 
new vessels. In development and growth, most blood vessels are formed by 
angiogenesis. Angiogenesis is involved in many pathological processes. For 
example, tumor growth and metastasis are angiogenesis dependent  [50] . 
Without formation of new blood vessels, tumors are starved of oxygen and 
nutrients, thus cannot grow and metastasize. Studies have shown that normal 
development and pathological processes share almost the same angiogenic 
regulatory mechanisms. 

 Vascular development of zebrafi sh embryos has been well characterized 
 [51,52] . The large axial vessels (dorsal aorta and caudal vein) and caudal 
plexus are formed by vasculogenesis while other vessels are formed by angio-
genesis. This process is quite rapid in zebrafi sh. By 24 hours postfertilization 
the heart starts to beat regularly and the blood cells circulate in the dorsal 
aorta and caudal vein. In the trunk region the intersegmental vessels (ISVs) 
are explicit and thus ideal for angiogenic assays because their pattern is very 
stereotyped (Figure  5.1  C ). Unlike mammals, zebrafi sh embryos can survive 
and develop for one week without any blood circulation owing to its small 
body, readily accessible for the diffusion of oxygen and nutrients  [53] . This 
ability offers a great chance to examine angiogenic defects that usually cause 
lethality in mammals. In addition several endothelial cell - specifi c GFP trans-
genic zebrafi sh have been generated with VEGFR2/KDR/fl k1 and Fli1 pro-
moters, which render easy, fast, and continuous observation of blood vessel 
development under the fl uorescent microscope  [54] . With the advantages 
above, zebrafi sh is an ideal animal model of angiogenesis. Using zebrafi sh as 
a model, mutations mimicking human vascular diseases have been identifi ed. 
 Gridlock  is a recessive mutation in which blood fl ow to the tail is blocked by 
due to arterial - venous shunts  [55] . The  gridlock  defect resembles coarctation 
of the aorta, a human congenital cardiovascular malformation of unknown 
etiology. Zebrafi sh studies suggest that notch signaling is involved in this 
pathway.  

  5.3.2   Diabetes 

 The development of the pancreas is well studied in zebrafi sh. As in mammals, 
the zebrafi sh pancreas is composed of both endocrine and exocrine glands. 
While there are differences in morphology, the molecular mechanisms includ-
ing transcription networks and signaling pathways involved in pancreatic 
development and diseases are highly conserved between mammals and 
zebrafi sh  [56,57] . Transgenic zebrafi sh lines expressing GFP in endocrine and 
exocrine pancreas have been created under the control of  pdx1, insulin  



and elastase promoters  [36] . In addition zebrafi sh mutants associated with 
human pancreatic diseases have been recovered. 

 Pancreatic disease MODY5 (maturity - onset diabetes of the young, type V) 
and familial GCKD (glomerulocystic kidney disease) are linked with muta-
tions in homeobox gene  vhnf1  (variant hepatic nuclear factor 1). In mouse, 
lack of  vhnf1  leads to pancreatic agenesis by embryonic day 13.5. Zebrafi sh 
 vhnf1  mutants isolated by several groups also have defects in the pancreas, 
liver, and kidney, serving as a useful model for studying mechanisms of 
MODY5 and familial GCKD  [58,59] . In the  vhnf1  mutant key pancreatic pat-
terning genes  pdx1  and  shh  lose their proper expression pattern in endoderm. 
Further investigation showed that  Bmp, Fgf , and retinoic acid (RA) signals 
converge upon  vhnf1  to control pancreas development. 

 Another pancreatic disease, neonatal diabetes mellitus, is affi liated with 
mutations in  ptf1a  (pancreas transcription factor 1 alpha)  [60] . Mouse  ptf1a  
null mutant exhibits a complete absence of exocrine pancreatic tissues, while 
the endocrine pancreatic tissue appears relatively normal until embryonic day 
16 and then becomes scattered near then spleen  [61] . Similarly knockdown of 
 ptf1a  with morpholino oligos in zebrafi sh results in an undifferentiated exo-
crine pancreas, but does not disrupt the normal differentiation and organiza-
tion of the principal islet  [62] .  

  5.3.3   Cancer 

 Zebrafi sh cancer models are normally generated by chemical carcinogenesis, 
genetic mutations, and transgenic approaches  [63,64] . 

 Early in the 1960s, a chemical carcinogen diethylnitrosamine was shown to 
cause hepatic degeneration and neoplasia in treated zebrafi sh  [65] . More 
recently Beckwith et al. described the cellular lesions of skin tumors caused 
by ENU treatment  [66] . Angiogenesis was observed in papillomas larger than 
1   mm. In 2006, comparative analysis of microarray data by Lam et al. showed 
that the molecular events in hepatic tumorigenesis are conserved between 
zebrafi sh and human  [67] . Unexpectedly, zebrafi sh embryos appear more 
sensitive to  N  - methyl -  N  ′  - nitro -  N  - nitrosoguanidine and 7,12 - dimethyl - benz -
 [alpha] - anthracene than juveniles in developing neoplasia  [68,69] . 

 Zebrafi sh mutants of tumor suppressor genes develop tumors at a higher 
rate than wild type.  Tp53  is the most important tumor suppressor gene, which 
is mutated in more than 50% human cancers  [70] . Berghmans et al. identifi ed 
zebrafi sh mutants carrying missense mutations in the DNA binding domain 
of  tp53  by using a target - selected mutagenesis strategy  [71] . Homozygous  tp53  
mutants failed to undergo apoptosis upon  γ  - irradiation, and displayed malig-
nant peripheral nerve sheath tumors after 8.5 months postfertilization. Adeno-
matous polyposis coli (APC) is another tumor suppressor gene that   is a pivotal 
component in canonical Wnt pathway  [72] . Mutated APC constitutively acti-
vates the Wnt pathway that is frequently implicated in human colorectal 
cancers. A nonsense zebrafi sh APC mutant was isolated by Hurlstone et al. 
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by screening an ENU - mutagenized zebrafi sh library  [73] . Homozygous APC 
mutants died between by 96 hours postfertilization, exhibiting multiple defects 
as in the mouse APC mutants. Heterozygous APC mutant embryos developed 
normally but had highly proliferative intestinal, hepatic, and pancreatic neo-
plasias at ages older than 15 months  [74] . This zebrafi sh phenotype is associ-
ated with the accumulation of  β  - catenin and expression of Wnt target genes, 
resembling the features of human colorectal cancers. The chemical carcinogen 
7,12 - dimethylbenz[a]anthracene promoted the occurrence of these lesions. 
Further investigation in the zebrafi sh APC mutant disclosed a new role of 
APC in regulating retinoic acid level  [75,76] . 

 For mimicking the cancers that are closely related to upregulation of certain 
oncogenes, transgenic zebrafi sh is a suitable tool. T - cell acute lymphoblastic 
leukemia (T - ALL) was modeled by expressing a chimeric mouse  c - myc  fused 
to GFP or mouse  c - myc  alone under the control of the zebrafi sh  rag2  promoter 
in transgenic zebrafi sh  [77] . After average latencies of 52 days ( zRag2 - EGFP -
 mMyc ) or 44 days ( zRag2 - mMyc ) (range, from 30 to 131 days), leukemias 
arose in the thymus, then spread into gill arches, retro - orbital soft tissue, 
skeletal muscle, and abdominal organs. The GFP expressing leukemic cells 
could cause new T - ALL in irradiated recipient fi sh after transplantation. This 
T - ALL model was improved by the same research group, in which the 
Cre - lox system was introduced to control the mouse  c - myc  expression  [78] . 
At least two more transgenic zebrafi sh blood cancer models have been created. 
They are myeloid leukemias  [79]  and pre - B - cell acute lymphoblastic leukemia 
 [80] . 

 Melanoma is the most dangerous type of skin cancer and often carries the 
activating mutations in the serine/threonine kinase BRAF. To study the role 
of BRAF in melanoma formation, Patton et al. made a transgenic line express-
ing the most common mutant form of BRAF (V600E) driven by the melano-
cyte specifi c  mitfa  promoter  [81] . Highly visible patches of ectopic melanocytes 
were observed in the adult  mitfa - BRAF V600E   line. On a  tp53  defi cient back-
ground, activated BRAF - induced formation of melanoma was   similar to 
human melanomas and transplantable between zebrafi sh, indicating BRAF 
and tp53 interact genetically to develop melanoma.   

  5.4   ZEBRAFISH AS A NOVEL PLATFORM 
FOR DRUG DISCOVERY 

  5.4.1   Introduction of Drug Discovery 

 In the early history of drug discovery, a large portion of medicine was discov-
ered through serendipitous exposure of animals or humans to naturally occur-
ring molecules. For example, in 1785, William Withering recorded that leaves 
of the common foxglove plant ( Digitalis purpurea ) were able to treat heart 
failure. From these leaves digitalis was isolated to strengthen the contraction 



of the heart muscle  [82] . Today, cardiac glycosides (the effective ingredient of 
digitalis) are still used in the treatment of congestive heart failure and cardiac 
arrhythmia. Another example is dicumarol, which was found in the 1930s 
when the internal bleeding of cattle caused by spoiled sweet clover hay was 
investigated  [83] . Dicumarol and its derivatives are still frequently prescribed 
in modern medicine. Although the benefi ts of whole organism drug discovery 
are obvious, the application of this strategy has been limited by ethical and 
practical considerations. Designed exposure of animals to large numbers of 
chemical compounds is expensive, laborious, time - consuming, and could 
provoke potential ethical problems. 

 In the 1970s   the pharmaceutical industry turned to target - based drug dis-
covery, in which cell, cell extracts, or purifi ed proteins were used to systemati-
cally screen compounds for modifi ers of biological events. The major 
advantages of this approach are that target - based discovery can be well 
planned and performed in high - throughput fashion with automated instru-
ments. By using this approach, a number of  “ blockbuster ”  medicines have 
been invented, including HIV protease inhibitors and the c - Abl kinase inhibi-
tor Gleevec. However, target - based discovery also has its disadvantages. First, 
it requires suffi cient understanding of the target biological process. Before 
Gleevec was discovered, the function of c - Abl in CML (chronic myelogenous 
leukemia) was already very well known. Second, it is diffi cult to target the 
biological processes in an integrated physiological context. For instance, 
angiogenesis involves complicated cell to cell and cell to extracellular matrix 
interactions  [50] , and therefore it ’ s very diffi cult to screen for inhibitors in the 
target - based approach. Third, specifi city and toxicity of initial hits in a target -
 based approach are not scrutinized thoroughly enough. This requires further 
testing in whole animal models. It is highly desirable to have toxicity data as 
early as possible in the drug discovery process since toxicity testing could 
take a long time and many of the initial promising hits have failed due to 
toxicities  [84,85] .  

  5.4.2   Zebrafi sh as an Emerging Model for Drug Discovery 

 If an animal model is small and accessible, one can combine the advantages 
of whole organism drug discovery and high - throughput screening together. 
Established model systems such as  C. elegans, Drosophila , and zebrafi sh 
(embryo) are suitable for this purpose as they are small enough to grow in 
microformat plates. Among them, zebrafi sh is the most appropriate one for 
drug discovery because it is the only vertebrate animal capable of producing 
large numbers of transparent embryos available for easy access. 

 One concern is that whether compounds identifi ed by zebrafi sh screening 
will have the same activity in mammals. Because of the short history of using 
zebrafi sh as a platform for drug discovery, clinically applicable new drugs have 
yet to be identifi ed. However, some compounds with known effects in humans 
have been tested in zebrafi sh and most of them produced similar effects. Milan 
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et al. reported that 22 out of 23 drugs known to prolong the QT interval (a 
part of the cardiac cycle) in human prolonged the QT interval in zebrafi sh as 
well  [86] . Chan et al. reported that a well - characterized anti - angiogenic small 
molecule PTK787/ZK222584 blocked blood vessel formation in zebrafi sh  [87] . 
Langheinrich reviews other compounds regulating cholesterol synthesis, coag-
ulation, and vasodilation with analogous effects in both human and zebrafi sh 
 [88] . It is therefore quite reasonable to conclude that compounds with an 
activity in conserved biological processes would behave very similarly in 
human and zebrafi sh. 

 The workfl ow of zebrafi sh based drug discovery is simple and straightfor-
ward. Embryos (3 – 6) are fi rst arrayed in each well of microtiter plates (96 well 
or 384 well format) and individual compounds are then added. At selected 
developmental stages, treated embryos are visually examined for interesting 
phenotypes (Figure  5.2 ) under a microscope or an automated instrument.   

 The zebrafi sh platform has several advantages. First, as a whole organism 
system, zebrafi sh offer the possibility of identifying in vivo modifi ers of all 
biological processes available during embryogenesis. In contrast, target - based 
approaches are only able to identify modifi ers of pre - selected targets in vitro. 
Second, a single embryo can provide a great amount of morphological infor-
mation during development. Multiple organs including the skin (pigmenta-
tion), heart, eye, ear, and brain can be easily examined at the same time. By 
using tissue - specifi c GFP transgenic lines, many internal organs can be 

    Figure 5.2     Procedure of zebrafi sh based drug discovery.  



conveniently examined as well. Third, zebrafi sh offers a physiological context, 
which eliminates compounds with undesirable toxic effects at the very begin-
ning of the screening process  [84] . 

 Once a new effective compound is found and characterized, the next step 
is to identify its biological targets. Although no systematic method is currently 
available, several approaches have been successfully explored to isolate targets 
of chemical compounds, including candidate gene methods, expression cloning, 
and affi nity chromatography  [89] . 

 We screened a library of 1120 compounds consisting of 85% FDA - approved 
drugs (Prestwick Chemical, Inc.) for inhibition of angiogenesis, using  fl k1:GFP  
transgenic zebrafi sh expressing GFP specifi cally in blood vessels. One anti -
 angiogenic compound, mycophenolic acid (MPA), was found to effectively 
inhibit new blood vessel formation in the trunk  [90] . MPA is a known immu-
nosuppressive drug by targeting inosine monophosphate dehydrogenase 
(IMPDH) (Figure  5.3  F ). In MPA - treated embryos, sprouting of ISVs was 
severely blocked (Figure  5.3  B ), and blood circulation was limited in the dorsal 
aorta and caudal vein (Figure  5.3  E ). Consistent with our fi ndings, Huang et 
al. and Chong et al. also reported that MPA inhibited angiogenesis of cultured 
endothelial cells  [91,92] . Homologous alignment revealed that zebrafi sh have 
3 IMPDH genes. Expression patterns detected by whole mount in situ hybrid-
ization showed that IMPDH1a and IMPDH1b were mainly expressed in 
superfi cial epithelial cells (Figure  5.3  G  and  H ), while IMPDH2 was expressed 
in the head and ventral trunk region through where ISVs develop (Figure 
 5.3  I ). Antisense morpholino oligos were designed against the translation start 
codons of IMPDH1b and IMPDH2. As expected, knockdown of IMPDH1b 
didn ’ t produce any anti - angiogenic defects, while IMPDH2 knockdown 
induced the phenotypes of defective angiogenesis that are indistinguishable 
from those caused by MPA treatment (Figure  5.3  C ). In addition a synergistic 
action between IMPDH2 knockdown and MPA treatment was observed.   

 Recently Yu et al. reported the fi rst small molecule inhibitor of bone mor-
phogenetic proteins (BMP) signaling: dorsomorphin, which was identifi ed 
from screening compounds that disrupted dorsalventral axis of zebrafi sh 
embryo. Dorsomorphin selectively inhibits the type I BMP receptors ALK2, 
ALK3, and ALK6. Further investigation with dorsomorphin revealed that 
BMP signaling was important in iron - hepcidin homeostasis  [93] . 

 In conclusion, the zebrafi sh is an emerging platform for drug discovery. 
Reasonably high - throughput screens of small molecules conducted in zebra-
fi sh yielded both drugs and developmental modifi ers. Hence zebrafi sh - based 
screening has the ability to discover novel drug candidates for treating human 
diseases.   
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  6.1   INTRODUCTION 

 In recent years there has been considerable research into developing better 
in silico, in vitro, and in vivo methods and models for toxicology  [1] . This is 
desirable, as the pharmaceutical industry needs to prospectively identify mol-
ecules as early as possible that might fail in the clinic due to toxicity. Of par-
ticular concern are molecules that reach the market but may require recall 
due to idiosyncratic toxicities (e.g., hepatotoxicity) that were not observed in 
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clinical trials. It is therefore imperative to avoid such compounds. Subse-
quently our biology knowledge has greatly expanded, to the regulation of 
drug - metabolizing enzymes and transporters via nuclear hormone receptors 
(NHRs), for example. Nevertheless, our understanding of which molecules 
bind to these receptors or the impact of their gene interaction networks has 
lagged behind. Toxicogenomics, proteomics, metabonomics, pharmacoge-
nomics, and chemogenomics represent the experimental approaches that can 
be combined with high - throughput molecular screening to provide a global 
view of the complete biological system being modulated by a compound. For 
example, the utilization of human tissues or cells in vitro, and in particular, 
hepatocytes  , which are the gold standard for understanding likely hepatotoxic-
ity of a compound, has been important for ascertaining the effect of   com-
pounds on multiple NHRs  [2 – 4] . Functional interpretation and relevance of 
the complex multidimensional in vitro data that result from such analysis to 
the observed phenotype in humans is the focus of current research in toxicol-
ogy. However, the generation of such data, including microarray gene expres-
sion studies, is still relatively expensive and there are important issues with 
experimental protocols, throughput, and variability, all affecting reproduc-
ibility. This pattern could be repeated for other toxicities. The present chapter 
describes how the integration of different experimental, molecular and com-
putational technologies could enable the mining of toxicology pathways. One 
may, for example, defi ne the likely toxicity of a compound using a network or 
biological fi ngerprint interaction signature developed from high - throughput 
data. Focused nuclear hormone receptor gene expression data from assay of 
human hepatocytes treated with a compound in vitro could yield important 
networks from which to infer likely hepatotoxicity. Such an approach may 
enable us to understand not only whether a new molecule or its predicted 
metabolites bind to a particular gene, such as a NHR, which could impact its 
own metabolism and disposition, but also whether it binds to other down-
stream proteins that result in hepatotoxicity (or other toxicities).  

  6.2   TOXICITY PATHWAYS 

 A better understanding of small molecule – protein interactions should improve 
our ability to predict the possible toxic consequences  [5,6]  that have been 
responsible for the withdrawal of numerous marketed drugs and late stage 
failures  [7] . The focus is now on preclinical toxicity. Because of the complexi-
ties of different model systems, better predictive approaches  [8]  are needed 
 [9,10] . A fi rst step toward identifying toxicity pathways can be to identify and 
annotate targets that are known to cause undesired effects if they are hit by 
small molecules  [11] . In vitro testing then ensures a certain predictivity for 
toxic measures. Accurate predictions for toxicity mechanisms in vivo are cer-
tainly complicated as the whole organism is highly integrated, with thousands 
of endobiotic and xenobiotic molecules interacting in different cellular 



organelles of tissues. Species differences in protein expression and ligand 
specifi city should also be considered. Methods are therefore needed to account 
for the complexity of biological data and to enable prediction of the complete 
system incorporating metabolic, regulatory, signaling, and transport processes 
 [12,13] . Interpreting toxicity in this systems context may improve our under-
standing and ultimate predictions but may require collection and integration 
of  “ high - throughput ”  data, including global gene expression, protein content, 
and metabolic profi les for the same samples, along with genetic, clinical, and 
phenotypic data. 

 The generation of both biological and chemical data using high - throughput 
methods in drug discovery necessitates the use of computational technologies, 
including databases and data - mining algorithms, in order to store, analyze, 
interpret, and learn from this information  [14] . Within drug disposition and 
toxicology in vitro approaches for generating data with drug - metabolizing 
enzymes, transporters, ion channels, and receptors can be used for predictive 
computer model generation  [15] . Many of these proteins are known to be 
regulated by NHRs or other transcription factors  [3,4,16 – 23]  affecting endog-
enous metabolism, cell growth, proliferation and oxidative stress  [24,25] . The 
effect of these NHRs and other transcriptional factors on the toxic response 
and drug metabolism is itself complex and overlapping in a species - specifi c 
manner  [26] , with the same compounds working as agonists and antagonists 
on different receptors  [24] . Understanding the interactions of diverse ligands 
with these receptors  [27 – 31]  and their impact on regulation of proteins has 
resulted in a schematic of the cross - talk  [32] . The NHRs induce gene expres-
sion of drug - metabolizing enzymes and transporters to control steroid, heme, 
carcinogen, and xenobiotic metabolism  [33 – 35] . There have been some pre-
liminary approaches to mining these data  [36 – 39]  that are likely to continue 
in the future.  

  6.3   ALGORITHMS FOR DATA ANALYSIS 

 Traditionally functional organization of a biological system was described in 
terms of pathways. Pathways were thought of as relatively small linear chains 
of biochemical reactions or signaling interactions that lead from a defi ned 
starting point (e.g., cell surface receptor) to a target effector (e.g., transcrip-
tional factor). Such a description is in part due to the nature of biological 
research that until recently was inherently low throughput, with data scattered 
in many tens of thousands of individual publications. In recent years, however, 
several key developments have taken place in this area in terms of pathway 
databases, natural language processing algorithms for automatic extraction of 
pathway information, online abstracts and high - throughput techniques for 
determining potential protein – protein interactions. Based on the data avail-
able from these technologies, it has become clear that organization of intra -  
and intercellular molecular processes is much more complex. Contrary to the 

ALGORITHMS FOR DATA ANALYSIS 137



138 TOXICITY PATHWAYS AND MODELS

previous model of fairly independent small pathways, it is now evident that 
known molecular processes can be linked into rather large, highly intercon-
nected networks. A recent review has described in considerable detail the 
theory behind network models and their architecture and how they can be 
used to provide insight into the functional organization of the cell  [40] . 

 Several approaches have been developed for a more advanced, functional 
analysis of high - throughput data. In particular, there have been considerable 
advances in the availability of software for visualizing complex gene networks. 
To date several algorithms have been described in the literature for combining 
protein interaction information and expression data to fi nd condition - specifi c 
modules in protein networks (e.g., clustering algorithms, simulated annealing, 
probabilistic graphical models, Monte Carlo optimization). These algorithms 
can be used for combining protein interaction information and expression data 
to fi nd condition - specifi c modules in protein networks. More recently  “ signa-
ture networks ”  have been proposed that combine comprehensive databases 
 [40]   . These powerful analytical and network building tools have enabled the 
development of the commercially available integrated high - throughput data -
 mining suites described previously such as Ingenuity Pathway Analysis ™  
(Ingenuity Inc), PathArt ™  (Jubilant Biosys), Pathways Studio ™  (Ariadne 
Inc), MetaCore ™ , MetaDrug ™  (GeneGo Inc), ToxShield (Gene Logic), and 
ToxWiz (Cambridge Cell Networks). As   a result it is possible to visualize the 
global cellular mechanisms behind differences in expression as most of these 
tools use manually curated content on human physical protein – protein   inter-
actions at different levels of cellular functionality, which are captured as maps 
of current biological knowledge or custom - built interaction networks. In 
recent years several of these tools have added curated content relevant to 
toxicology  [41 – 44] . For example, Ingenuity Pathway Analysis (IPA) and 
MetaCore contains toxicity - related pathways (Table  6.1 , Figure  6.1 ), and for 
each there are associated gene lists as shown in the literature (Figure  6.2 ). If 
a user generates a network with the data that is enriched in these genes, it 
should be possible to infer the probability of the presence of a particular toxic-
ity  . For example, a recent study used IPA, MetaCore, and ToxShield to 
analyze microarray data from liver slices after treatment with acetaminophen 
and carbon tetrachloride  [45] . Both IPA and MetaCore were able to correctly 
identify pathologies associated with these compounds and IPA was able to 
identify a fi brotic response from 3   h in vitro slice culture data, indicating that 
combination of computational and in vitro experimental approaches may aid 
in predicting hepatotoxicity responses seen in vivo  [45] .      

  6.4   DATABASES, MODELING, AND PREDICTIVE TOOLS 

 Since the 1970s industry and academia have organized databases on proteins, 
enzyme - encoding genes, metabolic, and cell signaling pathways  [43] . Similarly 
there has been the creation of molecule structure databases such as 
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ChemSpider and PubChem, drug databases such as DrugBank  [46] , as well 
as databases of biology data (PDSP Ki database  [47 – 49] , BioPrint  [50] , etc., 
see e.g.,  http://depth - fi rst.com/articles/2007/01/24/thirty - two - free - chemistry - 
databases ). There have also been limited efforts to organize toxicity data in 
commercial databases, Vitic (Lhasa), MDL Toxicity Database, TOXNET, 
ToxLine, and DSSTox. However, with the initiation of the REACH initiative 
in Europe and TOXCAST in the United States, we envisage that a substantial 
quantity of toxicology data will be available in the public domain in the near 
future. Already developed are separate databases of absorption, distribution, 
metabolism, and excretion (ADME) associated proteins or pathways such as 
PharmGKB  [51] , the nuclear receptor database  [52] , human membrane trans-
porter database  [53] , and the ADME - AP database  [54] . Several companies 
are marketing content databases of expression profi les, as well as histopathol-
ogy, multiparameter clinical chemistry tests, and morphology in organs after 
treatment with several hundred marketed drugs and toxicants using different 
array platforms  [55,56] , and there are also some freely available databases with 
gene expression profi les following treatment with different toxic molecules 
 [57,58] . We are aware of at least one gene expression database, the Connectiv-
ity Map ( http://www.broad.mit.edu/cmap/ ), that is publicly available and 
relates to the treatment of human cells with compounds that can be used to 
aid in the prediction of toxicity  [59 – 61] , though we are not aware of a similar 
database focused on hepatotoxicity mediated via NHRs in particular. To date 
the Connectivity Map has been used for fi nding drug - like molecules with 

 TABLE 6.1     Hepatotoxicity Related Endpoints and the Respective Gene Content 
in Ingenuity Pathway Analysis and MetaCore Version 4.5 

  Effect    IPA    MetaCore  

  Steatosis    +    +  
  Fibrosis    +    +  
  Hyperbilirubinemia    +    +  
  Steatohepatitis    +     −   
  Fibrogenesis    +     −   
  Oxidative stress    +     −   
  Necrosis    +    +  
  Calcium deposition    +     −   
  Mitochondrial damage    +     −   
  Bile acid transport    +     −   
  Lipid peroxidation     −      −   
  CYP induction, metabolism, interaction    +     −   
  Proliferation    +     −   
  Hyperglycemia     −     +  
  Hypertriglyceridemia     −     +  

    Note :   For genes associated with cholestasis, see Figure  6.3 .   
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    Figure 6.1     Toxicity pathways in Ingenuity Pathway Analysis.  
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similar gene - expression fi ngerprints, identifying new molecules for diseases as 
well as rapid identifi cation of novel uses for existing approved drugs. The 
Connectivity Map could be supplemented with expression profi les from com-
pounds that are known to have liver toxicity, and perhaps other compounds 
could be annotated with different toxicities or additional off - target effects. If 
a gene signature for a new compound retrieved multiple molecules that were 
ranked similarly and that were known hepatotoxins, then there would be a 
high probability that the test compound shared similar off - target effects. The 
broad use of microarray approaches and database development  [56]  provides 
valuable methods and data for understanding toxicity, which is increasingly 
seen as important for future submissions to regulatory authorities, so develop-
ment of such databases integrating knowledge from very different areas is 
urgently needed  [62]   . 

 Computational models have become widely available for predicting human 
ADME/Tox properties  [10,43] . These systems are generally based on 

    Figure 6.2     Gene list associated with hepatic cholestasis in Ingenuity Pathway Analysis 
and MetaCore version 4.5. (See color insert.)  

Ingenuity Metacore 



142 TOXICITY PATHWAYS AND MODELS

quantitative structure activity relationships (QSAR) that generate descriptors 
based on the input molecular structure, and then use computational algo-
rithms to relate the key descriptors to the biological activity  [15] . To date we 
are aware of a QSAR developed for predicting hepatotoxicity that uses 382 
molecules with binary descriptions of toxicity and an ensemble decision tree 
method  [63] . Following both internal and external testing, the authors suggest 
that the molecular descriptor - based approach has an 80% accuracy level  [63] . 
Similarly a second group has used SIMCA with CoMFA generated fi elds for 
654 drugs along with data after treating HepG2 cells in vitro. However, the 
prediction accuracy was poor, and a local model for NSAID and LDH leakage 
performed better  [64] . Other commercially available, knowledge - based tools 
or mechanistic tools are available. Computational approaches for toxicity 
prediction have been infrequently studied  [9,65]  but would be complementary 
to research on ADME parameters  [15] . These methods for individual toxicol-
ogy properties have tended to be rule - based systems like DEREK ™ , Hazard 
Expert ™ , LeadScope ™  or the mechanistic methods COMPACT  [66]  and 
MultiCASE ™ . There is a need for predictive toxicity tools that incorporate 
the high - content data from modern experimental methods performed on 
human and animal cells. This would enable us to understand whether a mole-
cule interferes with endogenous metabolic, regulatory, or transport proteins. 
As xenobiotics and their metabolites infl uence multiple genes and pathways 
simultaneously, the prediction of a response in a heterogeneous population 
dependent on drug dose, genes, physiological state, and other factors is 
complex. Therefore the combination of different experimental and predictive 
approaches will aid in explaining metabolism and toxicity for compounds. 

 Each of the technologies described above still face some considerable chal-
lenges. These include controlling the experimental variability followed by 
effective verifi cation, storage, utilization, and dissemination of the massive 
amount of data that can be generated. The data derived in animals or even 
human in vitro models must be extrapolated to humans in vivo, and this is 
another complex process. The development of new technologies would cer-
tainly benefi t from the incorporation of relevant high - throughput type content 
to provide identifi cation of the specifi c interaction networks for groups of new 
chemical entities and toxins. A further challenge is in effectively comparing 
multiple networks (with a database of signatures for a toxicity, response, etc.) 
that could be generated with network software like that described above. It 
has been recently suggested that methods and concepts applied to one area, 
such as sequence analysis, may be key for network analysis as it progresses 
 [67] . The idea is to fi nd faithful reductions of complex 3D data by 2D or 1D 
representations such that effi cient data mining and analysis are possible. 
Recent studies have compared 1D and 3D representations of molecules and 
found the 1D representations and similarity calculations to have some advan-
tages for mining different data sets  [68]  and likely some utility for ADME/Tox 
datasets  [69] . An additional simple fast alignment of metabolic pathways has 
suggested the exploitation of local diversity with an algorithm called 
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FIT - MATCH using networks where the edge is labeled with the EC number 
of the catalyzing enzyme. This algorithm has been made freely available in 
METAPAT  [70] . Areas still to be addressed by the research community 
include reliable methods for scoring statistically such alignments of networks 
and storage of networks in a freely accessible data repository. First steps have 
been taken in this direction by the Human Metabolome database  [71]  ( www.
hmdb.ca ), Reactome ( http://www.reactome.org/ ), MetaCyc, and others (e.g., 
see  http://www.bmrb.wisc.edu/metabolomics/external_metab_links.html ). The 
availability of such network comparison, searching, scoring, and rebuilding 
tools will become a necessity as the biological data deluge continues. The next 
step would be how a user could then retrieve the answer to a query in a format 
that would not require a network visualization. For example, it would need to 
answer the question  , What is the closest network to compound X that contains 
genes that are associated with hepatotoxicity endpoints (Table  6.1 )? Or, What 
networks are known to interfere with compounds that are similar to mine? 

 QSAR algorithms could be used for generating quantitative structure – gene 
interaction relationship (QS - GIR) predictive models using microarray data 
and machine learning algorithms to complement gene signature network data-
bases. These combined approaches would then allow interpretation of possible 
interactions with these or other genes related to hepatotoxicity for a large 
series of molecules. A signature could be created simply by the presence or 
absence of genes (binary) or levels of expression of the genes (continuous), 
for example, for each molecule used, a string of genes in the gene signature 
that could be used as an input for a multivariate recursive partitioning model. 
For the same molecules molecular descriptors could also be calculated  [72 – 74]  
and used with the gene signatures to derive the QS - GIR to, in turn, predict 
hepatotoxicity (Figure  6.3 ). This model would then be used to predict the 
likely gene interaction profi le for a new molecule from the input of a molecu-
lar structure.    

    Figure 6.3     Schematic for generation of a quantitative structure – gene interaction 
relationship.  
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  6.5   EXAMPLES 

 Several studies have combined large databases of molecules with machine 
learning algorithms, and these give proof of what could be achieved to enrich 
our knowledge of potential toxicities. A network approach may assist in 
designing drugs with affi nity for multiple targets  [75]  or avoid off -  or anti -
 targets. For example, recently an interaction network between 25 nuclear 
receptors was constructed from an annotated chemical library containing 2033 
molecules  [37] , and revealed potential cross - pharmacologies for the side - effect 
prediction of small molecules. There have also been several attempts to estab-
lish relationships between molecular structure and broad biological activity 
and off - target effects (toxicity)  [76 – 78] . For example, Fliri et al. presented the 
biological spectra for a cross section of the proteome  [79] . Using hierachical 
clustering of the spectra similarity they could create a relationship between 
structure and bioactivity. This work was further extended to identify agonist 
and antagonist profi les at various receptors, correctly classifying similar func-
tional activity in the absence of drug target information  [80] . A similar proba-
bilistic approach has been applied to link adverse effects for drugs (obtained 
from the drug labeling information) with biological spectra. In one case, clus-
tering molecules by side - effect profi le showed that similar molecules had 
overlapping profi les, in the same way that they had similar biological spectra, 
ultimately linking preclinical with clinical effects  [81] . This work could lead to 
the prediction of a biospectra profi le, functional activity, and a side - effect 
profi le for a new molecule based on similarity alone. A global mapping of 
pharmacological space has been presented focusing on a polypharmacology 
network of 200,000 molecules with activity against 698 proteins  [82]  from 
which Bayesian binary models were created (for molecules active at  < 10    μ M 
or inactive), suggesting that they would be useful for predicting primary phar-
macology. The further assessment of 617 approved oral drugs in 2D molecular 
property space (molecular weight vs. cLogP) showed that many of them had 
cLogP    >    5 and MW    >    500. Despite this, their associated targets were poten-
tially druggable but had yet to realize their potential  [82] . This group did not 
appear to address the potential of their approach to understand or predict 
toxicity. 

 A more recent study created a drug - target network using approved 
drug data for 890 molecules from DrugBank and OMIM, and over half of 
these molecules formed the largest connected network with multiple target 
proteins (polypharmacology or promiscuity) while drugs acting on single 
targets were in the minority  [83] . Such networks might help us understand 
likely nodes involved in toxicity and add to the similarity maps for enzymes 
and receptors  [84]  and human polypharmacology networks  [82]  that have been 
developed. 

 For example, it is possible to simultaneously interpret high - throughput data 
and predictions on interaction networks  , providing a better approach to pre-
dicting and understanding potential undesirable off target effects. An example 



data set uses percentage of inhibition data for clotrimazole and ticonazole, 
which are screened against many different assays at a single concentration 
 [79] . The data for 10 assays has been arbitrarily encoded as inhibitors ( > 50% 
inhibition) or noninhibitors ( < 50% inhibition) analyzed with MetaCore  [41] . 
The analyzed network algorithm was then used to produce a statistically sig-
nifi cant network for the different proteins ( p    =   2.838 e   − 31 , Figure  6.4 ). This 
network also mapped to many Gene Ontology processes indicating how mol-
ecules of the same or different therapeutic classes could be evaluated for 
effects that would be useful to identify structurally dissimilar molecules with 
similar network patterns. This type of visualization of high - throughput screen-
ing data illustrated how the target proteins could be connected as a network 
to infer the possible downstream effects of inhibition  [41] .   

 Several studies have used different databases, different molecular descrip-
tors, and QSAR algorithms to build predictive models for pharmacology data. 

    Figure 6.4     High - throughput data analysis on a net work using data for two molecules 
from Fliri et al.  [79] . (See color insert.)  
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One study has used probabilistic neural networks with 24 atom - type descrip-
tors to classify 799 molecules from the MDL Drug Data Reports (MDDR) 
database with activity against one of 7 targets (GPCRs, kinases, enzymes, 
nuclear hormone receptors, and zinc peptidases)  [85] . Similarly 21 targets 
related to depression were selected, and molecules from the MDDR database 
were used to create support vector machine (SVM) classifi cation models from 
atom - type descriptors  [86] . SVM fi lters could be useful for virtual screening 
due to their speed. Others have used similarity searching of the MDDR data-
base with reference inhibitors for several different targets and showed variable 
enrichment factors greater than random  [87] . 

 Another recently published approach identifi ed chemical substructures 
that are relevant for toxicology - related adverse effects  [88]    using na ï ve Bayes-
ian statistics with Scitegic ’ s ECFP_4 - descriptors. Using approximately 
4000 molecules with side - effect information from the World Drug Index, 
it was shown that large - scale modeling of adverse effects delivers encouraging 
results. Along with these models the WOMBAT database was used to estab-
lish models that can predict whether a compound interacts with a certain 
target  . Consequently this approach can also be used to annotate targets 
with unknown side effects by computing model correlations in chemical 
space. The information can then be used for predictive in vitro modeling 
of whether a compound will show a certain effect. A similar approach has 
been taken by Azzaoui et al. to relate the promiscuity of compounds to their 
safety  [89] , and this makes use of the fact that compounds hitting several 
targets cause more undesired effects, ultimately enabling the computation of 
a promiscuity score for a molecule that varies with the number of targets 
hit. 

 Structure - based approaches to small molecule – protein interactions include 
fl exible docking of molecules into multiple proteins, often called inverse 
docking (e.g., INVDOCK). This approach was recently applied for identifying 
potential adverse reactions using a database of 147 proteins related to toxici-
ties (DART). This method has been recently demonstrated with 11 marketed 
anti - HIV drugs, resulting in reasonable accuracy against the DNA polymerase 
beta and DNA topoisomerase I  [90] . A fully structure - based approached has 
been presented by Xie et al.  [91] . They have developed a method to compare 
the binding sites of different proteins using new shape descriptors that are fast 
to calculate and therefore are able to use the approach to predict additional 
compounds for the targets under scrutiny. Thereby side effects could be anno-
tated to targets based on the binding pocket similarities. 

 These computational chemogenomic approaches  [92]  may supplement the 
in vitro methods that are used to detect off - target effects, especially high -
 throughput screening, which is being quite widely used to detect new uses 
for drugs  [49]  that are utilized for other indications  [93,94] . Computational 
approaches may simultaneously speed up this process and ensure that poten-
tial toxicity is minimized  .  



  6.6   FUTURE 

 The public availability of data on drugs and drug - like molecules may make 
the types of analyses described above possible for scientists outside the private 
sector. For example chemical repositories such as DrugBank ( http://redpoll.
pharmacy.ualberta.ca/drugbank/ )  [46] , PubChem ( http://pubchem.ncbi.nlm.
nih.gov/ ), PDSP ( http://pdsp.med.unc.edu/pdsp.php ), ChemSpider ( www.
chemspider.com )  [47,48] , and others consist of target and small - molecule data 
that could be used for computational toxicology approaches. These may also 
be linked to pathway analysis tools or gene expression databases like the Con-
nectivity Map. In the future we envisage that the pathway analysis tools will 
need to be integrated with other informatics tools in order to fully leverage 
their content and present the results to the user in a simple manner. Access 
to toxicology data within a pharmaceutical company is particularly diffi cult 
due to software validation, legal requirements, and the like, so efforts to lever-
age all available literature data from sources such as publications, databases, 
and patents would be particularly valuable. As described in some of the 
examples of this chapter, there have been some early efforts in this direction. 
But as yet the curation of such data is not straightforward and is highly context 
dependent. 

 A key issue will be, beside an integration of tools, the integration and fed-
eration of various data sources  . One can imagine a data environment where 
all data from toxicogenomics to every biochemical assay around a compound 
is streamlined and easily accessible to the researcher. Having this kind of 
global molecule profi le should make it possible to see all the differences 
among compounds in full detail and perhaps highlight ways to improve the 
compounds to ultimately get better drugs.  
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  7.1   INTRODUCTION 

 A major goal of toxicological and human health risk research is to 
obtain accurate dose – response relationships between the exposure levels 
of environmental chemicals or pharmaceutical drugs and the magnitude of 
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disruptions associated with various biological endpoints. Such quantitative 
descriptions of the cause – effect relationships will not only assist regulatory 
agencies in establishing safety guidelines for drug adverse effects and chemical 
exposures but also in predicting and evaluating confi dently the potential health 
risk imposed on human populations under varied exposure scenarios. 

 Dose – response curves delineating various adverse effects at multiple levels 
of biological organization can be obtained experimentally or from well - 
documented clinical experiments and occupational or accidental exposures. 
These dose – response curves alone, however, are often insuffi cient for regula-
tory and risk assessment purposes. Frequently they do not cover the full range 
of exposure, especially in the low - dose area, which is the more environmen-
tally and occupationally relevant region for human exposure. In most circum-
stances risks in the low - dose area have to be estimated by extrapolating from 
high - dose data using linear assumptions with or without threshold consider-
ation. Despite its simplicity and widespread usage, this default extrapolation 
scheme receives increasing challenges from other empirical or hypothetical 
alternatives including hormesis, in which nonlinearity and nonmonotonicity 
dominates the low - dose region  [1] . Regardless of the type of extrapolation 
performed, reliable and accurate predictions made for low - dose risk require 
suffi cient understanding of the mechanistic underpinnings that mediate the 
adverse responses throughout the full dose range. To this end a mathematical 
modeling approach is often required. A computational model implementing 
the correct biological mechanism, and adequately validated with high - dose 
experimental data, can reliably predict the low - dose effect, which a priori 
is unknown or uncertain. A second reason arguing for a modeling approach 
in risk assessment is that the dose – response curves obtained experimentally 
only represent a small set of simple exposure scenarios. In contrast, realistic 
exposure can be complex as exposure levels vary in time and space, and 
many chemicals and drugs co - exist as a mixture. Since it is unlikely for 
experiments to be able to reproduce these exposure situations exactly, 
and impractical to design experiments to test all the possibilities 
exhaustively, assessing the adverse effects and hazards brought about by these 
complex situations ultimately depends on mechanistically   based modeling 
approaches. 

 Evaluating dose – response relationship using a modeling approach consists 
of two basic components: pharmacokinetic (PK) and pharmacodynamic (PD) 
modeling. Environmental chemicals and therapeutic drugs entering the human 
body via various routes are fi rst metabolized and converted into inactive or 
active metabolites. Tissue or cellular exposure to the chemicals and their 
major metabolites are functions of time determined by the pharmacokinetics 
and dosing paradigm. This dosimetric relationship between exposure dose and 
tissue dose, containing time and space variables, can be captured by physio-
logically based pharmacokinetic (PBPK) models  [2] . Once the tissue dose is 
known, the biological impacts of the chemicals on the target cells, tissues, and 
organs can be assessed by physiologically based pharmacodynamic (PBPD) 



models. Integration of PBPK and PBPD modeling provides a powerful 
tool to quantitatively evaluate human health risk for various exposure 
paradigms. 

 A major obstacle hindering a wide adoption of this modeling approach has 
been the absence of adequate knowledge of the intracellular signaling net-
works that mediate the disrupting effects of a chemical. In the past decade, a 
new wave of technology in the areas of genome - wide functional screening, 
bioinformatics tools, and network mapping, has motivated reverse - 
engineering of biological networks at molecular and cellular levels with 
increased resolution, and identifi ed the molecular targets for many environ-
mental chemicals. However, the behavior of these networks, spanning multiple 
cellular compartments and executing various biological functions, can only be 
understood fully with the aid of computational models. Computational systems 
biology is an emerging interdisciplinary science that obtains and organizes 
large - scale experimental data to develop mechanistically based systems - level 
models of biological networks, and studies the network behaviors and their 
implications for biological functions.  

  7.2   PHYSIOLOGICALLY BASED 
PHARMACOKINETIC MODELING 

 PBPK modeling was developed by chemical engineers, primarily by Kenneth 
Bischoff  [3]  and Robert Dedrick  [4] , and was fi rst   applied to environmental 
health and pharmaceutical research. As part of a systems approach, PBPK 
modeling has been used broadly over the past 25 years to assess tissue dose 
in relation to administered dose for a wide variety of human health risk -
 related chemicals and therapeutic drugs. The process of developing a PBPK 
model for dose – response assessment starts with identifying adverse or toxic 
effects of the chemical of interest in animals and humans. Available experi-
mental and clinical data are then evaluated for the metabolism, pharmacoki-
netics, and mode of action of the parent compound and its metabolites. Mode 
of action is the sequence of events by which the active form of the chemical 
interacts with the tissue and leads to adverse responses. Next a PBPK model 
is developed by describing the body as compartments that correspond to sepa-
rate tissues or groups of similar tissues with appropriate volumes and blood 
fl ows. The process of model development is iterative — the model structure 
and parameters are refi ned and tested repeatedly until the model is capable 
of fi tting the entire suite of experimental observations (Figure  7.1 ). The refi ned 
model is used to estimate tissue dose and human health risk based on the 
assumption that similar tissue response arises from equivalent target tissue 
dose across species.   

 When performing dose – response assessment using the equivalent - dose 
approach, one key element that determines the relevance of a particular toxic 
endpoint in animal to human health is mode of action. Information on mode 
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of action is also critical for describing tissue dosimetry with a PBPK model. 
For example, the carcinogenicity of vinyl chloride is mediated by its reactive 
metabolites that enhance mutagenicity by reacting with DNA. Thus the PBPK 
model for vinyl chloride describes metabolism of the compound in liver by 
two saturable pathways to predict both total metabolism and glutathione 
depletion  [5] . Chloroform, on the other hand, promotes tumorigenesis through 
a nongenotoxic mode of action. Reactive metabolites of chloroform induce 
cytotoxic and regenerative cell proliferation that leads to tumor formation. 
The PBPK model for chloroform incorporates this mode of action to predict 
cell killing resulting from the covalent binding of chloroform metabolites to 
macromolecules  [6] . The use of PBPK modeling makes it possible to evaluate 
a nonlinear mode of action in a quantitative manner. 

 PBPK modeling integrates diverse information from chemistry, biochem-
istry, and physiology to simulate tissue dose over a wide variety of exposure 
conditions. It is capable of supporting extrapolations in the following aspects: 
high doses to low doses; route - to - route (e.g., inhalation, oral, dermal); across 
classes of chemicals; in vitro to in vivo; and between species. Scaling up animal 
data to estimate human health risk or to develop rational clinical protocols is 
the ultimate goal of PBPK modeling. Applying PBPK modeling to dose –
 response assessment reduces uncertainty, since model uncertainty and sensi-
tivity can be assessed, identifi ed, and quantifi ed in the process of organizing 
model parameters  [7] . In a sense, PBPK modeling can be viewed as an example 
of a systems approach at the level of cells, tissues, organs, and organisms to 
determine the systemic disposition of chemicals. It will remain as an important 
front - end for modeling cellular responses in dose – response assessment.  

    Figure 7.1     Iterative process of PBPK model development.  



  7.3   PHYSIOLOGICALLY BASED 
PHARMACODYNAMIC MODELING 

 PBPK modeling in conjunction with experimental measurement establishes 
tissue - level concentrations of xenobiotics and their major metabolites, which 
are a prerequisite for further quantifying the hazardous effects occurring in 
the cell. Chemicals and their active metabolites exert adverse effects either by 
cellular reactivity to cause structural damage to critical cellular constituents 
and signaling molecules, as with many oxidative chemical stressors, or by 
interacting with specifi c molecular targets to enhance or suppress their func-
tions, as with most pharmaceutical compounds. In many circumstances a 
chemical will act on multiple yet distinct intracellular sites to simultaneously 
affect more than one biological process. Furthermore the cellular impact 
brought about by chemical stressors rarely remains at the original sites 
of interaction, since the perturbed molecular components are invariably 
embedded in large signaling networks that are interweaved with others to 
form even larger networks. The initial local disruption can propagate through 
the networks to affect multiple biological functions. Thus the biological 
consequences of a chemical cannot be fully assessed by merely examining 
the initial impingement. Rather, the impact must be evaluated in the context 
of biological networks, whose systems - level behavior can be different from 
those of the individual components comprising the networks. For example, if 
a component embedded in a molecular feedback loop is affected by a chemi-
cal, both upstream and downstream components will be affected. As a result 
the property of the feedback circuit as a whole becomes altered. In such situ-
ations or those that are more complicated, a qualitative description of tissue 
response to chemical disruption is usually inadequate to address the risk issue. 
Nonlinearities and complex dynamics arising from these networks, which are 
often beyond intuitive comprehension based on simple logical reasoning, can 
only be fully captured by exploiting mathematical models. 

 The early need for PD modeling has been addressed by biologically based 
dose – response (BBDR) models that capture the dose – response relationship 
in an empirical way, and have been capable of reproducing and even predict-
ing adverse biological effects for a variety of chemical exposures  [8 – 10] . 
However, a signifi cant drawback of these models is the lack of suffi cient bio-
logical details about the operating mechanisms underlying pathway disruption 
by chemicals. Due to the large degree of empiricism, BBDR models lack the 
fl exibility to readily scale to different exposure scenarios, including varied 
dosing paradigms and mixed exposures targeting the same biological process 
but at different sites. The integration of multiple BBDR models is diffi cult, if 
not impossible, since the lack of biological details makes it challenging to 
locate cross - talking nodal points that will couple the different models. 

 The focus on BBDR models was due largely to the void of knowledge in 
the molecular pathways and networks initiating the adverse effects of chemi-
cals. In the past decades, however, the emerging high - throughput, high - content 
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technologies spanning areas of genomics, proteomics, and metabonomics have 
accelerated the process of identifying the molecular components and intercon-
nections comprising the intracellular signaling networks. Although we are still 
far from completely mapping these networks and understanding their specifi c 
regulatory functions, the increased resolution has enabled signifi cant advances 
in computational modeling approaches for cellular response pathways. Mech-
anistically based biological models have proven to be insightful both qualita-
tively and quantitatively for understanding systems - level behaviors  [11,12] .  

  7.4   COMPONENTS OF COMPUTATIONAL SYSTEMS BIOLOGY 

 The systems approach for predicting dose – response relationships at the cell, 
tissue, and organism levels is an iterative process involving cycled interactions 
between laboratory experiments and in silico simulations. It typically consists 
of the following interactive steps, although in practice these steps may not 
always be as well delineated as described here (Figure  7.2 ). 

  1.     Conceptualization.     The objective of this initial step is to identify intra-
cellular or extracellular chemical target sites and biological networks/
processes that are perturbed by the chemicals. It starts with an initial thorough 
literature search, followed by targeted laboratory experiments, if necessary, 
to complement the existing knowledge about the target sites and cellular net-
works affected. As mentioned above, high - content  “ omics ”  experiments with 
gain of function and loss of function manipulation of the biological system 
 [13,14] , are effi cient ways of identifying the intracellular pathways and their 
constituents perturbed by the chemicals. This system - oriented approach can 
also suggest pathway components and gene regulatory networks not known 
previously. This step, primarily involving experimental biologists, generates a 
directed graph - like connection or network map — a conceptual model that lays 
out the backbone structure of the intracellular pathways and networks most 
signifi cantly affected by the studied chemical (Figure  7.3  a ).  

    Figure 7.2     Iterative process of PBPD model development.  



  2.     Implementation.     With the conceptual model, experimental biologists 
and computational biologists then need to work together to determine the 
details of molecular interactions and biochemical reactions to be explicitly 
modeled (Figure  7.3  b ). The resulting implementation model will include 
all the molecular processes implied in the conceptual model and deemed 

    Figure 7.3     ( a ) A conceptual model for the Nrf2 - mediated adaptive response to oxida-
tive stress. It consists of three distinct functional modules — a stress - sensing transducer 
module consisting of Keap1 and Nrf2, a controller module consisting of basal and 
Nrf2 - driven gene expression of anti - oxidant and phase II enzymes, and a biochemical 
plant module consisting of relevant metabolic reactions catalyzed by antioxidant and 
phase II enzymes, which remove reactive oxygen species (ROS), peroxides (ROOH), 
and electrophiles (X). ( b ) An implementation model for the Keap1 - Nrf2 transducer 
module.  
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necessary to be modeled, the parameter values obtained experimentally or 
assumed, and the fl ow rates governing each reaction.  

  3.     Computation.     The implementation model is then coded in a program-
ming language to generate the computational model, which is essentially 
an executable computer program residing in a simulation environment. 
Modern modeling tools are able to automatically generate the computational 
model from an implementation model developed with the same tools 
 [15] .  

  4.     Model calibration and validation.     Newly constructed computational 
models need to be tuned both structurally and parametrically to accommodate 
available experimental data. These data include time - course studies and 
dose responses obtained under control and various manipulated conditions. 
Provided that the experimental data are reliable, there are two possible 
outcomes after model tuning. One is that there is no single parameter set 
in the biologically reasonable range that can reproduce the experimental 
results properly. Should this occur, a minor structural adjustment within 
the scope of existing knowledge, at either the conceptual or implementation 
level, may be necessary to arrive at an initial parameter suite. For example, if 
the fi rst version of a model simulating steroid hormone receptor mediated 
gene expression is constructed with omission of receptor dimerization 
for simplicity, the inability of the model to fi t a sharp experimental dose –
 response curve may justify the inclusion of the dimerization step, which can 
in theory increase the steepness of dose – response curve. In certain circum-
stances similar minor modifi cations may be inadequate to recapitulate the 
experimental result. This failure would suggest that the current conceptual 
model is incomplete or incorrect. Major structural adjustment may be required 
to incorporate pathways initially neglected or ones that are yet to be discov-
ered by additional experiments. The second possibility from initial tuning of 
the model is that there may exist one or more parameter sets that can give 
rise to reasonable fi ts to experimental data. This consequence suggests that 
the structure of the model in its current form may be correct, and the number 
of parameter sets will be further pruned as new experimental data become 
available.  

  5.     Prediction.     The model developed through the fi rst four steps can now 
be used to generate theoretical predictions for new exposure conditions. To 
the extent possible, these predictions need to be verifi ed by experiments to 
further test the validity of the model. If the new experimental data agree with 
model prediction, the value and reliability of the model for risk assessment is 
further solidifi ed, and confi dence is gained in the predictive power of the 
model for exposure situations that are not experimentally accessible. If the 
experimental data do not agree with the model prediction, procedures similar 
to those described in step 4 would again be followed, using the data as a new 
training set to further refi ne the model. Such model refi nement is often based 



on in vitro or animal experiments. For these models to be useful for human 
health risk assessment, model translation has to be done to incorporate 
relevant known differences between in vivo and in vitro conditions, and 
between human and the modeled animal.      

 Modern modeling tools are able to export and import biological models 
through the systems biology markup language (SBML)  [16] . This universal 
markup language greatly expedites model exchange between biological 
researchers who often use different simulation programs. In addition   SBML 
facilitates model integration, a process that required laborious manual work 
in the past.  

  7.5   MODELING THE DOSE – RESPONSE RELATIONSHIP —
 SIGNIFICANCE OF THE INDIVIDUAL CELL 

 A common assumption in most experiments is that the averaged mRNA or 
protein level changes in a population of cells, obtained with bulk assays, 
are representative of the behavior of each individual cell in that population. 
This logic has been fundamental to the current degree of success in 
biological research. However, the behavior of individual cells in an isogenic 
cell population is often very heterogeneous  [17,18] . Gene expression in 
many cells, in response to physiological or xenobiotic stimuli, can occur in 
a binary, all - or - none fashion, contrasting with the continuous changes 
observed with bulk assays such as Northern and Western blots  [19,20] . This 
quantal nature is more prominent with higher level biological responses, 
including cell division, differentiation, and apoptosis. It is likely that combina-
tions of binary expression of suites of genes may dictate these discrete cellular 
fates. 

 With respect to gene expression, smooth dose – response curves at the popu-
lation level can be achieved in two different ways (Figure  7.4 ). In a graded 
fashion, gene expression in individual cells is continuous and increases with 
higher inducer doses. For this response mode the behavior of individual cells 
is comparable to that assayed at the population level. In a binary fashion, gene 
expression in individual cells is all - or - none: only the percentage of cells fully 
expressing the gene increases in response to higher doses. For this binary 
mode the behavior of individual cells could be completely different from that 
assayed at the population level. Since a large part of mechanistic modeling is 
to simulate the biochemical networks in single cells, models need to be con-
structed to reproduce single cell behavior rather than the population average. 
If a computational model representing the behavior of a cell reproduces the 
experimental dose response obtained at the population level, while gene 
expression in individual cells actually proceeds in an all - or - none manner, then 
the model is mechanistically incorrect, and may lead to erroneous predictions. 
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It is becoming   increasingly apparent that studies of pathways and pathway 
perturbation by chemicals need to focus on responses of individual cells. To 
this end, the current technologies include microscopy, fl ow cytometry, and 
recently, optical fi ber well arrays, which allows uninterrupted simultaneous 
monitoring of gene expression in multiple individual cells  [21,22] .   

 With respect to all - or - none type of gene expression in individual cells, at 
least two mechanisms may explain the binary phenomenon: stochastic gene 
activation  [18,23,24]  and switch - like molecular circuit  [25,26] . The stochastic 
view holds that the promoter of a gene template can assume only one of two 
discrete transcriptional states, active or inactive. Transitions between the two 
states are random events, and transcription factors (TF) regulate the probabil-
ity with which the transitions occur. In this operating mode, gene expression 
in individual cells is likely to be all - or - none for conditions when the down-
stream mRNA and protein are degraded at a faster rate than promoter transi-
tions. At the cell population level, however, the dose – response curve can still 
be graded, since proportionally more cells are recruited to express the gene 
as the inducer concentration increases. 

 For the switch - like mechanism often an all - or - none type of molecular circuit 
with a threshold exists between the inducer and TF, while the gene template 
itself can transcribe at continuously varying levels. Graded inducer concentra-
tions are converted to an all - or - none type of response at the TF level, render-
ing a binary mode of gene expression in the cell. The shape of the dose – response 
curve at the population level can vary, however, depending on the degree of 
cell - to - cell variation in the threshold and/or inducer concentrations  [27,28] . 

    Figure 7.4     Binary and graded mode of gene expression in individual cells. In a binary 
response, gene expression in an individual cell is either fully induced or uninduced. 
Two cell populations exist accordingly, and the relative numbers of cells in each popu-
lation vary as inducer concentration increases. In a graded response, only one cell 
population exists, gene expression in individual cells is induced at continuously higher 
levels as inducer concentration increases. Regardless of the response mode, dose 
responses at the entire population level can be similarly graded.  
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Notably, in a homogeneous cell population, where concentrations of the 
inducer or threshold values do not differ much, the dose – response curve at 
the population level is also switch - like because most cells switch gene expres-
sion on or off at about the same threshold inducer concentrations. In contrast, 
if the inducer concentrations and/or threshold values have a broad distribution 
among cells, a more graded dose – response relationship will be observed as 
incrementally more cells are activated in response to increasing inducer con-
centrations. Cell - to - cell variation in threshold values can result from varia-
tions in the abundance of the molecular components comprising the switch 
circuit. Concentrations of proteins can also   fl uctuate considerably over time 
and vary signifi cantly between cells, due to intrinsic and extrinsic noise in gene 
expression  [29] . 

 It is important to differentiate the two mechanisms of binary gene regula-
tion, not only for the purpose of implementing the correct biology in the 
model. From a technical perspective, random binary gene activation requires 
a stochastic simulation algorithm, whereas for a switch - like circuit a determin-
istic method is often adequate.  

  7.6   NONLINEAR DOSE – RESPONSE RELATIONSHIPS 

 Although regulatory agencies, including the US EPA, have largely adopted a 
low - dose linear assumption for carcinogens and presumed thresholds with 
multiple uncertainty factors for most noncancer responses, in the real world, 
the dose – response relationship between a chemical and its adverse biological 
consequences often follows a nonlinear fashion, and in many cases it is even 
nonmonotonic  [30] . At cell and tissue levels, where chemicals and their major 
metabolites interact with endogenous molecular targets, nonlinear signaling 
is commonplace. One major form of nonlinearity is ultrasensitivity, which is 
operationally defi ned as dose responses that are more sensitive than a hyper-
bolic, Michaelis – Menten form. Within a defi ned range of an ultrasensitive 
dose – response curve, the change in the input dose causes a greater percentage 
change in the output response. Ultrasensitivity is ubiquitous in signaling path-
ways in the cell, serving a basic amplifi er function during the course of signal 
propagation. Extreme ultrasensitivity, arising from a switch - like circuit, may 
mediate binary decision making such as proliferation, differentiation, survival, 
and apoptosis  [28] . In many cases ultrasensitive circuits are part of a larger 
network capable of multi - stability and oscillation, and so on. 

 Several arrangements of signaling modules can give rise to ultrasensitivity. 
One form is multiple inputs by the same signal affecting a common response. 
In the case of MAP kinase activation an upper level kinase dual - 
phosphorylates the immediate downstream kinase in two separate collisions 
rather than one. In this distributive process the appropriate choice of the reac-
tion kinetics such as K m  values can give rise to mild ultrasensitivity in the 
absence of conditions for zero - order ultrasensitivity  [31] . Positive cooperative 
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binding is another form of multiple inputs, in which a receptor can bind with 
several ligand molecules with increasing affi nities for sequential binding. 
Homo - dimerization, as occuring with steroid hormone receptors, can also be 
categorized as a special form of multiple inputs, which effectively increases 
the Hill coeffi cient of the dose – response curve. 

 A second source of ultrasensitivity is zero - order reactions discovered by 
Goldbeter  [32] . In its classical form zero - order ultrasensitivity occurs with a 
pair of coupled enzymatic reactions that interconvert a protein between two 
different forms (e.g., phosphorylated vs. dephosphorylated), and at least one 
of the two converting enzymes operates close to saturation by its substrate. 
Zero - order ultrasensitivity may occur in different variations embedded in a 
larger molecular circuit, which may not be immediately recognized. 

 Positive feedback, a common arrangement of biochemical networks, can 
also produce ultrasensitivity and may exhibit bistability under certain condi-
tions. Kinetically, biological positive feedback loops can be either fast or slow, 
depending on the type of biochemical reactions involved. A fast loop that 
turns on activation promptly but is subject to fl uctuation due to signaling 
noise, is less robust; a slow loop that turns on activation in a more delayed 
manner, but can better resist fl uctuation, is more robust  [33] . 

 It appears that cells often exploit different forms of ultrasensitive circuits 
in various combinations to achieve the desired signaling properties that cannot 
be realized otherwise, and simultaneously these impose less biophysical and 
biochemical strain on individual ultrasensitive variants. For example, the 
MAP kinase signaling in 3T3 fi broblasts utilizes multistep phosphorylation, 
zero - order sensitivity, stacked cascade, as well as positive feedback to achieve 
both switch - like signal transduction and bistability  [11] . 

 Another important consideration in dose – response modeling is the idea of 
nonmonotonicity. Largely two mechanisms have been proposed to explain 
nonmonotonicity. In one mechanism, a chemical regulates a biological response 
through two separate pathways. The two pathways have opposite infl uences 
and differ in their sensitivity to the chemical. The adenosine analog phenyl-
isopropyladenosine (PIA) regulates the activity of adenylyl cyclase (AC) with 
a U - shaped dose – response relationship in the striatum  [34] . This is because 
PIA inhibits AC activity through the A1 adenosine receptor and activates it 
through the A2 receptor, while the former has a higher affi nity for PIA than 
the latter does. A second mechanism behind nonmonotonicity is related to 
overcompensation for cellular perturbation in an adaptive response mediated 
via negative feedback. To maintain a homeostatic intracellular environment, 
cells are often equipped with complex negative feedback networks to 
cope with perturbations caused by physical or chemical stressors. The 
feedback action is usually carried out by activation of a suite of genes that 
are responsible for counteracting the perturbation to regain homeostasis  [35] . 
Transcription - mediated adaptive response is a common defensive scheme for 
a variety of cellular stresses, including radiation - induced DNA damage, oxida-
tive stress, and heat shock  [36 – 38] . Depending on the strength of the negative 
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feedback, a low - level stress may cause the system to overreact by activating 
gene expression in excess, leading to overcorrection of the perturbed state. In 
oxidative stress response, exposure to oxidative stressors initially causes a 
decrease in reduced glutathione (GSH), a crucial intracellular antioxidant 
non - protein thiol. However, the oxidative stressor also up - regulates gene 
expression of glutamylcysteine ligase (GCL), the rate - limiting enzyme for de 
novo GSH synthesis. Increased expression of GCL accelerates GSH produc-
tion and replenishes the diminished GSH pool over time. This replenishment 
can lead to GSH concentrations greater than present in the basal condition 
(Figure  7.5  a ). Nevertheless, further increases in the strength of the stress 
consume more GSH than can be compensated for through overexpression of 
GCL, resulting in GSH depletion, and pushing the cell from an adaptive state 
to stressed state. As shown in Figure  7.5  b , a bell - shaped dose – response curve 
between the intensity of oxidative stress and GSH concentration can appear, 
once the gene induction of GCL is fully engaged.   

 The organization of the molecular components in any biological network 
can take on very complex pathway structures. Even with a small set of com-
ponents, different combinations of possible interactions and kinetics can 
generate network behaviors surpassing immediate recognition and compre-
hension. The complex behavior of cellular dynamics such as multistability, 
oscillation, and frequency selection have all been observed in various cellular 
systems  [39 – 41] . These diverse properties undoubtedly play signifi cant roles 

    Figure 7.5     Computer - simulated results for intracellular GSH content from the oxida-
tive stress – response model shown in Figure  3.3 . ( a ) The temporal changes in GSH 
content in response to varied levels of oxidative stress. ( b ) The dose response of GSH 
compared with the level of oxidative stress. AU: arbitrary unit.  
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in accounting for the adverse effects of many xenobiotics. To capture and 
understand these basic biological properties and to assist in analyzing results 
from the laboratory bench, we have to rely increasingly on mathematically 
modeling approaches.  

  7.7   MODULARIZATION IN COMPUTATIONAL MODELS 

 Mechanistic modeling of signaling pathways and gene regulatory networks for 
the purpose of human health risk evaluation inevitably implies that as we gain 
more knowledge about the molecular details of the biological processes medi-
ating the adverse effects of xenobiotics, the corresponding models developed 
will become increasingly large and complex. Additionally, with increasing use 
of PBPK, BBDR, and computational systems biology models of cellular sig-
naling pathways, model management and computational standardization will 
become important. Prior to requiring specifi c rules for model simplifi cation 
and parsimonious design, a systematic strategy should be in place at the very 
beginning of model development. This strategy should ease the processes of 
model construction, modifi cation, and expansion in the life cycle of model 
development. We foresee that rather than constructing models as a single 
inseparable entity, large - scale models need to be partitioned and modularized 
at the early stage of design, and built up using a bottom - up approach. 

 In the fi eld of computer science, programming practice has evolved from 
procedural languages to the current object - oriented (OO) languages. The key 
characteristic of OO design is the existence of class libraries that host sets of 
predefi ned objects and functions. Programmers only need to know what an 
object/function can do and the input/output (I/O) interface, and are less con-
cerned with implementation details encapsulated beneath the interface. With 
class libraries, programming practice largely involves building new classes 
using predefi ned objects and functions. 

 The hierarchical building scheme and avoidance of repeated coding in 
computer programming can be equally applied to modeling large - scale bio-
logical networks. Sets of molecular components and interactions can be orga-
nized to form pre - built functional modules with distinct signal transduction 
and control properties. These modules can then be linked through interfaces 
to constitute large biological networks displaying desired systems - level behav-
ior. These modules are likely to be recurring signaling or regulatory motifs 
that are frequently used by cells for signal transduction and gene regulation 
 [41] . For example, NF -  κ B activation by IKK, the MAP kinase cascade, and 
the NMDA receptor - mediated Ca 2+  infl ux are all within the scope of biochemi-
cal interactions or reactions that can be pre - built as signaling modules. A 
module may exist in several variants, each equipped with a set of parameter 
values that affords the variant a characteristic I/O or dose – response relation-
ship. Certain important regulatory elements in the module can be also 
interfaced as controls, which can modify the I/O behavior of the module. 



Figure  7.6  gives two examples of functional modules. In the module of the 
MAP kinase cascade there is an ultrasensitive relationship under certain 
parameter conditions between the input small G protein Ras and the output 
dual - phosphorylated ERK. The module also has two control points at the 
interface including phosphatase PP2A and MKP. Manipulating the amount of 
the phosphatase can transform the module from an ultrasensitive switch to a 
graded relay station  [11,42] . Another module example is a generic gene induc-
tion module. The steady state relationship between the input inducer and 
output protein is determined by the specifi c mechanism of gene induction 
implemented within the module. This I/O relationship can be modulated by 
the control elements including co - activator and co - repressor.   

 Although it is unnecessary for module users to delve into the implementa-
tion details inside a module, the encapsulated molecular components and 
specifi c interactions should be available to users, along with time - course 
responses and I/O relationships under characteristic sets of parameter condi-
tions. Construction of functional modules is generally facilitated by a number 
of graphic interface - based, user - friendly modeling tools that have emerged in 
recent years such as the Systems Biology Workbench  [15] . In addition these 
tools ease the work of assembling these modules into larger network models, 
as the required adjustments for mass action of the interfacing molecular 
species from different modules are taken care of automatically. 

 When constructing a biological model, we are faced with two opposite chal-
lenges. On one hand, we are challenged with the scarcity of specifi c biological 
knowledge; on the other hand, there is a plethora of detailed knowledge avail-
able for a variety of signaling pathways, that is not organized quantitatively. 
To a large degree, the amount of biological detail needed in a module or 

    Figure 7.6     Illustrations of prebuilt functional modules for ERK activation ( a ) and 
generic gene induction ( b ).  

MODULARIZATION IN COMPUTATIONAL MODELS 169



170 COMPUTATIONAL SYSTEMS BIOLOGY MODELING 

model depends on the specifi c research questions being addressed. For 
example, if the process from G - protein coupled receptor (GPCR) activation 
to cAMP production is the main focus of the study, the intermediate steps in 
between should be explicitly modeled in order to reveal the subtlety of the 
signaling process. On the other hand, if cAMP is only an upstream element 
in a much larger network, implementation of GPCR - induced cAMP elevation 
may be subject to rule of simplifi cation, as long as the I/O relationship and 
timing is in line with the actual biology. 

 In dealing with lack of or insuffi cient knowledge of a pathway, a black box 
modular approach may be followed. Usually experimental data can provide 
enough quantitative descriptions of the I/O relationship, even though what 
mediates this relationship may be unclear. As long as the module can re - 
establish this relationship, despite use of mechanisms still debatable or purely 
hypothetical, it should serve well as a functional unit in the context of a larger 
network model. As more structural details are known, they can be gradually 
incorporated into the module, without affecting the behavior of the network 
model, since the I/O relationship remains largely the same. For instance, in 
the oxidative stress response, how exactly the Kelch - like ECH - associated 
protein - 1 (Keap1) senses reactive oxygen species and transduces this signal to 
NF - E2 - related factor 2 (Nrf2) is not completely clear, and several mechanisms 
have been proposed  [43] . This situation should not hinder us from modeling 
the adaptive response as a whole in which Keap1 - Nrf2 is the sensor module 
(Figure  7.3 ). Experimental data are available for the relationship between the 
stressor level and Nrf2 activation, and construction of a module that will 
reproduce this relationship using either of the proposed mechanisms or in 
combination, will suffi ce for the current modeling purpose. As the mechanism 
of the Keap1 sensor becomes better established, it will replace the existing 
implementation of the module. 

 A convenient benefi t from mechanistically modeling the biological net-
works responsible for dose response to chemical exposure and drug adminis-
tration is the ease with which models for different chemicals can potentially 
be integrated into single models for mixed exposure studies. Models devel-
oped separately for each chemical can be joined at locations where the two 
models share the same signaling and regulatory components. Behaviors such 
as synergism and antagonism may emerge from the joined models, and could 
help explain the mixed exposure and drug – drug interaction data.  

  7.8   CONCLUSION 

 We are in an era in which knowledge about the underlying details of the 
molecular machinery controlling cellular functions has increased exponen-
tially owing to a vast array of experimental technology breakthroughs. 
However, understanding how these molecular components work together to 
give rise to systems - level behaviors, and how perturbation of cellular pathways 



by xenobiotics alter their behaviors, is presently beyond the means of tradi-
tional biological research. Overcoming this challenge requires increased inter-
actions between mathematicians, interdisciplinary biological modelers, and 
experimentalists. Complementing laboratory experiments with mechanisti-
cally based modeling is becoming increasingly relevant to toxicology and 
risk/safety assessment, since most chemicals disrupt biological functions 
through interacting with the existing biochemical networks within the cell. 
Systems - level computational modeling is providing an opportunity to under-
stand dose – response relationships in a way that was previously impossible.  
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  8.1   INTRODUCTION 

 Drug safety issues are still the main cause of attrition during drug discovery 
and development. Traditionally drug safety is assessed fi rstly in terms of 
animal and in vitro toxicology testing  [1 – 3] . A critical concern regarding the 
use of these models for toxicological studies is whether the response to expo-
sure of animals or cells isolated from animal tissues to new chemical entities 
truly refl ects the response in the human population. Preclinical species and 
humans have in fact inherent physiological and pharmacological differences. 
Cellular models based on human tissues, such as immortalized and primary 
cells represent the desired systems for predicting or anticipating target - organ 
toxicity of new drugs in humans during the early stages of drug development 
 [4 – 6] . However, these cell - based models have limitations. For example, 
most of the human cell lines available today are tumor - derived and have 
been genetically transformed in order to maintain their  “ abnormal ”  
proliferative capacity in culture; their representative cell functions that 
refl ect the tissue of origin have, in many cases, been lost in culture and 
therefore conclusions based on gene function could be limiting and its 
clinical relevancy questionable. On the other hand, while primary human 
cell cultures represent the relevant model system for drug metabolism 
and toxicological studies, their limited supply, variable quality, and inter - 
individual differences hinder routine use. Therefore new strategies and better 
predictive assays to assess drug safety earlier during pharmaceutical develop-
ment continue to be in high demand. Recent and continuous technological 
advances in the development of stem cell systems suggest results that   may be 
benefi cial in this respect. 

 Stem cell technology provides unprecedented opportunities not only for 
investigating new ways to prevent and treat a vast array of diseases but also 
for changing the way we identify new molecular targets, discover and develop 
new drugs, and test drugs for safety  [7 – 10]   . Stem cells can be classifi ed into 
two major categories, according to their developmental status: embryonic and 
adult stem cells. Embryonic stem cells are obtained from the inner cell mass 
of 5 -  to 6 - day - old blastocyst, and are considered to have characteristics of 
pluripotent stem cells. Pluripotent cells are capable of giving rise to most 
tissues of the organism, including the germ line during development. Adult 
stem cells, also known as mesenchymal stem cells, are present in somatic 
tissues and have characteristics of multipotent adult progenitor cells (MAPCs). 
Multipotent cells are capable of giving rise to several different cell types but 
not all cell types in the organism (see Figure  8.1 ).   

 Stem cells either from an embryonic or adult source have unique properties 
that make them very valuable and advantageous in the area of investigational 
toxicology  [6 – 13] : (1) Stem cells are capable of dividing and self - renewing for 
long periods of time in culture. In contrast to primary hepatocytes derived 
from human donors, stem cells can generate an unlimited reliable supply 
of quality human cells without losing their functions and characteristics 



of the tissue of origin in culture. In addition there is no longer the need for 
either continuous isolation of cells from human tissue donors or the use of 
transformed cell lines that can have signifi cant disadvantages for screening. 
(2) Stem cells are unspecialized cells and can give rise to more specialized 
tissue - specifi c cell types. For example, stem cells obtained from heart tissues 
have the potential to differentiate into pacemaker, atrium, and ventricular - like 

    Figure 8.1     Origin and establishment of human stem cells for drug development and 
toxicity evaluation. When a sperm fertilizes an egg, a single cell is created; in few hours 
this fertilized egg divides into identical cells, capable of forming an entire organism 
(totipotent cells). Approximately four days after fertilization, these totipotent cells 
begin to form a hollow sphere of cells called blastocyst. This blastocyst has an outer 
layer containing a cluster of cells called inner cell mass. This inner cell mass can be 
isolated and cultured, and it has the potential to form colonies of cells with embryonic 
and pluripotent characteristics. Pluripotent stem cells can also be obtained from fetal 
tissues commonly known as primordial germ cells. Pluripotent stem cells may undergo 
further specialization to give rise to more specialized cells known as multipotent stem 
cells such as hepatocytes and cardiomyocytes. Multipotent stem cells can also be iso-
lated from adult tissues and be reprogrammed in vitro to cells that have cell surface 
markers and genes characteristic of pluripotent stem cells (induced pluripotent stem 
[iPS] cells). Although the predictive value of the technology is still in the developmen-
tal and validation stage, the stem cell approach hold great promise for developing 
unique in vitro model systems to test drugs and chemicals and potentially anticipate 
and predict toxicity in humans. (See color insert.)  
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cells. Under appropriate culture conditions these specialized cells will resem-
ble primary cells and therefore are able to mimic complex biological and bio-
chemical functions characteristic of a mature and fully functional differentiated 
cell type; moreover they are capable of synthesizing clinically relevant tissue 
biomarkers. (3) Stem cells have plasticity properties; that is, stem cells from 
one tissue or organ can be induced to differentiate into cells of other organs, 
either in vitro or after transplantation in vivo. For example, stem cells from 
bone marrow, blood, or placenta can differentiate into hepatic - like cells; this 
striking property of the stem cells provides new opportunities for overcoming 
the limitation of procuring human tissues such as liver for evaluating toxic 
potentials of novel therapeutics. (4) Stem cells with a specifi c ethnic genome 
could be used to develop specifi c ethnic cell lines, reducing some of the con-
cerns about genetic diversity of the human population, rather than relying 
solely on inbred strains of animals for preclinical screening. (5) The use of 
stem cells may allow the development of very sensitive functional cell - based 
toxicity assays for high - throughput screening (HTS) applications, therefore 
reducing the required amounts of test compounds, increasing the effi ciency, 
and reducing time and cost of developing safe and effective drugs. (6) Stem 
cells can be scaled up and banked for a readily available and constant source 
of cells of both nondifferentiated and differentiated cell types. (7) The use of 
stem cells will facilitate the standardization of manufacturing protocols and 
methods for consistent differentiation of stem cells into a more stable homo-
geneous population of specialized cell types suitable for toxicological testing. 
(8) Stem cell technology has the potential to reduce the use of animals for 
toxicological testing, therefore gaining both scientifi c and, most important, 
public acceptance. 

 For many years stem cells had been just a concept in mammalian biology 
until murine embryonic stem cell culture was established in 1981  [14] . Major 
improvements on the isolation and purifi cation of mouse embryonic stem (ES) 
cells, genetic engineering techniques, and the application of molecular markers 
make these cell systems an alternative source of a wide number of tissue - 
specifi c cell types and therefore an ideal in vitro tool for drug discovery and 
toxicity  [9,14 – 19] . For example, murine embryonic stem cells have been a 
valuable tool for drug and chemical embryotoxicity screening  [20 – 23] . 
Although the mouse stem cells have been a valuable screening tool in drug 
discovery and development, the challenge now is to improve our ability to 
manipulate human stem cells in vitro for biomedical applications. In 1998 a 
breakthrough was reported in this area when Thompson and coworkers  [24]  
demonstrated that human embryonic stem cells (hESC) could be isolated and 
continuously maintained in culture for long periods of time. This group, and 
subsequently other scientists in the fi eld, demonstrated that hESC were able 
to retain the same unique properties as mouse ES cells; for example, the ability 
to differentiate into several somatic or somatic - like functional cells such as 
cardiomyocytes, hepatocytes, and neuronal,  [24 – 27] . This important and sig-
nifi cant fi nding has been the subject of increasing scientifi c interest because 



of the unprecedented opportunities and impact that this technology may 
provide to biomedical research and toxicology. 

 Ideally human stem cells and derived materials must balance several crite-
ria in order to be useful for toxicity studies: (1) The procurement of the human 
tissue as well as the initial isolation of the stem cells should be without com-
plication by technical and ethical issues. (2) The material should be routinely 
available and come from pathology - free donors. (3) The proliferative capacity 
of a stem cell or committed progenitor should be high. (4) Spontaneous dif-
ferentiation should be minimal, and controlled differentiation should be robust 
and reproducible. (5) Induced, terminal differentiation should lead to a homo-
geneous population of fully functional mature cells of the desired phenotype. 
(6) The mature phenotype should be stable and yield reproducible responses 
over a given period of time and comparable to those of in vivo. (7) Cells should 
be easily cryopreserved and restored to culture. (8) Culture of the cells should 
be amenable to automation. 

 The use of human stem cells for toxicity testing and mechanistic approaches 
is still in the developmental and validation stages. Currently the most success-
ful development of human stem cells as an in vitro model for toxicity testing 
is probably in human cardiac tissue. In contrast, developing stem cell models 
of fully functional hepatocytes have been more diffi cult, but they have remained   
a main focus of many researchers and companies working in this area today. 
In this chapter we briefl y overview some of the potential applications, advan-
tages, and disadvantages that the stem cell technology may offer to the fi eld 
of toxicology today. The focus will be on the use of mammalian stem cell 
models for embryotoxicity, cardiotoxicity, and hepatotoxicity.  

  8.2   STEM CELL TECHNOLOGY FOR 
EMBRYOTOXICITY EVALUATION 

 One of the many challenges facing the pharmaceutical industry is the high rate 
of drug candidate failure prior to reaching market. As the industry starts to 
explore more novel drug targets, these rates are only likely to rise. One 
common underlying cause of preclinical candidate attrition is toxicity, of which 
developmental toxicity is a subset and accounts for about 7%. Because devel-
opmental toxicity - related attrition normally occurs later in the drug develop-
ment timeline, its effects are more catastrophic. To provide developmental 
toxicity risk assessments earlier in the drug development process will require 
predictive in vitro assays. One such proposed assay is the Embryonic Stem 
Cell Test (EST).   

  8.2.1   Embryotoxic Potential of Teratogenic Compounds 

 Embryonic stem cells (ESC) isolated from the inner cell mass of a blastocyst 
have a number of important characteristics  [18] . They have the capacity of 
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self - renewal, can be induced to differentiate into cell types of all three germ 
lineages, and, following their injection into blastocyst, can colonize the germ 
line. This ability to differentiate can be facilitated in vitro by allowing ESC to 
form aggregates, called  “ embryoid bodies ”  (EBs). These EBs have been 
shown to recapitulate gene expression patterns of embryos during early devel-
opment  [28,29] . Marker genes for cell lineages representing ectoderm, endo-
derm, and mesoderm are all present. Additionally many studies have focused 
on ESC differentiation as a model for studying developmental biology, while 
others are investigating ways to take advantage of these remarkable cells as 
potential tools for drug or chemical embryotoxicity screening. 

 It was Laschinski et al.  [30]  who fi rst published data that demonstrated a 
differential response of embryotoxic compounds on undifferentiated murine 
ESC versus differentiated mouse fi broblasts. Following a workshop on screen-
ing chemicals for reproductive toxicity, the Center for Documentation and 
Evaluation of Alternative Methods to Animal Experiments (ZEBET) within 
the European Center for the Validation of Alternative Methods (ECVAM) 
began the development of the Embryonic Stem Cell Test (EST). Their objec-
tive was the validation of three in vitro assays, one of which was the murine 
embryonic stem cell test (EST). The aim of the EST assay is to discriminate 
among non, weak and strong embryotoxic compounds  [20 – 23] . The EST assay 
utilizes two permanent mouse cell lines, 3T3 fi broblasts and D3 murine ES 
cells, to predict the embryotoxic potential of a given compound. The strategy 
is to fi nd the drug concentrations that cause a 50% inhibition of differentiation 
into contracting cardiomyocytes and growth of ESC (ID 50  and IC 50 , respec-
tively). A similar value for inhibition of growth (IC 50 ) is determined for 3T3 
cells. These three concentrations are inserted into three linear discriminant 
functions that defi ne the embryotoxicity class: non, weak, and strong. The 
equation that yields the largest number defi nes the embryotoxicity. For 
example, if the fi rst equation (non) is largest it is predicted as a non. 

 A blinded validation study of the EST assay was conducted at four inde-
pendent laboratories using 20 coded compounds, and a detailed report was 
issued  [20] . Comparing the predicted in vitro classifi cations to the  “ true ”  in 
vivo classifi cations assigned by Brown  [31]  showed an overall accuracy of 78%. 
With the predictivity of strongly embryotoxic compounds at 100%, it was the 
weak compounds (69%) that proved to be the most diffi cult to classify cor-
rectly. Recent attempts to replicate some of the results obtained from ECVAM 
using a subset of their validation compounds resulted in very similar overall 
accuracy, of 73%  [32] . Additionally a number of pharmaceutical compounds 
were tested in this in vitro system; these compounds fell into three general 
classes: FDA pregnancy category B (nonembryotoxic and nondevelopmen-
tally toxic), category C compounds (embryotoxic), and category C compounds 
(developmentally toxic)  [32] . Based on the review of available data, each 
compound was assigned a  “ true class ”  of non, moderate, or strong. However, 
none of these pharmaceutical compounds were classifi ed as strong. Results 
from the linear discriminant model are shown in Table  8.1 . The EST assay 



 TA
B

L
E

 8
.1

   
  T

he
 3

    ¥
    3

 C
on

ti
ng

en
cy

 T
ab

le
 f

or
 P

ha
rm

ac
eu

ti
ca

l C
om

po
un

ds
: P

re
ci

si
on

, P
re

di
ct

ab
ili

ty
, a

nd
 O

ve
ra

ll 
A

cc
ur

ac
y 

of
 t

he
  E

ST
  

fo
r 

L
ow

 - , 
M

od
er

at
e -

 , a
nd

 H
ig

h -
 ri

sk
 D

ev
el

op
m

en
ta

lly
 T

ox
ic

 C
om

po
un

ds
 

  E
ST

  
  E

ST
 P

re
di

ct
ed

 L
ow

  
  E

ST
 P

re
di

ct
ed

 M
od

er
at

e  
  E

ST
 P

re
di

ct
ed

 H
ig

h  
  P

re
ci

si
on

  

  Tr
ue

 c
la

ss
 n

on
  

  A
ce

bu
to

lo
l h

yd
ro

ch
lo

ri
de

 
 C

am
ph

or
su

lf
on

ic
 a

ci
d 

 C
hl

or
th

al
id

on
e 

 C
ef

ot
ax

im
e 

 C
yc

lo
be

nz
ap

ri
ne

 h
yd

ro
ch

lo
ri

de
 

 G
ly

bu
ri

de
 

 D
is

op
yr

am
id

e 
ph

os
ph

at
e 

sa
lt

 
 Su

lf
as

al
az

in
e 

 H
yd

ro
ch

lo
ro

th
ia

zi
de

 
 L

or
at

ad
in

e 
 N

or
ep

in
ep

hr
in

e 
(1

1)
  

  M
et

oc
lo

pr
am

id
e 

m
on

oh
yd

ro
ch

lo
ri

de
 (

1)
  

  0  
  92

%
  

  Tr
ue

 c
la

ss
 m

od
er

at
e  

  D
im

et
ha

di
on

e 
 W

ar
fa

ri
n 

(2
)  

  1 -
 3 -

 C
hl

or
op

he
ny

l p
ip

er
az

in
e 

 P
ro

pa
fe

no
ne

 h
yd

ro
ch

lo
ri

de
 

 Tr
az

ad
on

e 
hy

dr
oc

hl
or

id
e 

 R
op

in
ir

ol
e 

 C
ar

ba
m

az
ep

in
e 

 M
ir

ta
za

pi
ne

 p
ro

pr
an

ol
ol

 
H

yd
ro

ch
lo

ri
de

 
 M

et
op

ro
lo

l t
ar

tr
at

e 
sa

lt
 

 N
it

ro
fe

n 
(9

)  

  F
lu

ox
et

in
e 

D
ul

ox
et

in
e 

(2
)  

  69
%

  

  Tr
ue

 c
la

ss
 s

tr
on

g 
(m

ul
ti

pl
e 

sp
ec

ie
s 

te
ra

to
ge

n)
  

  0  
  0  

  0  
  N

/A
  

  P
re

di
ct

ab
ili

ty
  

  85
%

  
  90

%
  

  0%
  

  A
cc

ur
ac

y 
80

%
  

181



182 STEM CELL TECHNOLOGY

had an overall accuracy 80%. The predictability of low and moderate was 85% 
and 90%, while the precision was 92% and 69%, respectively. This was a slight 
improvement over the subset of validation compounds from ECVAM (accu-
racy 73%, predictability low and moderate 50% and 63%, precision 50% and 
79%). These data further validate the utility of the EST assay for estimating 
the developmental risk of chemicals used as pharmaceutical drugs. The EST 
assay has proved to be reproducible, both within and among laboratories. Its 
predictivity for strongly embryotoxic compounds was excellent and should 
lead to a low rate of erroneous calls for  “ true ”  strong.   

 The need for low - bulk (mg) amounts of compound will enable use of 
the EST assay early in the drug development process and will help reduce the 
total number of laboratory animals needed in research. The weakness of the 
assay, however, is that it is labor intensive, with a relatively low throughput 
of 3 to 6 compounds a month. Additionally it fails to discriminate non from 
weak embryotoxins as well as would be desired; this might be aided by mea-
suring more sensitive markers of cardiac function and/or cells of noncardiac 
lineages. 

 Indeed the evolution of the EST began even before the fi nal report was 
issued by ECVAM. Attempts are being made to build in vitro models based 
on appropriate tissue and developmental stage - specifi c molecular endpoint 
markers. Bremer et al.  [33]  constructed a genetically modifi ed ESC that con-
tained a green fl uorescent protein (GFP) reporter under the control of the 
cardiac - specifi c gene  α  - actin promoter and used quantitative fl uorescence -
 activated cell sorting to build a model to predict the effects of chemicals on 
ESC differentiation into cardiomyocytes. In Bigot et al.  [34]  and zur Nieden 
et al.  [35] , a real - time reverse transcription polymerase chain reaction (RT -
 PCR) method was utilized to examine the cardiomyocyte - specifi c marker 
 α  -  and  β  - myosin heavy chain gene expression following exposure to test 
compounds. Both papers demonstrated that a molecular marker method held 
promise for faster, more quantitative and higher throughput assays. Zur 
Nieden followed up with a new study evaluating multiple molecular endpoints 
designed to assess potential effects of teratogenic compounds on osteogenic, 
chondrogenic, neural, and cardiomyocyte differentiation  [36] . These pilot 
studies concluded that additional molecular endpoints may improve the overall 
predictive value of the EST assay. A further study monitored selected 
genes, including cardiac markers (NK × 2.5 and  α  - MHC), a  “ Stemness ”  marker 
(OCT - 4) and an early mesoderm marker (Brachyury) over a time course 
of EB differentiation after exposure to retinoic acid and lithium chloride 
 [37] . The resulting data suggested that changes in the pattern of gene 
expression could be helpful in determining the potential embryotoxicity of a 
compound. 

 Recently Festag and coworkers established a protocol for differentiating 
ES cells into endothelial cells using a multifaceted process that involved cul-
turing EBs in the presence of VEGF alone or a with a cocktail consisting of 
VEGF, bFGF, IL - 6, and Epo  [38] . Both treatments resulted in an increase in 



the expression of endothelial cell - specifi c genes (PECAM - 1, VE - Cadherin, 
Flk - 1, Tie - 2, and sFit) as compared to untreated EBs. This group subsequently 
tested the disturbance of endothelial differentiation in their EB model by 
measuring the reduction in expression of PECAM - 1 and VE - Cadherin as a 
basis for predicting the embryotoxic potential of known teratogenic com-
pounds  [39] . In this study disruption of endothelial differentiation proved to 
be suffi cient to correctly classify all six compounds tested. 

 Our laboratory ’ s approach  [32]  was to measure the expression of a panel 
of genes (Table  8.2 ) that are characteristic of undifferentiated cells and dif-
ferentiated cells from all three germ layers in EBs at the end of the EST assay 
(day 10). Then, by following changes of multiple molecular endpoints, we 
created a predictive statistical model for developmental toxicity that allowed 
us to both classify and rank the relative risk of a compound. Changes in gene 
expression following treatments were measured by RT - PCR, and the resulting 
data were incorporated into a multivariate  “ normal reference distribution ”  
from known nonteratogenic compounds. Using the normal reference distribu-
tion, we computed the dimension - scaled Mahalanobis distance (MHD) across 
a range of concentrations and cytotoxicity  [32] . By computing the rate of 
increase with concentration, we obtain a slope. Our hypothesis is that we 
would expect the slope for teratogenic compounds to increase rapidly with 
increasing concentrations. Ideally the rate will correspond to the relative tera-
togenic potential. The results from this modeling approach are provided in 
Table  8.3 . Although this model gave results similar to the EST model, two 
compounds cycobenzaprine and loratadine moved classes from predicted low 
to moderate, and one compound move from predicted moderate to low. 
Clearly, the MHD model still had diffi culty separating weak embryotoxic 
from nonembryotoxic compounds and was not an improvement over other 
methods.    

  8.2.2   Future Directions 

 The development of an in vitro model to accurately predict the response of 
mammalian embryos in vivo to chemical exposure has been the dream of many 
for more than 20 years. However, because of the complexity of mammalian 
development, it has proved to be an elusive goal. Diffi culties persist even when 
these efforts have been confi ned to cover only a limited period of develop-
ment, namely organogenesis. No single assay will be suffi cient to cover all 
manifestations of development, and a testing battery will be necessary. As our 
understanding of the developmental process for both the embryo and ESC is 
enhanced by the availability of masses of genomic, proteomic, and metabolo-
mic data, we anticipate that we will step closer to improving in vitro develop-
mental toxicity testing. 

 Although all current testing assays use murine embryonic stem cells, the 
establishment of human embryonic stem cells (hESC) by Thomson in 1998 
 [24]  and the subsequent formation of stem cell banks throughout the world 
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has provided both basic and applied researchers a powerful tool to study both 
normal and abnormal development. As with mouse there is mounting 
evidence that hESC differentiation can recapitulate early embryonic 
development  [38] . 

 The value in utilizing hESC in vitro to help identify possible developmental 
toxicants lies in several areas: (1) it provides a second species against which 
to judge possible toxicity; (2) there are many teratogens for which animals 
overestimate the developmental hazard, and using hESC will allow a direct 
comparison of mouse and human in vitro models; (3) it allows one to take 
advantage of the enormous amount of human genomic data available; and 
(4) hESC may provide a more relevant risk assessment of developmental 
toxicity and give us an earlier more accurate identifi cation of safer drugs and 
chemicals. 

 A new player in the world of development and stem cells is microRNAs 
(miRNA). MicroRNAs are endogenous single - stranded RNA molecules of 
approximately 22 nucleotides, thought to negatively and positively regulate 
the expression of other genes. MicroRNA has been shown to play an essential 
role in multiple biological processes, particularly embryonic development. 
Their expression profi le in stem cells is different from that in other tissues 
 [40] . The current understanding is that one miRNA could regulate a number 
of target genes, thereby affecting a number of biological processes simultane-
ous. One could imagine that a small set of miRNA ’ s might be used as bio-
markers for developmental toxicity, just as protein - coding messenger RNAs 
are used today.   

  8.3   STEM CELL TECHNOLOGY FOR 
CARDIOTOXICITY EVALUATION 

 Cardiotoxicity is estimated to account for roughly 20% of postmarketing 
adverse reactions resulting in changes to the physician ’ s guidance for use, 
black box warnings, or withdrawal of the new chemical entities from the 
market  [1 – 3,41] . Noncardiac drugs shown to induce cardiotoxicity encompass 
a wide variety of drugs such as immunomodulating drugs, antidiabetic drugs, 
antimigraine drugs, appetite suppressants, antipsychotic drugs, antidepressant 
drugs, glucocorticoids, antifungal drugs, and anticancer agents  [42] . Few, if 
any, of the cardiotoxic effects of these drugs were predicted by preclinical or 
early clinical trials. Today the mechanism of toxicity associated with these 
drugs still is poorly understood in humans. Given the potential risks to large 
numbers of patients from such a broad category of drugs, new, more predictive 
models for cardiotoxicity are essential. 

 Models of cardiotoxicity currently in use depend heavily on engineered, 
artifi cial systems or nonhuman species. For example, to comply with the Inter-
national Conference on Harmonization (ICH) guidelines for preclinical evalu-



ation of compounds that may cause drug - induced changes in action potential 
duration (APD) such as QT prolongation syndrome and the potentially life -
 threatening arrhythmias termed  torsades de pointes  (TdP), the pharmaceutical 
industry has adopted a cascade of assays  [43] . Initial, high - throughput in vitro 
assays rely on the use of a transformed, noncardiac cell system overexpressing 
human ether - a - go - go (hERG or KCNE2), the ion channel most closely associ-
ated with drug - induced QT prolongation, at nonphysiological levels and in the 
absence of other ion channels known to contribute to APD in the heart  [44 –
 46] . The standard ex vivo assay uses directly isolated Purkinje fi bres or papil-
lary muscle from guinea pig, rabbit, or dog to functionally assess changes in 
APD. While this assay uses species with ion channel profi les similar to humans 
and evaluates the hERG channel in its native environment, it is labor intensive 
and has very low throughput. Additionally one cannot be certain that the lack 
of APD changes in these species is predictive of human arrhythmia potential 
since small changes in physiology and biology often produce signifi cant differ-
ences in APD. In vivo APD assessment relies on assays using conscious or 
anaesthetized guinea pigs, dogs, or monkeys, which are expensive and labor 
intensive models. The collection of assays used for evaluating QT prolonga-
tion is emblematic of the diffi culties associated with cardiotoxicity testing in 
general. None of the assays in the cascade are performed with normal human 
material, nor do the assays reproduce human physiology or the clinical setting 
in which cardiotoxicity occurs. 

 Primary isolated cardiomyocytes from a variety of species, including 
humans, are also used for in vitro cardiotoxicity studies  [47 – 49] . The primary 
advantage of these cells is that they can be obtained in pure populations of 
specifi c cardiomyocyte subtypes (e.g., atrial or ventricular). However, these 
cells retain their normal morphology and function for only a short period 
(generally  < 72 hours) before they lose their characteristic rod - shaped, striated 
morphology and show changes in contraction and relaxation. Isolation of 
the cells can be time - consuming, and their terminally differentiated nature 
means they have a limited capacity to divide. Furthermore it is often hard 
to obtain human tissue in suffi cient amounts for large - scale studies, and the 
clinical background of the samples may contribute signifi cant variability 
to experiments. 

 The goal of preclinical cardiac safety pharmacology studies is to predict the 
risk of toxicity of potential new drug candidates prior to entering the clinic. 
Given the potential for large numbers of compounds that must be screened, 
there is a need for inexpensive, validated in vitro assays that overcome the 
species differences and more closely mimic the complex cellular situation in 
the human heart. Similarly in vivo screens that place human cardiomyocytes 
in their normal organ and physiological context are essential to understanding 
the impact of different body systems on the functioning cardiomyocyte. Car-
diomyocytes derived from stem cells offer a promising opportunity to address 
gaps in the systems currently used for cardiotoxicology testing. 
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  8.3.1   Stem Cell Sources of Cardiomyocytes 

 A variety of functional cardiomyocytes have been generated from human 
adult, gestational, and embryonic stem cell sources. Adult human heart tissue 
offers the most obvious stem cell source for generating cardiomyocytes. Bel-
trami and colleagues demonstrated in 2001 the existence of a slowly dividing 
population of cells, termed cardiac stem cells (CSC), in the normal, hypertro-
phied, and postinfarcted human heart  [50 – 52] . These cells most likely repre-
sent a population of cells responsible for normal homeostasis in the heart that 
are mobilized upon tissue damage. Later work isolated a rare, c - kit+, Sca - 1+, 
MDR1+, Lin - , telomerase positive population of small cells from adult heart 
in a variety of species including human  [50,53 – 56] . These cells maintained a 
stable phenotype over months of passage (self - renewing), generated the three 
main cell types found in the heart (cardiomyocytes, smooth muscle cells, and 
endothelial cells), and recapitulated both the self - renewal and multipotency 
from single cells at low frequency (clonogenic). Human CSC induced to dif-
ferentiate in vitro with dexamethasone expressed cardiac associated transcrip-
tion factors (GATA - 4, Nk × 2.5, MEF2c) and structural proteins ( α  - sarcomeric 
actin, myosin heavy chain [MHC]). Unlike in vitro differentiated rat CSC in 
which sarcomeres were not observed and myocytes failed to contract sponta-
neously or in response to a variety of chemicals or electrical stimulation, 
human CSC developed sarcomeric striations and, after stimulation at 1   Hz, 
showed contractile activity  [53] . Co - culture of human CSC with rat neonatal 
myocytes further increased the percentage of cells responding to electrical 
stimulation and exhibiting calcium transients  [53] . When injected into infarcted 
immunodefi cient mouse or immunosuppressed rat hearts, human CSC inte-
grated into the rodent hearts, developed structural proteins (MHC, trononin 
I) consistent with mature myocytes, and formed connexin 43 positive gap 
junctions with rodent myocytes  [53] . Ex vivo analysis of chimeric rodent –
 human hearts identifi ed synchronic calcium transients indicating functional 
integration of the human cells  [53] . 

 Messina and colleagues reported the shedding of endogenous CSC from 
enzymatically   digested explants of human atrial ventricular biopsy specimens 
 [57] . These c - kit+, Sca - 1+, CD34+,   Flk - 1+ cells formed nonadherent or loosely 
adherent clusters of cells termed cardiospheres. Based on expression of a 
variety of markers associated with stem cells, endothelial cells, smooth muscle 
cells, and committed cardiomyocytes, cardiospheres appear to consist of a 
mixture of CSC, differentiating progenitors, and spontaneously differentiated 
cardiomyocytes. Disassociated cardiospheres were capable of forming new 
cardiospheres (self - renewing) and were clonogenic. When human cardio-
spheres were co - cultured with rat cardiomyocytes, they formed connexin 
43 - positive gap junctions with the rat cardiomyocytes and spontaneously 
contracted. Undifferentiated human cardiospheres engrafted into immunode-
fi cient mouse hearts after ischemic damage, developed MHC and connexin 43 
expression, and appeared to contribute to the regenerating myocardium. 



 Isl1, a LIM homeodomain transcription factor, has also been used to iden-
tify a resident cardiac progenitor population in early postnatal rat, mouse, and 
human  [58] . These cells likely represent the remnants of multipotent embry-
onic cells that contribute to the formation of the right ventricle, both atria, 
the outfl ow tract, and parts of the left ventricle of the developing heart  [59] . 
Isl1+ cells do not express markers normally associated with stem cells such as 
c - kit or Sca - 1. However, Isl1+ cells can be clonally expanded in co - culture with 
a cardiac mesenchymal feeder layer while maintaining their ability to subse-
quently differentiate into smooth muscle, endothelial cells, and cardiomyo-
cytes. Subsequent co - culture of isl1+ cells with neonatal cardiomyocytes leads 
to expression of transcription factors and structural proteins consistent with 
fully mature cardiomyocyte. Additionally a small fraction of the differentiated 
cells respond to  β  - adrenergic agonists  [58] . 

 Despite the obvious relevancy the use of endogenous cardiac stem/progeni-
tor cells directly isolated from adult human heart is hindered by several limita-
tions. Healthy adult heart tissue is not readily available. Biopsy samples are 
generally small and associated with clinical pathologies that may compromise 
yield or quality of the isolated stem cells or the experimental results derived 
from these cells. Stem cells isolated from cadaver specimens have not been 
fully explored and may be suboptimal. The need for co - culture with rodent 
neonatal cardiomyocytes either in vitro or in vivo to induce full differentiation 
further complicates the use of these cells. It is also unclear what is the long -
 term proliferative capacity of these cells. 

 Bone marrow - derived stromal stem cells or mesenchymal stem cells (MSC), 
extracted from the iliac crest of healthy volunteers, are a more readily avail-
able source of human adult stem cells and are less likely to have a clinical 
pathology  [60] . Human MSC express CD44, CD105, CD73, Stro - 1, and CD106 
(VCAM - 1) and are negative for hematopoietic and endothelial cell lineages. 
Although MSC represent only a small percentage of cells in the bone marrow, 
they are highly proliferative at low density in early passages, thus allowing for 
a signifi cant expansion of the cell population prior to in vitro induction of 
differentiation. The cells have a propensity for forming adipocytes, chondro-
blasts, and osteoblasts. However, cardiomyocyte formation has been induced 
in vitro with 5 - azacytidine, dexamethasone/insulin/ascorbic acid, or co - culture 
with cardiomyocytes or in vivo following engraftment  [61 – 63] . Two to three 
weeks following in vitro induction of differentiation, MSC gradually increase 
in size and develop a ball or stick morphology prior to connecting with adjoin-
ing cells to form spontaneously beating myotubule - like structures. A small 
proportion of differentiated cells express cardiac - specifi c transcription factors 
and structural proteins as well as late - stage cardiac differentiation markers 
(MLC2a and MLC2v). In vitro MSC - derived cardiomyocytes display action 
potentials similar to pacemaker cells and ventricular cells and respond to  β  -
 adrenergic and muscarinic receptors  [64] . MSC -  or MSC - derived cardiomyo-
cytes injected into areas of myocardial infarct integrate into the damaged 
tissue, develop characteristics of cardiomyocytes, and appear to improve 
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functional recovery of the heart  [65,66] . This has spurred much interest in 
these cells as a therapy for myocardial infarct with less attention directed 
toward generating large in vitro populations for assay develop  [67] . 

 More recently white adipose stromal cells have been shown to exhibit 
spontaneous cardiogenic potential  [68 – 70] . At low frequency these cells spon-
taneously beat and express cardiac - specifi c transcription factors, structural 
proteins, and late - stage differentiation makers. Additionally the contracting 
cells respond to  β  - adrenergic and cholinergic stimulation with increased and 
decreased beating, respectively  [69] . The relative ease with which subcutane-
ous white adipose tissue can be obtained via liposuction makes this an attrac-
tive source of stem cells, although human adipose - derived cardiomyocytes 
have yet to be described. Brown adipose tissue from mouse has also been 
found to contain higher numbers of cells capable of differentiating into car-
diomyocytes; however, the small amount of brown adipose in humans limits 
it usefulness  [68 – 70] . 

 Additional reports have suggested that cardiomyocytes may be derived 
from other adult tissues. Human skeletal muscle has been shown to possess 
a population of cells capable of differentiating in vitro in the presence 
of a low dose (10  − 9    M) of 9 - cis - retinoic acid (RA) into cardiomyocytes 
as determined by expression of cardiac - specifi c genes and proteins  [71] . 
Spontaneously beating cells exhibited calcium transients and RA - treated 
skeletal muscle cells formed connexin 43 - expressing gap junctions when 
co - cultured with mouse cardiac cells. Similarly endothelial progenitor 
cells derived from human peripheral blood have   been reported to form 
cardiomyocytes in co - culture with rat neonatal cardiomyocytes  [72] . These 
cardiomyocyte - like cells arise at low frequency but express structural proteins 
of cardiomyocytes, form active gap junctions, and demonstrate calcium tran-
sients. The emphasis for use of these cells has again focused on applications 
for cell therapy with less effort on developing effi cient in vitro differentiation 
protocols  [67] . 

 Several human gestational or fetal sources of stem cells for cardiomyocyte 
differentiation have been investigated. Both CD133+ hematopoietic stem cells 
and mesenchymal stem cells derived from human umbilical vein have been 
shown to differentiate into cardiomyocyte - like cells as determined by expres-
sion of cardiac - specifi c transcription factors and structural proteins, although 
no functional studies were done  [73 – 75] . Similarly placental - derived stem cells 
have been shown to differentiate into cardiomyocytes following co - culture 
with fetal cardiomyocytes or ascorbic acid treatment. These cells, when dif-
ferentiated, express cardiac - specifi c genes and have action potentials similar 
to working cardiomyocytes  [76,77] . Stem cells with broad differentiation 
capacity have also been isolated from amniotic fl uid  [78] . Although the cells 
were not specifi cally differentiated into cardiomyocytes, the cells could be 
induced to form multiple mesoderm lineages including osteocytes, adipocytes, 
and myocytes. Fetal - derived stem cells are an attractive choice for generating 
differentiated cardiomyocytes. The source for these cells is plentiful and 



routinely discarded as medical waste. Additionally there are few ethical and 
legislative considerations surrounding the use of these cells. 

 hESC have been shown by multiple laboratories to generate cardiomyo-
cytes. Beating clusters of cells appear spontaneously when hESC - derived 
embryoid bodies are allowed to adhere to gelatin - coated plates or endoderm -
 like feeder cells  [27,47,79 – 81] . When isolated from the mixed population of 
cells by microdissection, the contracting areas were shown to express numer-
ous cardiac - specifi c transcription factors and structural proteins, display 
the organized sarcomeres, and develop spontaneous, rhythmic contractions. 
Patch - clamp electrophysiology on dissociated hESC - derived cardiomyocytes 
shows action potentials consistent with pacemaker, atrial, and ventricular 
cardiomyocytes, although ventricular myocytes seemed to predominant in 
some models  [80] . hESC - derived cardiomyocytes responded with increased 
beating with  β  - adrenoreceptor agonists and with decreased beating following 
treatment with an  l  - type calcium channel blocker and a muscarinic agonist. 
When injected into immunocompromised rat and mouse models of ischemic 
injury, hESC - derived cardiomyocytes engrafted into the heart tissue at the site 
of injection, expressed markers of mature cardiomyocytes and mitigated the 
progressive decreases in cardiac function normally seen at 4 weeks after infarc-
tion  [82,83] . In the mouse model the benefi cial effects of the hESC cardiomyo-
cytes was lost after 12 weeks, and electron microscopy studies demonstrated 
that while the hESC cardiomyocytes were coupled to each other by desmo-
somes, a thin layer of extracellular matrix separated them from mouse 
cardiomyocytes. 

 Technical hurdles as well as the current social and legislative environment 
have slowed the application of all hESC to large - scale cardiotoxicity testing. 
Theoretically hESC can be propagated in unlimited numbers before being 
induced to differentiate; however, culture techniques often require time - 
consuming and laborious manual dissection to both propagate the undifferen-
tiated hESC and to generate EBs. In vitro differentiation techniques are 
costly, require many steps, and are neither robust nor reliable. Stem cell 
derived cardiomyocytes rarely represent more than roughly 30% of the cells 
present in any given culture and often less than 1%. The cardiomyocyte 
subtype (pacemaker, atrial, ventricular) is usually mixed as well. The pheno-
type of the differentiated cells more closely resembles fetal or neonatal 
cardiomyocytes than the desired adult cardiomyocyte. Additionally the 
differentiated cells have not been well characterized in terms of stability of 
basal parameters, reproducibility of responses, or functional integrity in 
response to known cardiotoxic agents.  

  8.3.2   Future Directions 

 Human stem cell derived cardiomyocytes appear to present channels and 
proteins of interest at physiological levels in their normal context, thus making 
it possible to envision high - throughput in vitro cardiotoxicity assays in a 
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physiologically relevant human system. In vitro cardiotoxicology assays such 
as those used to detect responses to oxidative stress, resistance to apoptosis, 
and protection from ischemia, which are currently performed in heterologous 
or transformed cell systems and already formatted for high - throughput 
analysis, could be adapted to stem cell derived cardiomyocytes with minimal 
modifi cations. hESC - derived cardiomyocytes have been shown to express 
functional hERG/KCNE2 channels, opening up the possibility of high - 
throughput testing for inhibition in human cardiomyocytes  [81] . Manually 
isolated, beating hESC - derived cardiomyocytes have been applied to micro-
electrode arrays (MEA)  [84,85] . MEA consist of 60 evenly spaced electrodes 
that allow assessment of electrical activity in networks of cells with high spatial 
and temporal resolution. By this technique hESC - derived cardiomyocytes 
were shown to form a functional syncytium with stable conductive properties 
and  d  - sotalol - induced delayed repolarization could be detected. MEA can be 
used to detect multiple facets of cardiomyocyte function, including rhythmic-
ity, the origin and route of excitation, repolarization, and conduction in a 
semiautomated fashion. Spontaneously contracting stem cell derived cardio-
myocytes can be maintained in culture for extended periods of time (up to 
three months), potentially allowing repeated, noninvasive analysis or multiple 
analyses progressing from noninvasive to invasive. Furthermore stem cell 
derived cardiomyocytes appear to recapitulate cardiomyocyte development, 
which opens a window for studying cardiotoxicity at each stage of cell develop-
ment  [86] . 

 Genetic manipulation of the stem cell population may address many of the 
concerns associated with heterogeneity of the differentiated population. Huber 
and colleagues generated a stable transgenic hESC line expressing a hygro-
mycin resistance - enhanced green fl uorescent (eGFP) fusion protein under the 
control of the myosin light chain 2v promoter  [87] . Following differentiation, 
fl uorescence - activated cell sorting (FACS) of dispersed cells yielded relatively 
pure populations ( > 93%) of eGFP positive cells that were also positive for 
cardiac - specifi c markers. MEA studies showed that areas initiating electrical 
activity and propagating the action potential were associated with eGFP, and 
whole cell patch - clamp studies of the eGFP - expressing cells demonstrated the 
presence of cardiac - specifi c action potentials. The eGFP - expressing cells could 
engraft into the hearts of immunosuppressed rats and remain detectable for 
at least four weeks  [87] . Similarly Anderson and colleagues used a transgene 
containing a neomycin cassette and a MHC promoter driven GFP - IRES - 
puramycin resistance cassette to select for relatively pure populations ( > 91%) 
of hESC - derived cardiomyocytes  [88] . Zwaka and Thomson showed that 
homologous recombination, in which endogenous DNA is specifi cally replaced 
with an exogenous DNA construct, occurs in hES cells, and stably modifi ed 
stem cells retaining multipotency can be obtained  [89] . Taken together, these 
data make it likely that relatively pure populations of specifi c cardiomyocyte 
subtypes can be isolated through genetic manipulation. 



 The application of human stem cells to the generation of two and/or 
three - dimensional (2D/3D) cell confi guration, engineered heart tissue, 
may make it possible to replace nonhuman ex vivo studies with studies 
directly in a reconstituted human system. Earlier work with neonatal rat 
cardiomyocytes has shown that cardiomyocytes seeded into various natural 
or synthetic scaffolds, released from temperature sensitive surfaces or 
delaminated, and allowed to self - assemble formed 3D, contracting structures 
with the properties of endogenous heart tissue  [90] . More recently Feinberg 
and colleagues engineered 2D anisotropic polydimethylsiloxane elastomer 
thin fi lms that, when seeded with rat neonatal cardiomyocytes, formed 
3D conformations during the synchronous shortening of contraction 
and returned to their original shape during relaxation  [91] . These  “ muscular 
thin fi lms ”  could be electrically paced and force measurements could 
be obtained. Although not yet reported, it is likely that stem cell derived 
human cardiomyocytes would function similarly in the  “ muscular thin 
fi lms. ”  In fact hESC derived cardiomyocytes seeded into 50% poly -  l  - lactic 
acid/50% polylactic - glycolic acid scaffolds with human endothelial cells and 
embryonic fi broblasts formed spontaneously contracting, highly vascularized 
engineered cardiac muscle  [92] . The engineered 3D tissue exhibited typical 
structural properties of early cardiac tissue and responded appropriately to 
 β  - adrenergic and muscarinic agonists. The presence of all three major cells 
types normally found in the heart (cardiomyocytes, endothelial cells, and 
smooth muscle cells differentiated from the embryonic fi broblasts) allows for 
the investigation of interactions between the cells that was not previously 
accessible in vitro. 

 Human - animal chimeric studies may make possible, the in vivo 
investigation of complex biological processes leading to cardiotoxicity. 
As described previously, the direct injection of stem cells or stem cell - derived 
cardiomyocytes into the hearts of immunocompromised or immunosuppressed 
rodents is routinely carried out to evaluate the functional potential of 
the cells and their capacity to improve damaged heart tissue. While current 
technology has so far yielded only small patches of engrafted cells that 
generally function autonomously from the surrounding heart, improved 
engraftment through better engineered rodent models  [93]  and better under-
standing of how to generate cells for engraftment may make it possible to 
generate sizable patches of human tissue in an intact heart. Assuming that the 
human cardiac tissue can adjust to the rapid beating of the rodent heart, this 
makes it possible to study new chemical entities delivered through their likely 
route of administration and subject to metabolism, albeit rodent metabolism 
 [93] . Large animal models, which better mimic human heart function and 
metabolism, are possible as suggested by work showing that hESC - derived 
cardiomyocytes can engraft and function as pacemakers when injected into 
hearts of immunosuppressed swine with complete atrioventricular block 
 [94] .   
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  8.4   STEM CELL TECHNOLOGY FOR 
HEPATOTOXICITY EVALUATION 

 Over the past decade there has been a great deal of interest in the use of stem 
cells for the evaluation of hepatotoxicity. Early determination of hepatotoxic-
ity during drug discovery could save millions of dollars in drug development 
costs  [1 – 3] . Early toxicity screening studies therefore focus on the liver during 
screening and nonclinical safety assessment, and during this phase of testing 
approximately 40% of new drug development failures are due to toxicity  [95] . 
Only one out of fi ve drugs that advances to a clinical phase of testing will reach 
the market place, and most of the remainder fail due to hepatotoxicity  [95] . 
Obviously, having a candidate drug fail due to hepatotoxicity at a late stage 
of development could be fi nancially disastrous, so any screening method that 
would eliminate hepatotoxic compounds earlier in development would be very 
advantageous  [5,6,96] . 

 As early as the 1970s it was recognized that animal studies were an 
expensive and cumbersome method for testing compounds for toxicity 
 [97] . In addition, while animal studies correlate well for cardiovascular, 
hematologic, and gastrointestinal toxicity, they correlate very poorly for 
hepatotoxicity in humans  [41] . Over the past three decades, a host of sophis-
ticated cellular assays have been developed to evaluate prelethal mechanistic 
hepatotoxicity that obviates the need for animal studies as a fi rst step in the 
identifi cation of several forms of basic hepatotoxicity. An in - depth review of 
these methods is beyond the scope of this discussion and can be found in 
several classic toxicology textbooks, including Zimmerman ’ s  Hepatotoxicity  
 [4 – 6,96,98,99] . 

 Currently primary human hepatocytes and genetically engineered human 
cell lines are the in vitro model systems of choice for understanding further 
the potential mechanisms of drug - induced liver injury (DILI)  [6] ; some of 
these DILI mechanisms include altered lipid metabolism, causing fatty liver, 
increased oxidative stress leading to cellular injury, decreased mitochondrial 
function leading to apoptosis or necrosis, cytotoxic T cell - mediated cell killing, 
decreased bile salt clearance causing cholestasis, and incomplete or dysregu-
lated tissue repair  [5,6,98,100] . Unfortunately, human hepatic tissue is avail-
able in extremely limited quantities, and immortalized human cells such as 
HepG2 have relatively poor predictive value due to their abnormal metabolic 
profi le  [6] . Hepatocytes derived from stem cell sources show promise for pro-
viding a human - derived population of cells that can bridge the gap between 
these cellular models  [6,8] . 

 Stem cells have been discovered and characterized in a wide range of 
species; however, the cell types that will be applicable for use in hepatotoxicity 
screening are derived exclusively from mammalian species. Mammalian stem 
cell populations from embryonic, gestational, and adult tissues will be briefl y 
examined below, and the important developments leading toward their appli-
cation in hepatotoxicity will be specifi cally emphasized. 



  8.4.1   Mouse Embryonic Stem Cells 

 Through early studies of embryological development, mouse embryonic stem 
cells (mESC) were identifi ed in the early 1980s, and methods were described 
for isolating these cells and evaluating their characteristics in vitro and in vivo 
 [101,102] . Over the ensuing decade these cells were evaluated for many basic 
properties, and it was discovered that mESC can divide in vitro for long 
periods of time. This division is asymmetric, yielding a genetically identical 
stem cell and a daughter cell with the potential to differentiate into many 
embryonic cell types  [103,104] . As the understanding of these cells advanced, 
investigators began to examine them for their ability to develop into a highly 
specifi c cell type. 

 Some of the early reports evaluating the ability of mESC to develop into 
hepatocytes centered on the expression of known hepatocytes genetic prod-
ucts such as  α  - fetoprotein (AFP), albumin (ALB), and the family of hepato-
cyte nucleofactors (HNF)  [105,106] . From these investigations it became clear 
that mESC had the capacity to progress down the hepatocyte lineage, but only 
a fraction of the cells in culture would naturally progress toward a hepatocyte 
genotype  [107 – 109] . In addition mESC would stop developing at an immature 
phenotype in vitro without the addition of growth factors such as hepatocyte 
growth factor (HGF) and activin  [107,110 – 112] . Several protocols have been 
evaluated for the systematic application of sequential growth factors such as 
fi broblast growth factor - 1 (FGF - 1), fi broblast growth factor - 4 (FGF - 4), and 
HGF followed by oncostatin M (OSM) in order to drive mESC towards a 
mature hepatocyte genotype  [113 – 115] . Further, attempts to improve conver-
sion effi ciency included the addition of cues common in embryonic develop-
ment such as the presence of cardiac mesoderm, transfection with lineage 
specifi c genes, or co - culturing with cells that promote hepatocyte differentia-
tion  [116 – 121] . Work on these in vitro differentiation techniques has demon-
strated that hepatocyte - like cells can be generated from mESC and these 
fi ndings have been further validated in vivo. 

 One of the earliest in vivo studies of differentiated mESC was presented 
by Choi et al. in 2002. In this study, they injected mESC into the spleen of 
immunosuppresed nude mice and observed phenotypic hepatic differentia-
tion. The phenotypic hepatocytes were then isolated and found to be express-
ing several liver - specifi c antibodies  [122] . Using the carbon tetrachloride 
intoxication model, Yamamoto et al. demonstrated that mESC differentiated 
in vitro to hepatocyte - like cells and would engraft to an injured liver to 
perform several liver - specifi c functions including measurable improvements 
to prothrombin time, serum ALB, and serum ammonia levels  [113] . The 
ability of these cells to perform their expected postdifferentiation function in 
vivo validates their use as a cell source for evaluating the hepatotoxic effect 
of drugs. In pursuit of that specifi c aim, Tsutsui et al. have demonstrated that 
mESC in vitro have the capability to metabolize drugs through the identifi ca-
tion of expressed CYP450 genes, measurement of testosterone hydroxylation 
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activity, and determination of phenobarbital inducibility of selective CYP450 
enzymes  [123] . Soto - Gutierrez et al. have demonstrated that mESC cultured 
with growth factors, followed by co - culture with liver nonparenchymal cells 
will develop into hepatocyte - like cells that secrete ALB and metabolize 
ammonia, lidocaine, and diazepam. Further, when implanted into mice with 
induced liver failure, the hepatocyte - like cells improved liver function  [121] . 

 Clearly, the accumulation of such a large volume of quality studies using 
mESC is the direct result of the ubiquitous nature of the mouse animal model 
in scientifi c research. The availability of murine cells in large quantities caused 
mESC to be one of the earliest mammalian embryonic stem cells types identi-
fi ed. An enormous amount of work has been done to develop sophisticated 
culturing techniques and differentiation strategies for these cells over the past 
two decades. The result is that mESC are the stem cell type with the most 
advanced knowledgebase, which could lead to potential promising short - term 
applications. While animal - derived cells can serve as a ready supply of cells 
for testing, subtle differences in animal and human responses are known to 
exist and these differences can prove costly if discovered late in the drug 
development process  [124] . Therefore, the ideal in vitro method to test human 
hepatotoxicity would clearly be based on the use of human tissue derived 
hepatocytes.  

  8.4.2   Human Embryonic Stem Cells 

 The identifi cation and characterization of mESC have led to the discovery of 
primate and eventually hESC  [24,125] . However, three separate articles have 
addressed the ethical, moral, and political implications of such a discovery 
 [126 – 128] . To date, the investigation of these cells remains mired in contro-
versy, including severe restrictions on their use in research endeavors. As a 
direct result of these restrictions, far less has been reported about hESC in the 
decade since their discovery when compared with the volume of discoveries 
reported in the fi rst decade of mESC investigations. However, many of the 
ground - breaking techniques that were developed for the research of mESC 
have had direct application to hESC research, and hepatocyte differentiation 
protocols developed for mESC have served as a basis for the investigation of 
the differentiation of hESC down the hepatic lineage  [129 – 132] . The fi rst 
paper to indicate that hESC were capable of differentiating into the endoder-
mal lineage was presented by Itskovitz – Eldor et al. in 2000 and was supported 
later in that same year by the fi ndings of Schuldiner et al. who showed the 
development of endodermal cells in vitro through the treatment of hESC with 
growth factors identifi ed from studies on mSEC  [133,134] . 

 Since their discovery, hESC have always been assumed to be a potential 
source of hepatocytes for toxicity and tissue engineering applications  [135 –
 137] . One of the earliest studies to evaluate the ability of hESC to differentiate 
into hepatocytes based on previous work with mESC was presented by 
Haumaitre et al. in 2003. In this study differentiation processes involving a 



family of HNFs that had been elucidated in the mESC model were tested in 
the hESC  [138] . While demonstrating that HNF1 is directly involved in the 
hierarchical transcription factor network leading to hepatic maturation, this 
report suggested the potential to genetically direct a stem cell population 
toward a desired lineage. Lavon et al. in 2004 showed that an enriched popula-
tion of hepatocyte - like cells could be developed from hESC that were allowed 
to spontaneously differentiate and then treated with acidic fi broblast growth 
factor (aFGF) to create conditions similar to those found in the normal embry-
onic hepatic milieu  [139] . Several additional media supplements have been 
evaluated for their ability to induce hepatic differentiation in hESC popula-
tions including dexamethasone and sodium butyrate. The use of these supple-
ments resulted in the in vitro development of cells that are morphologically 
similar to hepatocytes that express hepatic proteins  [25,140 – 143] . Cytokines 
and growth factors that have been evaluated include insulin, aFGF, basic 
fi broblast growth factor (bFGF), hepatocyte growth factor (HGF), activina A, 
and oncostatin M (OSM)  [25,140 – 143] . These studies have demonstrated in 
vitro phenotypic changes, induction of liver - enriched mRNA and secretion of 
hepatocyte - specifi c proteins with relatively high effi ciency of differentiation, 
but the absolute yields of differentiated cells in these studies are still quite 
low. 

 The principal factor limiting the near - term use of hESC for the evaluation 
of hepatotoxicity is the limited availability of hESC primarily due to the strict 
regulations placed on their use in research. These regulations have resulted 
in a far smaller number of scientists working with heSC versus other stem cell 
types. In addition these heSC require a great deal of technical expertise to 
differentiate and even in skilled hands typically result in mixed populations 
and low yields. When coupled with the general lack of available hESC, the 
heterogeneous results of spontaneous and induced in vitro differentiation of 
these cells clearly indicates a need for development of methods to obtain a 
pure population of hepatocytes in large quantities. These cells   are also very 
technically challenging to work with and do not appear to be easily produced 
in large quantities; therefore their applicability to HTS for hepatotoxicity 
appears very limited at this time. A cell source that is easier to work with and 
is not as politically volatile is needed and adult stem cells may prove to be the 
answer to this critical shortage. Two potential sources may address this problem 
namely cells isolated from gestational tissues and from adult mesenchymal 
stem cells.  

  8.4.3   Human Gestational Tissues 

 Cell populations from several tissues associated with gestation yield cells that 
demonstrate hepatic differentiation characteristics similar to embryonic stem 
cells; these include umbilical vein or cord blood cells, amnionic cells, and pla-
cental cells. Some of the earliest studies to evaluate the hepatic differentiation 
capacity of human umbilical cord vein stem cells (hUSC) focused on the ability 
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of hUSC to be engrafted in vivo to the liver plate of a NOD/SCID mouse and 
then transdifferentiate into hepatocyte - like cells  [144 – 146] . Following these 
reports, Lee et al. demonstrated that hUSC can be differentiated in vitro into 
a variety of cell types, including, hepatocyte - like cells  [147] . Other groups 
demonstrated that cells with similar plasticity could be derived from human 
placenta and amnion  [76,148 – 150] . By using cytokine signaling similar to that 
of   previous hESC studies, several groups have shown that hUSC and cells 
derived from placenta and amnion can proceed down the hepatic lineage 
 [151 – 156] . These cell populations were only relatively recently discovered and 
their potential seems limitless, so they represent a promising long - term source 
of cells for hepatotoxicity screening. These cells are also easier to work with, 
more abundant, and normally the tissue is discarded following a live birth. 
Therefore the use of stem cells derived from gestational tissues will likely not 
encounter the ethical, moral, political, or religious objections commonly asso-
ciated with the use of embryonic stem cells.  

  8.4.4   Adult Mesenchymal Stem Cells 

 MSC refers to cells isolated from an animal that has completed gestation and 
is physiologically independent of its mother. Theses cells have been found in 
most tissues but reside in largest numbers within tissues that have a high cel-
lular turnover rate throughout life such as the intestine, epidermis, and bone 
marrow  [157,158] . Bone - marrow mesenchymal stem cells (BMSC) in animals 
were the fi rst MSC cell types to be evaluated for hepatic differentiation poten-
tial. Petersen et al. in 1999 showed that BMSC from rat bone marrow could 
transdifferentiate from the mesenchymal lineage to an endothelial lineage, 
ultimately expressing markers consistent with a hepatic cell type  [159] . Several 
other reports have shown that adult stem cells can be differentiated into cells 
not normally associated with their  “ committed ”  state  [160] . In 1999, Bjornson 
et al. demonstrated the conversion, or  “ fate switch ”  of neural stem cells in 
mice into the hematopoietic lineage  [161] . This work was advanced into the 
study of human MSC in 2004 when Lee et al. demonstrated that BMSC had 
the capacity to differentiate into several cell types including a hepatocyte - like 
cell type  [162] . Several groups have further evaluated the potential of animal 
and human BMSC for hepatic differentiation both in vitro and in vivo and 
have found that protocols similar to those used for the differentiation of hESC 
have generated hepatocyte - like cells  [163 – 168] . In addition Lee et al. also 
demonstrated that adipose - derived mesenchymal stem (ADMSC) cells had 
the same differentiation potential as BMSC to develop bone, fat, and cartilage 
phenotypes, resulting in an evaluation of these ADMSC for hepatic differen-
tiation potential  [162] . 

 One of the earliest reports of a pluripotent cell population from adipose 
tissue came from Zuk et al. in 2002  [169] . They showed that ADMSC had the 
capacity to differentiate into bone, fat, cartilage, and muscle phenotypes. 
While this discovery is relatively recent, at least four other studies have con-



fi rmed aspects of their fi ndings. Seo et al. showed that ADMSC could be dif-
ferentiated and would perform isolated hepatic functions, such as LDL uptake, 
production of ALB, and conversion of ammonia to urea  [170] . Talens - Visconti 
et al. showed that when compared to BMSC, ADMSC have an equivalent 
ability to differentiate along the hepatic lineage  [171] . Banas et al. demon-
strated the ability of an enriched population of CD105 +  ADMSC to undergo 
hepatic differentiation with 60% to 85% effi ciency  [172] . The cells generated 
in this study expressed hepatic - specifi c and selected markers, including ALB 
and microsomal CYP450 enzymes. The presence of these enzymes involved 
in drug, sterol, and bile acid metabolism, including CYP7A1, CYP1A1, 
CYP2C9, CYP3A4, and NADPH - cytochrome P450 reductase, indicate that 
these cells may have value in in vitro preclinical drug metabolism and toxicity 
testing  [172] . In 2007, Sgodda et al. demonstrated the ability to differentiate 
ADMSC derived specifi cally from peritoneal fat into hepatocyte - like cells 
indicating the presence of ADMSC in different fat populations  [173] . All of 
these studies, while preliminary, highlight the enormous potential of ADMSC 
as a source of cells for in vitro evaluation of hepatotoxicity. 

 Of all the cell types currently being evaluated for hepatic differentiation, 
MSC in general and ADMSC specifi cally represent the most promising near -
 term cell sources. Neither one of these human - derived cell sources is encum-
bered by the legislative and ethical considerations that limit the use of hESC 
and gestational tissues. Further the tissues from which BMSC and ADMSC 
are derived are regularly encountered in the clinical environment and are 
frequently seen as biological waste in that setting. BMSC were discovered fi rst 
as a consequence of the enormous clinical interest surrounding bone - marrow 
transplantation for the treatment of hematologic disorders. The procurement 
of these cells, however, requires an invasive bone - marrow aspiration proce-
dure that can be painful and additionally generate signifi cant clinical complica-
tions. In contrast, ADMSC can be derived from healthy donors undergoing 
common plastic surgery procedures such as abdominoplasty or liposuction. 
These procedures occur daily and generate a large quantity of otherwise dis-
carded tissue while exposing the donor to no additional risk beyond that typi-
cally associated with the elective procedure they have chosen. If ADMSC 
continue to demonstrate such favorable differentiation characteristics these 
cells will clearly provide a bountiful and accessible source of adult stem cells 
with minimal patient discomfort. They will also likely represent the fi rst cell 
type to demonstrate the enormous potential of stem cell technology in the 
evaluation of hepatotoxicity of candidate drugs.  

  8.4.5   Future Directions 

 The near - term use of stem cell derived hepatocytes for the evaluation of hepa-
totoxicity will be limited by two principal factors: disagreement concerning 
the minimum requirement for deriving adult human hepatocytes and technol-
ogy limitations for the large - scale production of these types of cells. Although 
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there are reports of stem cell - derived hepatocyte - like cells indicating that 
some selected hepatic functions have been detected, there are nevertheless no 
reports of complete differentiation of stem cells from any sources to full 
mature and functional human hepatocytes. In addition, while the studies above 
report preliminary success in differentiating stem cells of several varieties, 
attempts to differentiate such pluripotent cells can result in contaminated 
populations of differentiated cells of other embryonic types including yolk 
sack cells  [8] . During fetal development the yolk sac performs many functions 
similar to the liver and can express marker genes with a similar profi le to 
hepatocytes, including genetic markers for ALB,  α  - fetoprotein, and trans-
thyretin, without having any certain hepatotoxic predictive capacity. The pres-
ence of two cell populations with such similar genetic markers spawned a hunt 
for a defi nitive genetic marker of hepatic differentiation. Asahina et al. dem-
onstrated in 2004 that expression of CYP7A1 was a defi nitive marker of actual 
hepatic differentiation and could distinguish differentiated hESC from differ-
entiated yolk sac cells  [174] . This marker could lead to the enrichment of a 
densely differentiated cell population. However, it will ultimately be necessary 
to quantitate the expression of a number of other mature liver enzymes in 
differentiated hESC and assess functional metabolism with enzyme specifi c 
probe substrates to ensure that they compare favorably to the enzyme profi le 
of adult human hepatocytes  [174] . Based on maturation - dependent expression 
patterns, Strom and colleagues  [6]  suggested that the ratios of CYP ’ s 3A7 to 
3A4 and 1A1 to 1A2 should be used as an estimate of the degree of hepatic 
differentiation within a stem cell population. Since the expression of CYP3A4 
and CYP1A2 are favored in mature adult hepatocytes, as each ratio approaches 
1, a greater degree of hepatic differentiation is indicated and the resultant cell 
population would more closely model true hepatotoxicity  [6] . Beyond the 
mere up - regulation of certain gene products, these cells would then have to 
perform consistently in functional studies when compared to the metabolic 
activity of comparable CYP450 enzymes found in human primary hepatocytes 
in vitro and ideally to those present in adult human liver tissue in vivo. A few 
of the assays that may be especially amenable to the use of stem cell derived 
hepatocyte - like cells include steatosis, cholestasis, phospholipidosis, mito-
chondrial toxicity, oxidative stress, and drug metabolism - mediated toxicity 
(e.g., identifi cation of reactive or toxic metabolites). All of these assays have 
employed in vitro cultures of primary hepatocytes or cell lines to evaluate 
conditions of hepatotoxicity with promising predictive success  [5,6] . However, 
in each case the predictive value and ease - of - use of these techniques would 
be signifi cantly improved with the development of a readily expandable, meta-
bolically competent source of primary human cells. Stem cell derived hepato-
cytes show promise for providing just such a source of cells. 

 The application of stem cells with any type for HTS will depend on the 
development of a consistent ability to differentiate these cells in large quanti-
ties. The work to date has been done with cells on a very small scale, less than 
1    ×    10 8  in most cases and growth factor concentrations in the ng/ml range. For 



these cells to advance to a commercially viable state for drug screening, cells 
will need to be produced in quantities several orders of magnitude larger than 
those found in a typical in vitro study thus requiring the development of new 
cell culturing machinery. In addition growth factors will be needed in much 
larger milligram quantities. While this is currently fi nancially limiting, the cost 
of purifi ed growth factors will likely decrease through the economy of scale 
as these technique achieve greater application. Throughout history techno-
logic advances have met challenges such as these; still a larger issue exists (see 
Section  8.5 ).   

 Another breakthrough was announced recently by two teams of scientists 
independently who reported methods to turn human adult cells into hESC. 
Thompson and coworkers  [175]  exposed mammalian somatic (foreskin) cells 
from a human donor (newborn) to retroviral expressing Oct4, Sox2, NANOG, 
and Lin28, four transgenes encoding human factors. This group was able to 
reprogram these adult cells to cells that exhibit normal karyotypes, telomerase 
activity, and cell surface markers and genes characteristic of pluripotent or 
embryonic stem cells. At the same time Takahashi and coworkers  [176]  
reported that by overexpressing Oct4, Sox2, Klf4, and c - Myc in human adult 
fi broblasts, they successfully were able to isolate cells that resemble human 
embryonic stem cells. Interestingly two of the four genes used by this group 
were different from those reported by Thompson ’ s team  [175] . This signifi cant 
fi nding may indicate that there are multiple paths to reprogram the adult cells 
to behave like embryonic stem cells. It will open the door for important thera-
peutic applications and for the further understanding and treatment of human 
diseases. In addition this is a huge breakthrough for the drug industry because 
the technology is simple and can be reproduced in any laboratory, and special-
ized cells (cardioymyocytes, hepatocytes, etc. others) may be derived from 
regular adult cells and not from embryos, thus bypassing the ethical, religious, 
and political issues that have hindered the use of human embryonic stem cells 
in bioresearch today. The challenge now is to understand the biology of these 
human - induced pluripotent stem (iPS) cells (e.g., the mechanisms regulating 
proliferation, differentiation and reprogramming) and fi nd methods to make 
these iPS cells useful for drug discovery research and toxicity testing. Although 
this new technology is now at the very early stages, it is likely that these iPS -  
and iPS - derived cells will contribute to the fi eld of toxicology with potential 
for considerable impact over the coming years.   

  8.5   CONCLUDING REMARKS 

 Stem cells hold great promise for solving one of the biggest bottlenecks that 
pharmaceutical and biotech companies encounter today, how to reduce drug 
attrition rates due to the unacceptable safety profi le at the later stages 
of development. Currently stem cell technology is being implemented in 
the routine phases of the pharmaceutical pipeline of drug discovery and 
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development. They represent a valuable source of materials for identifying 
and validating new relevant targets, discovering new drugs, and generating 
suitable cell - based human models that could be used to improve existing 
predictive toxicity assays. 

 The potential use and application of the stem cell technology in toxicology 
has been discussed here for three important areas of pharmaceutical safety 
evaluation, namely embryotoxicity, cardiotoxicity, and hepatotoxicity. 
Although the predictive value of the technology is still limited today in all of 
these three areas of in vitro toxicity testing, the continuous and rapid techno-
logical advances observed in the past few years make these the primary areas 
for investment, with signifi cant potential impact for research and develop-
ment. These signifi cant advances have been possible by coupling the stem cell 
technology with new hi - tech approaches such as  “ omics, ”  nuclear reprogram-
ming research, RNAi, tissue - engineered devices, high - content screens (HCS), 
and humanized chimeric animal models. These scientifi cally relevant 
approaches make it conceivable that in the near future, human stem cell 
derived - materials may become the desirable in vitro models for predicting or 
anticipating toxicity in humans, reducing drug attrition, and ultimately for 
developing safer drugs.  
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  9.1   OVERVIEW 

 Telemetry technology, also called radiotelemetry, was fi rst applied by Van 
Citters ’ s team  [1]  to remotely monitor the blood pressure from two wild adult 
male giraffes captured and released near Kiboko, Kenya. The blood pressure 
monitoring was conducted and compared in the animals ’  lying position, with 
their heads on the ground, to their standing erect. Since then further advances 
in the telemetry technology have made the measurements of the functional 
changes in cardiovascular, respiratory, central nervous system (CNS), and 
other systems a simple and routine procedure in drug discovery and develop-
ment. The signifi cance of telemetry data collection is to allow the normal and 
pathophysiological variable monitoring to be conducted to investigate the 
effect of the test articles or medications when animals are conscious and unre-
strained, which simulates the clinical setting. In addition to improvement of 
the quality of data collected with the telemetry method, this is also a signifi cant 
approach for improving animal welfare by reducing the utilization of animals. 
Therefore telemetry technology has been increasingly used and continuously 
expanded to whole animal testing in both effi cacy or safety evaluation of a 
new drug or therapy.  

  9.2   IN  VIVO  PHYSIOLOGICAL PARAMETER MONITORING 
BEFORE TELEMETRY TECHNOLOGY 

 The major advantage of the telemetry data collection system is to enable the 
measurements to be performed when the animals are awake and unrestrained. 
However, such measurements can be particularly challenging to obtain from 
restrained and/or anesthetized animals. The hemodynamic (heart rate and 
blood pressure) electrophysiological (ECG intervals) and respiratory (respira-
tory rate) data collected from restrained animals often suffer from increased 
blood pressure and heart rate that are much higher than the normal physio-
logical range due to the animals ’  excitement. The anesthetics used to sedate 
the animals often cause drug - induced hypotension and respiratory   rate or QT 
interval changes. Without carefully monitoring of blood gas parameters, anes-
thetics may also cause hypo -  or hypercarpnia. Based on our experience with 
or without telemetry, the heart rate ranged from 90 to 120 beats per minute 
from conscious telemetered Cynomolgus monkeys with no treatment, to up 
to 250 beats per minute when the monkey was conscious and restrained. 
Unwanted artifi cial interference will mask the test results to a certain degree 
and can compromise the data integrity and quality. It can also reduce the 
sensitivity of the testing system for detection of effi cacy or side - effect signals, 
especially when the changes are subtle. As a consequence the disadvantages 
associated with data collection from restrained and anesthetized animals will 
certainly make rational data interpretation a challenge. The other negative 
effects from utilization of restrained animals includes an increase in the 



inter - animal variability of physiological parameters and potentially cause 
increased animal usage if it requires increased sample size to offset the larger 
data variance.  

  9.3   PRINCIPLES AND COMPONENTS OF 
THE TELEMETRY SYSTEM 

 The telemetry physiological data system normally includes (1) the transducer(s) 
or sensor(s) that can be implanted or attached to the interested area(s) to 
collect physiological parameter(s), (2) the battery - powered transmitter to emit 
the signals wirelessly, (3) the receiver(s) that can detect and pick up the sent 
signals over a range in pre - assigned working radiofrequency, and (4) the data -
 processing center that can store and analyze the telemetry signals. The 
implanted transmitter is normally in a watertight stainless steel case with all 
sensor electronics sealed inside. The transmitter acquires dimension, pressure, 
core body temperature, and electrocardiography (ECG) from selected lead 
locations. Figure  9.1  illustrates the major functional devices and working fl ow 
of a telemetry system that is often used in a cardiovascular telemetry study 
with rodents or large animals. The key components of a telemetry data moni-
toring system are to establish a wireless conversion between the transmission 
of the physiological data collected and receiving of the data transmitted. Basi-
cally telemetry data collection works in a similar way to wireless or mobile 
phone communications. The transmitter captures physiological signals, and 
sends them out at a specifi c radiofrequency to the receiver. The telemetry 
processing center (normally a computer with installed data analysis software) 
processes the received physiological signals and converts them into different 
waveforms for online or offl ine analysis.    

  9.4   TELEMETRY TECHNOLOGY IN PRECLINICAL DRUG 
SAFETY PROFILING AND ASSESSMENT 

  9.4.1   Telemetry Testing System Validations 

 The validation of telemetry systems can be divided into two categories. One 
is to validate the functionalities of a testing system, and the other is to focus 
on the instrument/system validation. The latter validation is required if the 
instrument/system is intended to generate study results to support regulatory 
studies. The major goal of this validation is to establish documented evidence 
that provides a high degree of assurance that a specifi c system will consistently 
function and meet its predetermined specifi cations and quality attributes, in 
compliance of 21 CFR part 11  [2] . To accomplish this task, normally a valida-
tion team needs to be formed from different functional groups, including 
potential user representative(s), the information technology (IT) group, and 
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    Figure 9.1     Major functional components and working fl ow of a telemetry system used 
in a cardiovascular telemetry study with rodent or large animal. (See color insert.)  

quality assurance, with active involvement of the vendor technical support. 
Clearly, identifi cation of user requirements and well - documented instrument, 
operational, and performance qualifi cations are required for success. 

 The purpose of the functional validation is normally to evaluate the 
testing system (including testing animals) ’ s sensitivity, specifi city, reproduc-
ibility, and fl exibility in detection and collection of the expected changes. 
Any practical issues occurring in the validation trail also need to be addressed. 
The power of the sensitivity to detect the change should be calculated 
based on the sample size and the variability of the parameters collected. 
Selection of one or two positive reference compounds at escalating dose levels 
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is the common approach for evaluation of the testing system functionalities 
 [3,4] .  

  9.4.2   Telemetry Applications in the Cardiovascular System 

 The cardiovascular system is the major physiological system where telemetry 
technology was fi rst and also is still most frequently used. Probably this is not 
only because it is relatively easy to apply the telemetry technology in cardio-
vascular monitoring but also because there is a high demand to monitor the 
functional parameters of the cardiovascular system as vital signs. In ICH 
guideline S7A  [5]  the cardiovascular system is identifi ed as one of the three 
core batteries (together with CNS and respiratory systems) for safety evalua-
tion of any new drugs. The use of telemetry technology to measure blood 
pressure, heart rate, core body temperature, and ECG parameters has been 
well validated in different animal species using different positive reference 
drugs with well - defi ned effects on either hemodynamic parameters or ECG 
intervals. Measurements of systemic arterial blood pressure and heart rate via 
a chronically implanted telemetric transmitter in unrestrained rats were 
reported by Guiol et al.  [6]  who determined that week - to - week variability of 
systolic, diastolic, and mean arterial pressures, and heart rate was found to be 
minimal over a course of nine weeks. Good reproducibility of cardiovascular 
response to three successive administrations of sotalol was also described in 
this study. Furthermore the cardiovascular parameters determined by telem-
etry were compared to those obtained by direct arterial catheterization and 
showed a good linear correlation between these two methods. In a cat telem-
etry model with a catheter implanted into the left femoral artery, no surgical 
complications occurred. The radiotelemetry catheters were used for an average 
of 6.5 weeks (range, 5.5 to 9.5 weeks). This technique allowed for long - term 
monitoring of ambulatory blood pressure and heart rate in the research setting. 
This methodology is especially useful for studies of the pathophysiology of 
hypertension and assessment of the effi cacy of antihypertensive medications 
 [7] . 

 In accordance with ICH S7A and S7B guidelines  [8] , one of the tasks of 
cardiovascular monitoring using the telemetry technique is to identify the 
prolongation of the heart rate corrected QT interval (QTc) as a surrogate of 
torsade de pointes, a commonly recognized life - threatening arrhythmia 
due to delayed ventricular repolarization. Torsadogenic drugs such as 
cisapride, dofetilide, moxifl oxacin, haloperidol, and other pro - arrhythmia 
drugs are often used to achieve the purpose  [9,10] . Based on current 
pharmaceutical practice, the telemetry models such as dogs and monkeys 
show low inherent intra - animal variability and high sensitivity to detect 
small but signifi cant increases in QT/QT(c) interval changes and are generally 
considered as sensitive models to investigate QT prolongation of novel human 
pharmaceuticals. 
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 Mice are not commonly used in cardiovascular physiology and electrophysi-
ological studies because of methodological challenges. Initial conventional 
cardiovascular studies with mice models involved the use of the tail cuff pleth-
ysmography method or classical catheterization techniques with a catheter 
connected to an external pressure transducer. For long - term arterial pressure 
measurements such studies have been facilitated by the development of telem-
etry. With the increasing development of transgenic mouse models  [11] , telem-
etry technology is now more widely applied in mice. Validation work has also 
been done to evaluate the use of the telemetry in mice to monitor arterial 
blood pressure and heart rate recently  [12,13] . In contrast, rat is the most fre-
quently used rodent telemetry model in evaluation of effi cacy and/or safety 
profi le of cardiovascular system during research and development of new 
drugs. However, due to fast heart rate in rodents during telemetry data col-
lection, the ECG analysis becomes a challenge. 

 One of major tasks in cardiovascular telemetry data analysis is to 
identify an optimal QT correction method to detect and quantify the 
QTc prolongation in the telemetry - instrumented conscious animal models. 
Accurate detection of drug - induced QT interval changes is often confounded 
by concurrent heart rate changes. Application of heart rate correction formu-
las has been the traditional approach to account for heart rate - induced QT 
interval changes, and thereby identify the direct effect of the test article on 
cardiac repolarization. Over -  and/or undercorrection of QT intervals for 
changes in heart rate may lead to misleading conclusions and/or masking of 
the potential of a drug to prolong the QT interval. This topic is not the focus 
of this chapter, but a lot of telemetry studies with a variety of pro - arrhythmia 
reference compounds, in different animal models, have evaluated the 
approaches in QT interval correction  [14 – 19]  and the reader is referred to 
these.  

  9.4.3   Telemetry Applications in the Respiratory System 

 The techniques required to measure respiratory rate, such as plethysmography 
or pneumotachography, involve moving animals from their natural environ-
ments into potentially stressful conditions, which can affect endogenous 
opioid systems and alter respiration. In addition these methods do not facili-
tate the long - term measurement of respiratory parameters as the animals 
cannot remain in the required apparatus for extended periods (e.g., days). 
Kramer et al.  [20]  reported that with new software called RespiRATE, 
a waveform of respiratory rate can also be derived from telemetry blood 
pressure signals to allow for the continuous measurement of respiratory 
and cardiovascular parameters of animals in their normal environment 
and without stress artifacts. A recent approach is to use a pressure - sensitive 
telemetry jacket worn on test animals to acquire both ECG and respiratory 
data, but so far the readings from this system only generate indirect respiratory 
parameters. With the telemetry rat model, To Lewanowitsch et al.  [21]  



studied the effects of respiratory   depressants on respiratory rate and heart 
rate over four days of treatment with naloxone hydrochloride and naloxone 
methiodide.  

  9.4.4   Telemetry Applications in the Central Nervous System 

 Assessment of proconvulsant risk is an important aspect of CNS safety evalu-
ation, and the electroencephalogram (EEG) is a sensitive technique for iden-
tifying pathologic brain activity, and most important, paroxysmal activity. 
Telemetry technology application to the CNS is mostly focused on monitoring 
of the EEG spectrum and sleep activity in rats  [22 – 24] . Beig et al.  [24]  reported 
a method for simultaneous acquisition of electroencephalogram, heart rate, 
and arterial blood pressure during seizures in conscious rats after intraperito-
neal administration of pentylenetetrazole, with a chronically implanted tele-
metric device. With the same reference compound, a validation study in 
telemetry dogs to measure EEG, heart rate, and blood pressure was also 
conducted. While dogs were placed in slings, the EEG was assessed visually 
for abnormal activity, and the dogs were also continuously observed for the 
appearance of overt convulsive activity. All these data show the usefulness of 
the telemetered dog EEG in safety pharmacology and potential value in anti -
 seizure effi cacy assessment  [25] . Combination approaches that integrate EEG 
and ECG monitoring should reduce animal and test article usage and result 
in a broader effi cacy and safety profi le of the test articles. This is especially 
meaningful since early in drug development the general pharmacologist in the 
pharmaceutical industry is challenged to generate physiologically relevant 
data on possible safety liabilities or on secondary therapeutic uses. This calls 
for effi cient use of usually only small supplies of test article.  

  9.4.5   Other Systems 

 Applications of telemetry technology have been extended to other 
physiological function monitoring as well. Telemetry applications have 
recently been reported in gastrointestinal measurement of intraluminal pres-
sure changes  [26,27]  and in transit time of intra - ocular pressure monitoring 
with a telemetry pressure transducer implanted into a rabbit glaucoma model 
 [28] .   

  9.5   PRACTICAL APPROACHES IN TELEMETRY DATA 
COLLECTION AND ASSESSMENT 

  9.5.1   Variability with Telemetry Monitoring 

 While the telemetry technology allows the animals to be monitored in a freely 
moving and conscious condition mimicking the clinical setting, it also offers 
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the possibility for the animals to  “ freely ”  respond to any study - related acti-
vities such as blood sampling, clinical observations, and any sound source from 
the surrounding environment. Furthermore, continued long - term telemetry 
monitoring invites physiological variance due to circadian change. It can affect 
hemodynamic and respiratory parameters, the ECG interval, and body tem-
perature  [29 – 33] . For quality data collection and accurate data analysis, a 
proper procedure is essential to minimize any unnecessary interference, docu-
ment any interference during the telemetry data collection, and fully under-
stand these variances. Ning et al.  [34]  have studied the mechanisms of heart 
rate and blood pressure variability by 24 - hour continuous recording of these 
parameters and their variability spectrum and have related this variability to 
the activity of the autonomic and central nervous system, which regulates 
sympathovagal balance and the sympathetic activity. Klumpp et al.  [35]    tested 
the infl uence of housing conditions on hemodynamics during cardiovascular 
telemetry studies with telemetered dogs and found that the housing arrange-
ment during the study had an effect on the hemodynamics measured. The 
hemodynamic parameters were best when the dogs were housed with their 
usual run mate. In this setting they had impressively low average heart rates 
of about 60   bpm during the entire study, as well as fewer vocalizations. Our 
experience suggests that when the length of data collection is 24 hours or 
longer, a pretest baseline and data from the vehicle group can ensure the 
quality of telemetry data assessment.  

  9.5.2   Practical Approaches in Telemetry Study Design 

 A telemetry study can be used for multiple - dose regimens, but most often it 
is used for acute and single - dose studies to look for functional parameter 
changes. In most telemetry studies, in - life clinical observations of tested 
animals (clinical signs, food consumption, and body weight change) are also 
normally conducted. 

 As described before, a period (normally 6 – 24 hours) of pretest telemetry 
recording is needed for animal selection, and the recording can later be used 
as a reference baseline if needed. The animals (normally  n    =   4) with normal 
and quality telemetry signals, together with normal clinical signs and clinical 
pathological parameters, will be selected for the formal treatment phase. A 
4    ×    4 Latin - square crossover paradigm is frequently used in the telemetry 
cardiovascular and reparatory study. For a telemetry CNS study, a parallel 
study design can be used. Each of four animals will receive a dose of vehicle 
and test article at different levels (normally three escalating dose levels) with 
a minimum washout period between each dose (see Table  9.1 ). Based on ICH 
guidelines S7A and S7B, the dose chosen for a safety pharmacology telemetry 
study is either based on the maximum tolerance dose (MTD) identifi ed from 
a dose range fi nding toxicological study or from a dose(s) selection that can 
achieve a plasma concentration that meaningfully represents a suffi cient safety 
margin if the MTD is unknown.    



  9.5.3   Telemetry Transducer Placement: 
Intraperitoneal versus Subcutaneous 

 Intraperitoneal and subcutaneous areas are the most commonly used implan-
tation locations for a telemetry transmitter. For large animals such as dogs 
and monkeys, the choice of the two implantation positions seems to be mostly 
related to the user ’ s experience or test center preference. For small animals 
such as rat, mouse, and gerbil, both locations are still used for transmitter 
implantation, but a different location may present   unique challenges. Based 
on the author ’ s experience, the subcutaneous method poses less of a challenge 
to the animal and its subsequent recovery from surgery. Because of the rela-
tively larger size ratio between the currently marketed transmitters and the 
rodent abdominal cavity, intraperitoneal implantation may cause a higher 
postsurgery fatality rate, probably because of strangulation of the intestine by 
the excess lead coiled in the abdomen  [36] . In contrast, for the subcutaneous 
implantation method, the tension on the dermal sutures caused by the pres-
ence of the transmitter could be a concern. For both locations, the careful 
calculation of the length of catheter and lead wires are necessary due to the 
faster growth ratio in rodents than large animals. Furthermore, based on our 
experience, the location used to introduce the intra - arterial catheter may 
affect the implantation surgery success rate. The choice of the surgical implan-
tation approach should be made based on the individuals experience and the 
animal species used. Continuous improvements to the surgical approach 
should improve survival rate and increase the potential for robust, long - term 
use of telemetered animals  [11,37] .  

  9.5.4   Invasive versus Noninvasive Telemetry System in Cardiovascular 
Safety Pharmacology 

 As well as the invasive (implantation) telemetry system, the noninvasive 
(jacket) telemetry system has been recently introduced for in vivo telemetry 
studies. The jacket telemetry system consists of a nonimplanted transmitter 

 TABLE 9.1     A 4    ¥    4 Latin - square Crossover Dose 
Paradigm and Animal Assignment for a Cardiovascular 
Telemetry Study 

  Dosing Schedule of Test Article or 
Vehicle (mg/kg  )  

  Animal Number    Dose 1    Dose 2    Dose 3    Dose 4  

  1    0    Low    Mid    High  
  2    Low    Mid    High    0  
  3    Mid    High    0    Low  
  4    High    0    Low    Mid  
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that is normally pocketed in a backpack or a jacket and is connected with ECG 
leads and a host PC. The backpack includes a control unit, Bluetooth radio, 
and batteries. The control unit digitizes channels of data from the ECG leads 
and forwards them to the host PC via Bluetooth link. The host PC has a receiv-
ing Bluetooth radio and dedicated programs to store, display, and analyze the 
data. The whole system was successfully tested in animal models and increas-
ingly used in cardiovascular and/or respiratory safety pharmacology evalua-
tions. The noninvasive method has more fl exibility and generates result 
faster. This novel approach has been added as critical tool of early cardiovas-
cular safety screening for new drug development. It can also reduce animal 
suffering and the number of animal used. However, current noninvasive 
telemetry systems are only a method capable of collection of blood pressure 
in a reliable way. The noninvasive jacket ECG telemetry system also tends to 
generate more signal noise than the implantation telemetry system and may 
cause signal loss due to a loose contact between the leads and the surface 
of the skin, as we learned from our experience. Better ECG placement skills 
and adhesion materials as well as shorter data collection period will minimize 
the opportunity of the signal loss. When used in monkeys, the animals need 
to be sedated prior to putting on/removing the telemetry jackets. The 
nonhuman primates also need proper acclimation prior to any formal data 
collection to reduce the excitement - induced data contamination. Because of 
the disadvantages of the jacket telemetry system, invasive (implantation) 
telemetry system remains today the main data acquisition system used in 
cardiovascular safety pharmacology assessment for investigational new drug 
(IND) application. 

 Telemetry systems allow animals to be monitored under conscious condi-
tions to investigate the safety profi le in new drug development. However, it 
sometimes happens that the evaluation of the system - specifi c safety margin 
(e.g., cardiovascular safety margin) is limited because of a severe clinical side 
effect developed in the tested animals. In that case the anesthetized animal 
model could still be used to help push the cardiovascular safety margin, and 
an injectable formulation should be available to support this evaluation. 

   9.5.5   Other Considerations in Telemetry Technology Applications 

 While the telemetry technology offers advantages to allow monitoring to be 
conducted when the animals are awake and unrestrained, it poses technical 
challenges. The major challenges include the signal originating interference 
such as muscle tremor and signal transmission interference from electrical 
appliances nearby. For the noninvasive (jacket) telemetry system, surface 
ECG leads dislodge and may cause missing signals. Aging may further play a 
role when examining the effects of compounds on cardiac repolarization, and 
some studies suggest that age can affect QTc prolongation induced by some 
IKr blockers  [38,39] . Blood pressure signal drifting has also been observed 
and should be appropriately attended to  [40 – 42] .   



  9.6   FUTURE APPLICATIONS OF TELEMETRY SYSTEMS IN 
DRUG DISCOVERY AND DEVELOPMENT 

 Combination approaches with telemetry monitoring of multiple physiological 
systems simultaneously is a current trend. The immediate benefi ts include 
reducing animal numbers and amount of test compound. Such an approach is 
useful for obtaining an early safety readout for potential drug development 
candidates, as well as for detecting possible secondary therapeutic actions of 
a drug  [43] . Current telemetry data systems are mostly limited to one - way data 
transfer; however, bidirectional data transfer can increase the capability and 
feasibility to diagnose tip clot formation, recharging the battery, and delivery 
of medications. Recently telemetry technology has been applied to state - of -
 the - art wireless endoscope capsule system to delivery real - time and bidirec-
tional data transfer  [44] . Telemetry technology has also recently been used to 
generate high tier cardiovascular function data such as cardiac output and left 
ventricular injection  .  

  9.7   CONCLUSION 

 The use of a telemetry system that is implanted in the body for physiological 
monitoring in new drug discovery and development was presented in this 
chapter. With an implantable or noninvasive device, telemetry technology 
offers the possibility to observe physiological activity of animals in a conscious, 
free moving state, and the monitored physiological parameters can be dis-
played in real time that is close to a clinical setting, which is impossible by 
conventional methods. This new approach to physiological study offers great 
promise for drug effi cacy and safety profi ling and assessment. The telemetry 
technologies promote the potential for robust, long - term use of telemetered 
animals in drug discovery and development.  
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  10.1   INTRODUCTION 

 Nanotechnology, as defi ned by United States National Nanotechnology 
Institute, is  “ the understanding and control of matter at dimensions of roughly 
1 to 100 nanometers, where unique phenomena enable novel applications ”  
 [1] .  “ Nano ”  is one of the most widely used keywords today. Nanotechnology 
has many applications in fi elds such as telecommunication, electronics, 
energy, transportation, and it can also be successfully used in biomedical 
technologies.  “ Nanomedicine, ”  a term coined by the US National Institutes 
of Health through its Roadmap Initiative, is a branch of nanotechnology 
that refers to  “ molecular scale medical intervention for the purpose of preven-
tion, diagnosis, and treatment of diseases ”   [1,2] . The fi rst decade of the twen-
tieth century has seen much advancement in nanotechnology for biomedical 
applications, including development of pharmaceutical technologies that aid 
in drug discovery and development. According to the 2005 Nanomarket 
Report, the nanomedicine market is suggested to generate about  $ 1.7 billion 
in revenues by 2009, and this is anticipated to increase to  $ 4.8 billion by the 
year 2012  [3] . Developments in nanotechnology and specifi cally nanomedicine 
have the potential to become an essential driving force that can propel the 
already high - technology - based pharmaceutical drug delivery industry to new 
limits. 

 Thus far the pharmaceutical industry has relied heavily on conventional 
dosage forms comprised of solid or liquid for systemic delivery of therapeutic 
agents. Neither traditional dosage form always succeeds in addressing issues 
such as poor solubility, permeability, stability, and site - specifi c delivery of 
therapeutic agents for maximum benefi t. Based on the limitations of conven-
tional formulations, a signifi cant number of new chemical entities, developed 
through combinatorial synthesis and high - throughput screening, have had 
excellent pharmacological properties but have had to be abandoned because 
of development - related challenges. With many so - called   block - buster drugs 
becoming  “ off - patent ”  over recent   years, the majority of effort of the phar-
maceutical industry has been directed toward development of new generation 
of formulations of existing therapeutic molecules. The aim is mostly to improve 
the performance of a drug by altering the disposition and pharmacokinetics 
and also to enhance patient compliance through a decrease in dosing fre-
quency and limiting side effects. Such strategies have already been shown to 
help a brand name company retain signifi cant market share of a product in 
the presence of generic competition. 

 Additionally a lot of research effort from academe and industry has 
led to discovery of potent and disease altering therapeutic biomolecules, 
including proteins, peptides, and nucleic acid - based macromolecules, that 
cannot be administered using conventional formulations. A combination of 
the remoteness in accessibility of the drug target inside the affected cells and 
even in subcellular compartments, lack of adequate permeability through 
biological membranes, and the high potential for degradation of these newer 



therapeutic biomolecules have propelled the need for development 
of effective delivery systems. For instance, the intracellular availability 
of stable small interfering RNA (siRNA) using specifi c delivery systems is 
essential for RNA interference technology to become an effective therapeutic 
strategy. 

 Many of the current challenges in pharmaceutical product development 
can be addressed by advances in nanotechnology. The oral route of 
administration continues to be desired for a large number of therapeutic 
compounds, especially those intended for chronic therapy. It is suggested that 
most nanotechnology research and development funding will be used in the 
development of oral drug delivery systems  [3] . Several companies, including 
Elan and Baxter, have programs for development of nanoformulations to 
improve oral bioavailability of already existing drugs. These products are 
made by either wet grinding (e.g., NanoCrystal  ®   technology) or controlled 
precipitation and milling (e.g., NanoEdge  ®   technology) of drugs to form 
nanoparticles. Other examples of nanoplatforms used in drug formulations 
include polymeric nanoparticles, liposomes, nanoemulsions, micelles, and 
dendrimers. 

  10.1.1   Oral Route of Drug Delivery 

 Noninvasive and patient - controlled administration of therapeutics has proved 
to be the most favored mode of drug administration in the body, especially 
for chronic therapy. The oral route of administration continues to be the most 
common method of drug delivery because of some obvious advantages: 

   •      Noninvasive delivery is known to be the safest route for drug 
administration  

   •      The gastrointestinal tract provides a large surface area for drug 
absorption.  

   •      Oral administration can be used for delivery of drugs for both local and 
systemic effects.  

   •      A variety of liquid, solid, and semisolid drug formulations can be admin-
istered via the oral route.  

   •      Multiple administrations of drugs are possible with oral delivery.  
   •      Drugs can be self - administered, eliminating the need for hospital admis-

sion and trained personnel.  
   •      Oral delivery ensures patient compliance relative to all other routes.  
   •      The drug manufacture process is economical since it can be easily scaled 

up for mass production.      

 Often a quick test to evaluate the oral bioavailability of the new chemical 
entity is to fi ll the drug into a hard gelatin capsules along with lactose, 
as this constitutes the simplest formulation for oral administration. In addition 
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to the ease of administration and high patient compliance, the variety of 
excipients available and relatively lower cost involved in the development 
of oral dosage forms, favor this route as compared to more invasive 
approaches. 

 However, oral formulations are not feasible for a variety of new chemical 
entities (Figure  10.1 ). Many of these agents are highly hydrophobic or suffer 
from stability and permeability constraints, which limit oral bioavailability. 
Drugs with a narrow therapeutic index are diffi cult to administer via the oral 
route. Additionally several dosage forms (crystalline vs. amorphous drug, type 
of formulation, rates of disintegration and dissolution, etc.) and physiological 
factors (gastrointestinal [GI] motility, stability in GI fl uid, P - glycoprotein 
effl ux, enzymatic degradation, etc.), contribute to poor bioavailability of 
certain therapeutic molecules upon oral administration.    

  10.1.2   Anatomical and Physiological Considerations in Oral Delivery 

 Understanding and exploiting the physiological conditions in the GI tract 
holds the key to development of a successful oral delivery formulation. In this 
section the basic anatomy and physiology of the GI tract has been described 
to understand and explore the opportunities that are available and can be 
exploited for designing an oral drug delivery system. 

 The human digestive system is a complex system comprised of many dif-
ferent organs and highly specialized to perform functions like ingestion, diges-
tion, and absorption. The organs of the digestive system are essentially part 

    Figure 10.1     Barriers to oral delivery of drugs, protein/peptides, and genes.  
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of two main groups: the gastrointestinal tract or the alimentary canal and 
the auxiliary structures. The gastrointestinal tract is a long and continuous 
tube - like structure beginning at the mouth (oral cavity) and continuing 
further down as the pharynx, esophagus, stomach, small intestine, large intes-
tine, rectum, and fi nally culminating into the anal canal  [4 – 9] . Almost all the 
portions of the digestive tract are made up of four basic layers but perform 
different functions. The four layers of the digestive system include  mucosa , 
the innermost lining of the digestive tract consisting principally of epithelial 
tissue;  submucosa , primarily a thick layer of connective tissue containing 
nerves, blood vessels, and glands;  muscularis , the muscle of the digestive 
system consisting of two layers of smooth muscles; and  visceral peritoneum , 
this tissue is also known as the serosa and is the outermost layer of the 
tract  [4 – 9] . 

 The oral cavity is lined with the mucous membrane also known as the oral 
mucosa, and it includes the buccal, sublingual, gingival, palatal, and labial 
mucosae  [10 – 12] . The oral mucosal surface has variable thickness with buccal 
mucosa having a thickness of 500 to 800    μ m, while the palates, gingivae, and 
fl oor of the mouth measuring 100 to 200    μ m  [13,14] . From a drug delivery point 
of view, the buccal and sublingual tissues offer excellent sites for delivery 
because of the fact that they are more permeable than other mucosal regions 
of the mouth. The oral mucosal surface is highly vascularized,   which allows 
the drugs diffusing from the oral mucosa direct access to the systemic circula-
tion and can bypass fi rst pass metabolism in liver  [10,12] . The permeability of 
the oral cavity follows the following order: oral mucosa    >    sublingual    >    buccal 
cavity    >    palatal surface. However, proteins and peptides are very highly sus-
ceptible to degradation in the oral cavity because of the presence of an enzy-
matic barrier in the oral mucosa. In addition to the high vascularization, the 
cells of the oral mucosa are surrounded by an environment of mucus that is 
secreted by the mucous membrane and is believed to play a role in bioadhe-
sion of mucoadhesive drug delivery systems  [10 – 13,15] . Following the oral 
cavity is the esophagus, which ends into the stomach and is not a region of 
much interest for drug delivery. The stomach consists of the gastric mucosa, 
which contains many deep glands made up of parietal cells. These cells are 
responsible for secretion of hydrochloric acid. The major barrier for drug 
delivery to the stomach is the low pH that exists in the organ because of the 
secretion of hydrochloric acid; this can lead to ionization of basic drugs, result-
ing in poor absorption. In addition therapeutic proteins and peptides are 
degraded very rapidly in the stomach because of the presence of copious 
amounts of pepsinogen. 

 The stomach ends into the small intestine, and this orifi ce is guarded by a 
pyloric sphincter preventing the re - entry of chyme into the stomach. The small 
intestine is the most important target organ for oral delivery of therapeutic 
molecules. The small intestine is further divided into three major parts, which 
include the duodenum, jejunum, and the ileum. In addition to the general 
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structure, the small intestine also shows the presence of tiny fi nger like struc-
tures called villi, which are made of epithelial tissue and are divided into 
microvilli, which form the brush border. Throughout the length of the small 
intestine the mucous membrane is covered by villi. The main function of the 
small intestine is digestion and absorption of the food that is passed down into 
it from the stomach. The process of absorption in the small intestine is also 
assisted by its length and a very large surface area  [16 – 18] . The delivery of the 
drugs to the small intestine is preferred because drugs typically exhibit maximal 
absorption from this site compared with other regions of the gastrointestinal 
tract. The absorption of drugs and particulate delivery systems from the small 
intestine is believed to occur through gut - associated lymphoid tissue and also 
from other nonlymphoid tissue  [17] . The mucus covered mucosal layer of the 
small intestine forms a physical barrier to the environment and absorption of 
drugs  [18] . The brush border enzymes also form an enzymatic barrier for 
absorption of proteins from the small intestine. The other major barrier to 
drug absorption to the small intestine is the action of ATP - dependent effl ux 
protein P - glycoprotein (P - gp) effl ux pump, which is expressed on the mem-
brane of the intestinal epithelial cells. P - gp is part of the protective barrier of 
the small intestine that limits absorption of potentially toxic substances  [19]  
and can have a signifi cant effect in altering absorption and bioavailability 
of certain drugs by actively transporting the drug back into the intestinal 
lumen. 

 The mucosa of the small intestine contains solitary lymph nodules 
and aggregated lymph nodules called the Peyer ’ s patches. These are usually 
oval in shape and occur more frequently in the distal areas of the small intes-
tine and also at the terminal end of the colon. They are comprised of four 
zones, which are the germinal center, small lymphocytic zone, interfollicular 
zone, and subepithelial zone. All of these zones are primarily made up of 
lymphocytes and other antigen - presenting cells like macrophages and den-
dritic cells. The Peyer ’ s patches are lined above the lymphoid follicles by a 
membranous layer of epithelial cells called the follicle - associated epithelium, 
which in turn is composed of absorptive cells, goblet cells, and M cells, and 
  these cells assist the Peyer ’ s patches to transport macromolecules and particu-
late matter from the GI track into lymphatic/systemic circulation  [16] . The 
physiology of Peyer ’ s patches make them a very important feature of the small 
intestine as they harbor many immunocompetent cells that can be stimulated 
by antigenic proteins and genes to generate both humoral and systemic 
immunity. 

 The small intestine ends into the large intestine. It is called the large intes-
tine because of the larger diameter of the tract compared to the small intestine. 
The large intestine is about 1.5 meters in length, beginning at caecum and 
ending in the rectum and the anal canal. There is a difference between the 
wall of the large intestine and small intestine. The large intestine shows the 
presence of simple columnar cells with numerous goblet cells. The goblet cells 
also secrete mucus that lubricates the colonic content as it passes through 



the colon. The submucous layer of the large intestine consists of more 
lymphoid tissue than any other part of the GI tract to provide nonspecifi c 
defense against invasion by microbes in the food and the bacterial fl ora 
that resides in the gut. Drug delivery to the large intestine via the oral 
route for local action is a challenging task as the drug carrier system will 
have to face the rigors of the preceding sections of the GI tract before reach-
ing the desired site of action. Rectal delivery of drugs is an alternative for local 
action, but it suffers the disadvantage of patient compliance. The mucus layer 
of the large intestine can take up particles in a particular size range, and 
this property could be exploited for delivery of drugs to the large 
intestine  [20,21] .   

  10.2   NANOTECHNOLOGY FOR ORAL DELIVERY 

 The conventional drug delivery systems, including tablet and capsules for oral 
administration or solution for parenteral administration, may not represent 
the most effi cient way to deliver the drugs  [22] . As mentioned earlier, many 
of the low molecular weight drugs and the new biological molecules (e.g., 
siRNA) suffer from poor solubility, shorter half - life due to rapid clearance or 
degradation, poor bioavailability, and potentially toxic side effects due to dis-
tribution to nontarget sites  [22] . Thus, in order to deliver these new biologics 
and at the same time improve the effi ciency of conventional drugs, it is essen-
tial to develop new delivery systems. These systems should aim at improving 
the effi cacy of the drug, minimize side effects and improve patient compliance 
 [22] . Toward this end, research has explored various systems that come under 
the category of nano - carriers. 

 One of the major advantages of nanoparticles is that they offer a large 
surface area because of the nanometer size and they tend to improve the effi -
ciency and bioavailability of the drug by encapsulating and delivering more 
drug  [23] . These systems can be further modifi ed to improve their perfor-
mance by surface modifi cation of the nanoparticles for specifi c targeting to a 
tissue or cell. This aspect of the nanoparticle modifi cation can be certainly 
advantageous from the oral delivery perspective  [23] . Nanoparticle - based 
delivery systems are also desirable as they exhibit low toxicity and improved 
patient compliance; they are also more cost effective than conventional drug 
delivery systems  [24,25] . In summary, nanoparticles offer an exciting platform 
as carriers for their ability to protect the drug/bioactive material from 
biodegradation. 

  10.2.1   Polymer and Lipid Nanoparticle Technologies 

 In the last few decades the advancement in the fi eld of drug delivery 
has further propelled development of various polymer and lipid based 
nanosystems for enhanced delivery of therapeutic molecules to the targeted 
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 TABLE 10.1     Summary of Polymer - based Nanoparticle Systems Used for Oral Delivery 
of Drugs, Protein/Peptides, and Genes 

  Oral Delivery 
System    Polymer Employed    Size (nm)  

  Incorporated 
Active    Reference  

   Drug delivery     Gliadin    400 – 500    Carbazole     [128]   
  Gliadin    250 – 400    Amoxicillin     [64]   
  Chitosan    50 – 500    Streptomycin     [67]   
  PLGA    200 – 260    Theophylline 

in depot 
tablets  

   [126]   

  PLGA    100 – 200    Indomethacin     [129]   
  Poly(methylvinylether -

  co  - maleic anhydride)  
  200 – 250    5 - Fluoroudine     [130]   

  PLGA    100 – 200    Vancomycin     [129]   
  Polystyrene    50 – 3000    Iodine - 125     [59]   
  PLGA    100 – 200    Valproic acid     [129]   
  PLGA    100 – 200    Phenobarbital     [129]   
  PLGA    200 – 300    Amifostine     [65]   
  PLGA    300 – 400     H. pylori  

lysate  
   [112]   

  Lectin - PLGA    300 – 400    Rifampicin     [66]   
  Lectin - PLGA    300 – 400    Pyrazinamide     [66]   
  PLGA    100 – 200    Ketoprofen     [129]   
  Lectin - PLGA    300 – 400    Isoniazid     [66]   
  Polystyrene nanoparticles 

coated with poloxamer 188 
and 407  

  60    Fluorescein     [131]   

  Polystyrene    100 – 1000    Fluorescent 
dye  

   [20]   

  PLGA    300 – 500    Rolipram     [21,75]   
  Poly(methylvinylether - 

 co  - maleic anhydride)  
  200 – 300    RBITC     [130]   

site (Table  10.1 ). The success and underlying potential of these systems 
depend on the fl exibility of manipulating the polymers (surface modifi cation), 
small size of the particles, nontoxicity, reproducibility, and high 
stability  [26] .   

 The concept of polymer nanotechnology has started to encompass fi elds 
from the pharmaceutical/biotechnology industry to the packaging industry. 
Polymer nanotechnology implies the use/engineering of appropriate polymer -
 based nanosystems for intended use. In the fi eld of pharmaceutical sciences, 
polymer - based nanotechnology has been used for drug, gene, or small/large 
molecule delivery. The polymeric nanotechnology includes polymeric nanopar-
ticles, polymeric micelles, and functionalized nanoparticles for the delivery of 
the drugs. 



  Oral Delivery 
System    Polymer Employed    Size (nm)  

  Incorporated 
Active    Reference  

   Protein/peptide 
delivery   

  PCL, PLGA, PCL - PLGA 
blend, and PCL - PLGA 
copolymer  

   ∼ 250    Diptheria 
toxoid  

   [132]   

  Poly(ethylene glycol -
 poly(lactic acid)  

  150 – 170    Tetanus 
toxoid  

   [133]   

  PLGA    300 – 400     H. pylori  
lysate  

   [112]   

  Poly( N  - isopropylacrylamide)    148 – 895    Calcitonin     [14,86,134]   
  Poly( N  - vinylacetamide)    148 – 896    Calcitonin     [14,86,134]   
  Poly(t - butyl methacrylate)    148 – 897    Calcitonin     [14,86,134]   
  PLGA    200 – 400    Calcitonin     [104]   
  PCL    270 – 300    Heparin     [105]   
  PLGA    250 – 270         [105]   
  Eudragit ®  RS and RL    250 – 280         [105]   
  Poly(iso - butyl cyanoacrylate)    85    Insulin     [135]   
  Polyesters    300 – 500         [99]   
  Poly(methacrylic acid) - 

g - poly(ethylene glycol)  
  200 – 1000         [94]   

  Poly(alkylcyanoacrylate)    100 – 400         [92]   
  Chitosan    200 – 400         [90]   
  Poly(isobutylcyanoacrylate)    100 – 500         [136]   
  Poly(acrylicacid) - 

g - poly(ethylene glycol)  
  200 – 100         [94]   

  PLGA     > 1000         [137]   
  Poly(fumaric -  co  - sebacic) 

anhydride  
   > 1000         [137]   

  PLGA    100 – 200         [129]   
  Dextran    150 – 300         [96]   
  PLGA - Hp55    150 – 180         [98]   
  PCL    340 – 370         [95]   
  Poly(methacrylic acid 

methacrylate)  
  30 – 110         [83]   

  Hydroxypropyl 
methylcellulose  

  50 – 60         [100]   

  Chitosan    150         [138]   
  Gelatin    140         [138]   
  PLGA    100 – 200         [129]   
  PCL    100 – 130         [101]   
  Eudragit ®  RS and RL    170 – 310         [139]   

   Gene delivery     PLGA     > 200    pCMV - lacZ     [140]   
  Poly(ethylene oxide) -

 poly(propylene oxide)  
  150 – 190    pCMV - lacZ     [141]   

  Chitosan    50 – 75    DNA     [109]   
  Chitosan    100 – 1000    pCR3Arah2     [110]   
  Chitosan    70 – 150    mEpo gene     [111]   

TABLE 10.1 Continued
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 On the other hand, lipid - based formulation in the nanometer range pres-
ents an exciting platform for the delivery of highly potent but poorly water 
soluble drugs. Some of the examples of lipid - based formulations in the nano-
meter range include liposomes, solid lipid nanoparticles, and lipid emulsions 
 [22] . In the race to develop new compounds via high - throughput screening, 
many compounds arise from complex structural modifi cations. Some of 
these modifi cations can lead to highly potent lipophilic drugs. Lipid - based 
formulations are desirable for such molecules because they can enhance the 
oral bioavailability of the drug by improving the solubility and also 
enhance permeability, which is another major advantage of lipid - based 
systems  [27,28] .  

  10.2.2   Fundamentals of Polymeric Nanotechnology 

 The basis in development of nanoparticles lies in Paul Ehrlich ’ s idea of design-
ing a  “ magic bullet ”     carrying active molecules in them and being able to target 
specifi c sites in the body for their desired therapeutic effects  [29] . Depending 
on the process by which they are prepared, these systems can be classifi ed as 
nanospheres (nanoparticles) having a dense and solid polymeric network 
(monolithic matrix) or nanocapsules having a hollow core that is surrounded 
by a polymeric shell  [29,30] . Drug - loaded nanoparticles have been developed 
for almost every route of administration: nasal, ocular, mucosal, inhalation, 
oral, transdermal, and parenteral  [18,31 – 36] . Clinically they have found appli-
cations for diagnosing and treating a wide range of pathological conditions. 

 The polymeric nanoparticles can be formulated from both natural and 
synthetic polymers. Additionally the polymeric material of interest can be 
made biodegradable or nonbiodegradable. Polymers can be broadly classifi ed 
into natural and synthetic polymers. Natural polymers include chitosan, 
gelatin, alginate, hyaluronic acid (HA), starch, and dextran. On the other 
hand, synthetic polymers include poly( l  - lactic acid) (PLA), poly( d , l  - lactide -
  co  - glycolide) (PLGA), polyanhydrides, poly( ε  - caprolactone), polystyrene, 
poly(vinyl alcohol), poly( β  - amino ester) (PBAE), PLA/PLGA -  b  - poly(ethylene 
glycol) (PEG), block copolymers, poly( N  - isopropylacrylamide) (PNIPAAm) -
 based copolymers, poly( β  - benzyl - l - aspartate) block copolymer, and 
poly(trimethylene carbonate) copolymers. The natural and synthetic polymers 
have their own set of advantages and disadvantages  [37 – 39] . For example, a 
naturally occurring polymer is often nontoxic and biodegradable, whereas a 
synthetic polymer can be tailor - made for specifi c application, having con-
trolled degradation and well - defi ned physicochemical properties. 

 There are numerous well defi ned techniques for the preparation of the 
polymeric nanoparticles. However, on a broad scale these methods can be 
attributed to a formulation that either requires polymerization or is directly 
formed from desolvation of macromolecules or preformed natural or synthetic 
polymers. The polymerization method can be further classifi ed into emulsion 
and interfacial polymerization. 



  Emulsion Polymerization     Emulsion polymerization is a very fast process 
that can be used for the large - scale production of polymeric nanoparticles  [40] . 
The polymerization can be realized either by dissolving the monomer into a 
continuous phase (organic or aqueous) where the monomer collides with an 
initiator (ion or radical) or by converting the monomer into an initiating 
radical by providing high - energy through  γ  - radiation, ultraviolet radiation, or 
strong visible light. The emulsion polymerization via the organic continuous 
phase requires that the monomer be dispersed into an organic phase in which 
it is insoluble or into an emulsion or microemulsion. Polymeric nanoparticles 
synthesized by emulsion polymerization in the aqueous continuous phase are 
more desirable than nanoparticles made from the organic continuous phase 
as the preparation steps exclude the use of toxic organic solvents, surfactants, 
or emulsifi ers. Polymeric nanoparticles of poly(methylmethacrylate) (PMMA), 
poly(ethylcyanoacrylate) (PECA), poly(butylcyanoacrylate), and polyacryl-
amide have been prepared by the emulsion polymerization technique  [41] . 
These polymeric nanoparticles have been known to encapsulate hydrophilic 
drugs.  

  Emulsifi cation/Solvent Evaporation Technique     Emulsifi cation of the 
polymer solution in an aqueous phase is followed by evaporation of the 
polymer solvent  [40,42] . This two - step procedure results in polymer precipita-
tion as nanospheres. The drug is dissolved or dispersed into a preformed 
polymer organic solution containing dichloromethane, chloroform, or ethyl 
acetate. This mixture is subjected to emulsifi cation in an aqueous medium to 
make an oil/water emulsion by using emulsifying agents or surfactants. The 
size of the resulting emulsion can be reduced by high - speed homogenization 
or sonication. After formation of a stable emulsion, the organic solvent is 
evaporated by either increasing the temperature/under pressure or constant 
stirring. Even though other types of emulsions such as water in oil (w/o), 
water - oil - water (w/o/w), or oil - water - oil (o/w/o) can be formed, oil in water 
emulsions are preferred as they use water as the nonsolvent. This eliminates 
the need for recycling, facilitating the washing step and minimizing the agglom-
eration. Polymers used to formulate nanoparticles via this technique include 
PLA, PLGA, ethylcellulose (EC), PCL, and poly( β  - hydroxybutyrate) (PHB). 
Drugs that have been encapsulated within the polymer matrix with this process 
are albumin, tetanus toxoid, testosterone, loperamide, cyclosporine, praziqu-
antel, nucleic acid, and indomethacin.  

  Solvent Displacement Technique     The solvent displacement method is based 
on the principle of spontaneous emulsifi cation. The polymer is generally dis-
solved into a water - miscible solvent of intermediate polarity such as ethanol 
or acetone  [40] . The drug to be incorporated is mixed with the polymer in the 
same phase. This phase is introduced into a stirred aqueous phase containing 
a surfactant. As the polymer – drug mixture is introduced into the aqueous 
phase, rapid diffusion of partial polar solvent leads to precipitation of the 

NANOTECHNOLOGY FOR ORAL DELIVERY 241



242 NANOTECHNOLOGY TO IMPROVE ORAL DRUG DELIVERY

polymer due to changes in solubility. The precipitation of the polymer in the 
presence of mechanical stirring results in formation of polymeric nanoparti-
cles. The limiting factor in this approach is the use of the water - miscible sol-
vents that can cause rapid diffusion to produce spontaneous emulsifi cation. 
For example, both acetone and dichloromethane are used as water - miscible 
solvents, but dichloromethane increases the mean particle size because the 
coalescence rate of the formed nanoparticles is not suffi ciently high. The 
polymeric nanoparticles produced by this technique can only be applied to 
entrapment of lipophilic drugs. Hence the choice of drug/polymer/solvent/
nonsolvent is extremely important in this method. Examples of polymers used 
for nanoparticle preparation by this technique include PLGA, PLA, PCL, 
poly(methyl vinyl ether -  co  - maleic anhydride) (PVM/MA). Drugs such as 
cyclosporine, doxorubicin, paclitaxel, and insulin have been effi ciently incor-
porated within these polymers.  

  Emulsifi cation/Solvent Diffusion (ESD) Method     In the ESD technique the 
polymer encapsulating the drug is dissolved in a partially water - soluble solvent 
such as propylene carbonate and saturated with water so that thermodynamic 
equilibrium is achieved between the two liquids. The polymer – water - 
saturated solvent phase is next emulsifi ed in an aqueous solution containing 
stabilizers in order to precipitate the polymer and form nanoparticles. As a 
result the solvent diffuses to the outer phase and nanoparticles form. Subse-
quently, depending on the boiling point, the solvent is removed by fi ltration 
or evaporation. High - speed homogenization is not required, and the advan-
tages of employing this technique are   high batch - to - batch reproducibility and 
narrow size distribution. As with the other emulsifi cation techniques, ESD is 
well   suited for encapsulation of lipophilic drugs. Drugs such as doxorubicin, 
indocyanine, and cyclosporine have been successfully encapsulated into 
polymers such as PLGA, PLA, gelatin, and sodium - glycolate nanoparticles 
synthesized via ESD.  

  Salting - out Technique     The salting - out method is a variation   of the emulsi-
fi cation/solvent diffusion method  [40,42] . When a water - miscible solvent is 
added to the aqueous phase containing electrolytes, it results in the separation 
of the water - miscible solvent, which is known as the salting - out effect. 
This is the principle applied to produce polymeric nanoparticles. The polymer 
and the drug are initially dissolved in a water - miscible organic solvent 
and subsequently emulsifi ed into an aqueous solution containing salting out 
agents such as electrolytes and colloidal stabilizers. The oil/water emulsion 
is diluted by adding water to enhance the diffusion of the organic solvent 
into the aqueous phase, and the result is the formation of nanoparticles. 
Both the solvent and salting - out agents are then eliminated by cross - fl ow fi ltra-
tion. This technique enables   high - loading effi ciency and high - yield for lipo-
philic drugs. Polymeric nanoparticles of PLA, PMAA, and EC are produced 
by this process.  



  Supercritical or Compressed Fluid Technology     The newest method to 
produce polymeric microparticles and nanoparticles involves the dissolution 
of the polymer and the drug in a supercritical fl uid  [40] .   The fl uid is sprayed 
into a chamber containing solvent miscible gas, but in which the polymer and 
the drug are not miscible. The gaseous phase acts as a supercritical fl uid (gen-
erally supercritical CO 2  gas), and upon spraying, the organic solvent evapo-
rates. Thus the supersaturation of the liquid solution results in the formation 
of fi ne, uniform colloidal particles  [40,42] .  

  Controlled Complexation     Electrostatic complexation is induced by oppo-
sitely charged polymers interacting in aqueous solution, and this can yield 
stable colloidal dispersions. The interacting polymers could be therapeutically 
active (e.g., oligonucleotides and plasmid DNA) or may have tailored proper-
ties (e.g., pH - sensitivity)  [43,44] . A wide variety of charge - bearing polymers 
have been utilized to manufacture composite nanoparticles with varying physi-
cochemical properties  [45 – 49] .   

  10.2.3   Introduction to Lipid Nanotechnologies 

 Lipid nanotechnology is another approach for delivering the bioactive mole-
cules to various sites in the GI tract. As mentioned previously, lipid - based 
formulations are desirable for their ability to encapsulate the lipophilic drug. 
Liposomal technology was introduced in the mid - 1960s by Bangham  [50] . 
Liposomes are mostly made up of phospholipids, and they have proved to be 
highly biocompatible. They therefore present an interesting prospect for the 
delivery of drugs, proteins, peptides, and plasmid DNA. However, from the 
oral delivery perspective, it has been shown that liposomes are not stable 
within the GI tract but are still desirable because of their ability to encapsulate 
the lipophilic drug. In order to improve the stability of the liposomes, surface 
modifi cations of these colloidal systems has been proposed. Toward this end, 
use of mucoadhesive polymers and ligands such as lectin has been explored. 
On the other hand, solid lipid nanoparticles are now also being extensively 
researched for their properties such as biodegradability, good tolerability, and 
availability of cost - effective scale - up techniques such as high - pressure homog-
enization and micro - emulsion technology. This section on lipid nanotechnolo-
gies will focus on the surface - modifi ed liposomes. The emphasis will be on 
the method of preparation and application from the oral drug delivery 
perspective. 

 Liposomes comprise amphiphilic molecules of natural or synthetic origin. 
Either the two hydrocarbon chains are esterifi ed to a glycerol backbone chain 
(glycerolipids), or they constitute a hydrophobic ceramide moiety that is 
linked to a hydrophilic head group. The head group can have a phosphate 
(phospholipids) or a carbohydrate (glycolipids) unit. Some of the examples 
of biological head groups include zwitterionic phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), sphingomylein (SM), negatively charged 
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phosphatidic acid (PA), phosphatidylglycerol (PG), phosphatidylserine (PS), 
phosphatidylinositol (PI), cardiolipin (CL), and monosiagloganglioside 
(GM1). On the other hand, positively   charged amphiphiles of synthetic origin 
include  N  - [1 - (2,3 - dioleyloxy)propyl] -  N,N,N  - trimethylammonium (DOTMA), 
1 - oleoyl - 2 - [6 - [(7 - nitro - 2 - 1,3 - benzoxadiazol - 4 - yl)amino]hexanoyl] - 3 - trimeth-
ylammonium propane (DOTAP), and 1,2 - dioleoyl - snglycero - 3 - phosphotidyl-
ethanolamine (DOPE). The cationic lipids can interact with negatively charged 
DNA or oppositely charged biological membranes. The amphiphilic membra-
nous lipids are poorly soluble in water and tend to form bilayers. The resulting 
structure is a concentric bilayered vesicle enclosing an aqueous volume, and 
this is what is known as a  liposome . Liposomes can be characterized as multi -
 lamellar vesicles (MLV: 0.1 – 10    μ m) or unilamellar vesicles. The unilamellar 
vesicles can be further classifi ed into small unilamellar vesicles (SUV: 25 –
 50   nm), large unilamellar vesicles (LUV: 100 – 500   nm), or giant unilamellar 
vesicles (GUV:  ≥ 1    μ m)  [51] . 

  Thin Lipid Film Hydration Method     Multilamellar vesicles (MLVs) were 
the fi rst liposomal preparation described in the literature to be formed spon-
taneously  [52] . MLVs can be made by readily co - dissolving the desired lipids 
(including the payload) into an organic solvent. This step is followed by rotary 
evaporation of the organic solvent under reduced pressure. Subsequently the 
lipids are hydrated above the lipid phase transition temperature. It is highly 
desirable to achieve a thin fi lm of the lipids to ensure effi cient hydration of 
the bilayer. The particle size of liposomes achieved via this method is very 
heterogeneous. Other parameters to be considered are the hydration time and 
method of re - suspension of the lipids. For example, longer hydration time with 
gentle shaking results in higher encapsulation of the payload than shorter 
hydration time with rigorous shaking. Hence, despite identical lipid concentra-
tion, composition and aqueous volume, the two formulations of MLV can be 
different  [51,52] .  

  Mechanical Methods     Sonication, extrusion through polycarbonate mem-
brane and microfl uidization of MLVs, can result in homogeneous SUVs with 
radii of around 25 to 50   nm. The sonication can be done via bath or probe 
sonicator within an inert atmosphere (usually nitrogen). Both the types of 
sonication methods have their pros and cons. The advantage with the probe 
sonicator is its ability to cause faster breakdown of the MLVs into SUVs. 
However, the disadvantage is the possibility of contamination and degradation 
of the phospholipid from the metal probe. Additionally probe sonication can 
result in generation of aerosols from the solution containing radioactive, car-
cinogenic, or infectious excipients in the formulation. Bath sonicators require 
more time and attention in order to obtain SUVs of very small size. Addition-
ally the temperature of the preparation can be controlled and be maintained 
above the lipid phase transition temperature  [51, 52] .  
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  Detergent Removal Methods     Another process for the production of unila-
mellar vesicles involves the removal of the detergent from the phospholipid/
detergent mixture. Processes like centrifugation, gel - fi ltration, or fast con-
trolled dialysis can be employed for the removal of detergent. The vesicles 
produced via this process have an average diameter of around 100   nm. This 
process is suitable for entrapping proteins and membrane - bound ligands. 
Another approach of SUV preparation involves the ethanol injection tech-
nique. This process avoids the need of sonication. In this process the lipids 
dissolved in ethanol are rapidly injected into aqueous buffer. This results in 
spontaneous formation of a heterogeneous mixture containing MLV, LUV, 
and SUV. The average vesicle diameter obtained by the ethanol injection 
method ranges from 30 to 110   nm, depending on lipid concentration  [51] .  

  Reverse Evaporation Methods     For the formation of large liposomes, the 
phospholipids are fi rst dissolved in an organic solvent such as diethylether, 
isopropylether, and chloroform in a 1   :   1 ratio. The aqueous phase is then 
added to the phospholipid/solvent mixture. The resulting  “ water - in - oil ”  emul-
sion is sonicated and partially dried to achieve a semisolid gel. The semisolid 
gel spontaneously forms liposomes upon removal of the residual solvent by 
continued rotary evaporation under reduced pressure. The vesicles produced 
via this method range from 0.1 to 1    μ m, with up to 50% entrapment. This 
method is suitable for water - soluble drugs where the aqueous solution of the 
drug can be injected into the phospholipid/solvent mixture to form a water/oil 
emulsion  [51] . 

 A few other methods for the preparation of liposomes have been described 
in the literature. The reader interested in learning more about the various 
other methods for liposomal preparation is referred to  [52] . 

 As we mentioned before, stability of the liposomes in the GI tract is the 
most important limiting factor. The surface modifi cation of the liposomes is 
an attractive way to enhance the stability of the formulation. Toward this end, 
polysaccharides such as chitosan, N – O - palmitoylscleroglucan (PSCG), amy-
lopectin, O - palmitoylpullan, and dextran have been used for delivery of pep-
tides and vaccines  [53,54] . Additionally coating of liposomes with polymers, 
such as PEG, ligands such as lectins, and potential of double - liposomes have 
also been explored.    

  10.3   POLYMERIC NANOSYSTEMS FOR ORAL DELIVERY 

 The presence of an absorbing surface on the organs of the gastrointestinal 
tract makes delivery of therapeutic molecules via the oral route possible. It is 
a well - known fact that particulate matter can be absorbed by the gastrointes-
tinal tract. The absorption is due to three main mechanisms: (1) translocation 
of particles across the gastrointestinal wall as intracellular uptake by the 
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absorptive cells of the intestine, (2) paracellular uptake between the cells of 
the intestinal wall or phagocytic uptake by intestinal macrophages, or (3) 
uptake by the M cells of the Peyer ’ s patches  [16,55 – 57] . However, the gastro-
intestinal tract provides a variety of barriers; which include proteolytic enzymes 
in the gut lumen and on the brush border membrane, mucus layer, gut fl ora 
and epithelial cell lining, to impede the delivery of drugs. Early reports on 
studies performed by researchers in this area indicate that there are certain 
essential factors that govern the uptake of particles from the gut. These factors 
include particle size, physicochemical nature of particles, surface charge, and 
attachment of uptake enhancers like lectins or poloxamer on the surface of 
the nanoparticles  [58] . After oral administration of nanoparticles they could 
be (1) directly eliminated in the faeces, (2) adhere to the cells (bioadhesion), 
and/or (3) undergo oral absorption as a whole. Oral absorption of nanoparti-
cles results in passage across the gastrointestinal barriers and delivery of the 
payload into the blood, lymph, and other tissues. Jani et al.  [59]  have shown 
that particle size plays a major role in uptake. They measured uptake by 
using radiolabeled polystyrene nanoparticles ranging from 50   nm to 3.0    μ m 
in diameter. From the results of their study, we learn that smaller size particles 
of 50   nm in diameter showed a 12% uptake by the cells of the small intestine 
when compared with the 1.0    μ m diameter particles, which showed only 1% 
uptake by the cells of the small intestine. The lower size particles  < 500   nm 
were detected in the blood after intestinal uptake, whereas larger size 
particles  > 500   nm where not detected in the blood. Also these nanoparticles 
were detected in other tissues such as the liver and spleen. A low 
surface charge on the surface of nanoparticles is desirable for good absorption. 
While Pluronic  ®   or poloxamer (188 and 407) coating on to the surface of 
50   nm polystyrene nanoparticles inhibited uptake in the small intestine, a 
similar coating on the 500   nm polystyrene nanoparticles showed an increased 
intestinal uptake. There has been yet another report to study the effect of 
surface modifi cation on uptake of polymeric nanoparticles using  14 C - labeled 
poly(methylmethacrylate) (PMMA), having a mean particle size of 130   nm 
and coated with polysorbate (Tween  ®  ) 80 or poloxamine 908  [60] . These 
nanoparticles were administered orally to rats, and they were checked for 
their organ distribution. High radioactivity levels were observed in the 
stomach contents, with below 5% radioactivity   detected in the stomach 
wall. The highest amount of radioactivity (about 40%) was found in the small 
intestine, confi rming that these coated particles were absorbed in the small 
intestine. 

 These studies indicate that polymeric nanoparticles in the appropriate size 
range can be taken up by the cells of the gastrointestinal tract and that these 
are well suited for use as an oral drug delivery system. In addition the striking 
advantage of the nanoparticles is the large surface area that they offer when 
presented in a biological environment and the fl exibility to alter the physico-
chemical properties of the core polymer or by surface modifi cation of the 
nanoparticles. 
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  10.3.1   Illustrative Examples of Polymeric Nanotechnology for 
Drug Delivery 

 Polymeric nanoparticulate drug delivery systems have been used for delivery 
of drugs to organs of the gastrointestinal tract such as stomach, small intestine, 
and large intestine. Further discussion in this section will focus on various 
polymeric nanoparticles based drug delivery systems that have been utilized 
by researchers to overcome the barriers put forth by the gastrointestinal tract 
to achieve successful drug delivery. 

 Gastric emptying is one of the many major hurdles to successful delivery 
of active compounds to the gastric mucosa using conventional delivery systems. 
These conventional delivery systems do not remain in the stomach for pro-
longed periods due to them being unable to deliver the drug to the desired 
site at the effective concentration and in the fully active form. The other major 
barrier to the delivery of drug is the mucus layer of the gastric mucosa. The 
primary component of mucus is glycoprotein, which forms a dense condensed 
and complex microstructure by way of numerous covalent and noncovalent 
bonds with other mucin molecules. All these issues do not make the stomach 
a very popular target organ for oral drug delivery. However, the stomach is a 
target for a few disorders that include infection by  Helicobacter pylori 
(H. pylori). H. pylori  has been recognized as a major gastric pathogen respon-
sible for a variety of clinical manifestations including development of gastritis, 
gastric ulcer, and gastric carcinoma  [61] . 

 The microorganism was fi rst isolated by Warren and Marshall in 1982 
 [62,63]  and was recognized to be a gram negative, spiral, urease - producing 
bacterium. Traditionally orally delivered antibiotics such as amoxicillin and 
tetracycline have been employed for treatment of this infection, requiring 
absorption of these drugs into the systemic circulation from the small intestine. 
However, effective treatment and eradication of  H. pylori  requires site - 
specifi c systems that can deliver drugs to the disease area. One way of 
achieving this is by using mucoadhesive particles that, upon delivery, can suc-
cessfully adhere onto the gastric mucous layer. Umamaheshwari et al.  [64]  
studied the effectiveness of mucoadhesive nanoparticles prepared from 
gliadin - bearing amoxicillin for treatment of  H. pylori . Gliadin is a group 
of polymorphic proteins extracted from gluten and are soluble in ethanolic 
solutions. In vivo mucoadhesion capacity was evaluated by oral administration 
of fl uorescent - labeled gliadin nanoparticles. Size - dependent mucoadhesive 
propensity and specifi city were exhibited by gliadin nanoparticles with less 
than 300   nm particles showing 68% mucoadhesion and 300   nm particles 
showing 75% and above levels of mucoadhesion. To study in vivo therapeutic 
effi cacy, Mongolian gerbils previously inoculated with human  H. pylori  
were administered with amoxicillin - loaded gliadin nanoparticles. These 
particles were able to show 100% inhibition of  H. pylori  within four hours 
of administration. However, these nanoparticles were not successful in 
completely eradicating the  H. pyroli  in vivo. This study showed that 
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amoxicillin - loaded nanoparticles exhibited a longer gastric residence time 
than the conventional amoxicillin formulation and also that the topical action 
of amoxicillin on the gastric mucosa plays an important role in the clearance 
of the bacterium. 

 The physiological environment existing in the stomach, including its very 
low pH, does not allow for effi cient absorption of basic drugs into the systemic 
circulation. In one study amifostine was incorporated into PLGA nanoparti-
cles by spray - drying for systemic absorption. Amifostine is an organic thio-
phosphate prodrug and is dephosphorylated by alkaline phosphatase in the 
tissue to the active free thiol metabolite. The major drawback of the drug is 
that it cannot be administered orally in an active form, and when administered 
systemically, it is rapidly cleared from the body. To overcome this drawback 
spray - dried PLGA nanoparticles have been investigated for oral delivery  [65] . 
PLGA nanoparticles containing amifostine were administered to mice orally, 
and tissue distribution was observed for the administered dose. Within 30 
minutes post - oral administration the drug was detected in almost all the tissues 
including blood, brain, spleen, kidney, muscle, and liver. 

 The small intestine has traditionally been the target organ for drug delivery 
via the oral route because of the presence of a large absorbing surface area, 
neutral pH, and opportunity to deliver drugs to the systemic circulation for 
action at a distant site. Drug substance and drug product development chal-
lenges, along with disease physiology (tumor, skin infections), have limited 
the delivery of therapeutics via the oral route. Nanotechnology - derived drug 
delivery systems can signifi cantly improve the performance of drugs when 
administered via the oral route. In an attempt to improve oral bioavailability 
of antituberculosis drugs, wheat - germ agglutinin lectin - functionalized PLGA 
nanoparticles were successfully prepared and used to encapsulate isoniazid, 
rifampicin, and pyrazinamide, the three frontline drugs employed in the treat-
ment of tuberculosis  [66] . These PLGA nanoparticles encapsulating the anti-
tuberculosis drugs at therapeutic dosage were administered either by oral or 
aerosol routes for their in vivo drug disposition studies to guinea pigs, which 
were previously infected with  Mycobacterium tuberculosis  to develop the 
infection. In this study all three drugs were administered in the free form, 
namely the non - encapsulated form served as control. Results obtained for the 
plasma concentration of different drugs suggested that PLGA - nanoparticles 
helped improve the plasma residence time of different drugs after oral admin-
istration. The relative bioavailability of all the drugs except for rifampicin was 
higher for the orally administered particles when compared to aerosolized 
nanoparticles and the free drug. Rifampicin was detected for 6 to 7 days in 
the plasma after oral administration of PLGA - NP when compared to free drug 
which was detected only for 1 day. Similarly isoniazid and pyrazinamide were 
maintained for more than 12 days in plasma when compared to a single day 
for the free drug. The presence of these drugs in the tissues such as liver, lungs, 
and spleen for a long time favors their application against tuberculosis where 
infection is largely localized in these tissues. Chemotherapeutic studies 
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revealed that three doses of oral and aerosolized lectin - coated nanoparticles 
for 15 days could yield undetectable mycobacterial colony forming units when 
compared to 45 days of oral administration of the free drug to achieve the 
same results. This study suggests that polymeric nanoparticles could be 
favorably used for effective treatment of tuberculosis. 

 There have been very few reports on oral delivery of hydrophilic, cationic 
drugs by oral administration  [67] . Aminoglycosides, polypeptides, proteins, 
terefenamate, proglumetacin, tiaramide, and apazone are examples of such 
compounds. Popescu et al.  [67]  used biodegradable nanoparticles prepared 
from naturally occurring polymers such as chitosan, dextran sulfate, chondroi-
tin sulfate, and keratin sulfate for oral delivery of highly cationic active com-
pounds that are highly hydrophilic and likely substrates for P - gp. Streptomycin 
is the best example of this class of drugs, which was loaded into chitosan 
nanoparticles and tested for in vivo effi cacy using  M. tuberculosis  infected 
mice. Streptomycin was successfully loaded with an encapsulation effi ciency 
of 50% or higher with a minimal drug loading of 30% w/w of polymer. After 
oral administration of these chitosan nanoparticles in mice a one log 10  reduc-
tion in colony - forming units of the bacilli was achieved compared to the 
control group. These results showed that the nanoparticle - based technology 
can provide a very feasible technology for oral administration of aminoglyco-
side antibiotics that are inactive via the oral route. 

 Another report of intestinal delivery of small molecules using polymeric 
nanoparticles was reported by Jaeghere et al. in 2000  [68] . In their study they 
used pH - sensitive polymeric nanoparticles made from poly(methacrylic acid -
  co  - ethylacrylate) copolymer Eudragit  ®   L100 - 55. These particles were used for 
oral delivery of HIV - protease inhibitor (CGP 70726), which is reportedly a 
very poorly soluble drug. HIV - 1 protease inhibitors intervene in a crucial and 
specifi c step of the replication cycle of HIV, impairing the processing of viral 
precursor polypeptides into active functional and structural proteins that are 
necessary for the maturation of the virus  [68 – 70] . Many different HIV - 
protease inhibiting agents have been described, with most suffering with prob-
lems such as poor solubility and subsequent inadequate oral bioavailability. 
In this study the authors incorporated CGP 70726 in both nanoparticle and 
microparticle formulations and compared oral bioavailability of the drug upon 
oral administration in beagle dogs in both fed and fasted state. The results of 
this study showed that nanoparticles and microparticles had very similar phar-
macokinetic parameters in the both the fed and the fasted state. No signifi cant 
difference was observed for in  C  max  for nanoparticles (1.62    ±    0.04 fasted, 
0.86    ±    0.21 fed) when compared to microparticles (1.59    ±    0.32 fasted, 0.88    ±    0.33 
fed). The slightly higher  C  max  observed for microparticles has been attributed 
to the large specifi c surface area, but there was very high interindividual vari-
ability for this group in both fed and fasted states. It is clear from this study 
that polymeric nanoparticles offer an attractive platform for improving the 
bioavailability of drugs that would have otherwise exhibited very limited 
bioavailability and hence therapeutic effi cacy. 
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 Nanotechnology - based drug delivery systems can also be employed for 
delivery of drug molecules to the large intestine. The large intestine represents 
the last segment of the gastrointestinal tract and can suffer from two major 
infl ammatory bowel diseases which are ulcerative colitis and Crohn ’ s disease. 
Very little is known about the pathological mechanisms involved in both the 
disease  [71 – 74] . Conventionally treatment of these diseases has involved many 
different approaches with anti -  infl ammatory drugs and include 5 - aminosali-
cylic acid formulations for mild symptoms, glucocorticoids and immunosup-
pressive drugs like azathioprine taken along with methotrexate for moderate 
to severe forms of the disease  [75] . The major drawback with these conven-
tional formulations is that they have to be taken at high doses and daily by 
the oral route, resulting in absorption of these compounds by the small 
intestine and causing possible strong and highly undesirable side effects 
 [20,21,75] . 

 From a drug delivery point of view, the major barrier to oral delivery for 
such diseases is the large intestine and stability of drug in the stomach and the 
small intestine until they reach the disease site. Several strategies have been 
employed for development of oral delivery systems for transport of drugs to 
the infl amed sites in the colon, which include sustained release devices such 
as prodrugs, macroscopic systems such as pH - controlled drug release systems, 
time - controlled drug release systems, enzyme controlled drug release systems, 
and microsized delivery forms like microspheres and nanoparticles. One of 
the best stimuli - responsive drug delivery systems that can be used successfully 
for local delivery to the colon is enzyme - controlled release systems. Enzyme -
 controlled release systems make use of the variety of enzymes that are 
produced by the colonic mucosa to achieve colon - specifi c drug delivery. 
These prodrugs and controlled release devices also have the risk of causing 
adverse side effects which might result from systemic absorption of drug 
that might occur due to nonspecifi c delivery of the drug all over the colon 
 [20,21,75 – 77] . 

 Mucoadhesion is another property of the polymers that could be used for 
site - specifi c delivery of the drug to the colon  [55] . Polymers like polysaccha-
rides, which include chondroitin sulfate, pectin, dextran and guar gum, have 
been researched for their use as colon - specifi c systems  [45] . Other polymers 
bearing a positive charge can also be used successfully for their mucoadhesive 
properties  [78 – 80] . Chitosan and gelatin are the best examples of such poly-
mers. Chitosan, which is one of the most abundant natural polysaccharides, 
has also been investigated for development of a colon - specifi c delivery system 
because of its well - known mucoadhesive properties; further a study on rats 
showed that chitosan gets degraded by the cecal and colonic enzymes 
 [61,76,81,82] . 

 Size - dependent bioadhesion of nanoparticles and microparticles in the 
infl amed colonic mucosa has been demonstrated  [20] . Commercially manufac-
tured fl uorescent polystyrene particles of different sizes including 100, 1000, 
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and 10,000   nm were used in the study. The experiments were conducted in rats 
that were rectally treated with hydroalcoholic solution of 2,4,6 - trinitroben-
zenesulfonic acid (TNBS) for inducing infl ammatory bowel disease. Polysty-
rene particles were administered orally to the rats and were assessed for 
localization and deposition of the particles in the gastrointestinal tract. The 
results of this study revealed a size - dependent particle deposition in the gas-
trointestinal tract of the control group and also in the infl amed tissue. Accord-
ing to the results, lower size particles exhibited a higher incidence of particle 
deposition in the infl amed tissue with the lowest particle size of 100   nm showing 
a 6.5 - fold increase in percentage particle binding when compared to particle 
binding of the same size in the healthy control group. The overall distribution 
of the nanoparticles in the gastrointestinal tract was assessed, and it was found 
again that 100   nm particles had a higher percentage of localization (38.6%) in 
the mucus of the infl amed tissue as compared to 31.1% for 1000   nm and only 
13.4% for 10,000   nm particles. This study proved that nanoparticles are better 
localized and deposited by the macrophages of the infl amed tissue and also 
that size - dependent deposition of particles in the infl amed tissue should be 
given importance when designing a nanoparticle carrier system for infl amma-
tory bowel disease. 

 In another study the same group reported on the development of 
biocompatible and biodegradable PLGA - based nanoparticle system for 
targeted oral delivery to the infl amed tissues of the colon for patients 
suffering from infl ammatory bowel disease  [21] . Two different molecular 
weights of PLGA (5000 and 20,000) were used to prepare nanoparticles 
containing rolipram, an anti - infl ammatory drug. The emulsifi cation – solvent –
 evaporation method was used for nanoparticle synthesis to yield sizes 
of less than 500   nm with an encapsulation effi ciency of over 80%. After 
induction of colonic infl ammation using TNBS solution in rats, PLGA nanopar-
ticles were orally administered daily for fi ve days, and the control group 
received only saline. PLGA nanoparticles controlled drug release, causing a 
local anti - infl ammatory effect, and also proved to be very effi cient at decreas-
ing infl ammation of the colitis. Interactions of the negatively charged PLGA 
nanoparticles and the positively charged proteins of the ulcerated tissue 
showed a further enhancement of binding of these nanoparticles to the 
infl amed tissue. 

 All of the above - mentioned examples showcase the use of nanotechnology -
 based polymeric systems for delivery of drug molecules for either local or 
systemic effects. The use of such drug delivery systems is not and should not 
be limited to the use in cases of a handful molecules and disease conditions. 
This advanced technology can be successfully used for improving the perfor-
mance of drug molecules in any local or systemic disease. Many clinical situa-
tions and conditions demand specialized therapeutics to achieve improved 
levels of healing. In such situations the requirements are specifi ed by the 
clinician that   forms the basis of product development.  
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  10.3.2   Illustrative Examples of Polymeric Nanotechnology for Oral 
Macromolecular Delivery 

 Therapeutic compounds of biotech origin such as proteins, peptides, and 
nucleic acids are highly unstable in the biological environment in the free 
form. The physiological conditions such as low pH and high levels of degrad-
ing enzymes such as protease and nuclease existing in the intestine present a 
very hostile environment for delivery of these molecules via the oral route. 
Much research directed in this area has led to the development of many novel 
delivery systems for these highly potent molecules. Among them, polymeric 
nano -  and microparticles have emerged as the most successful delivery systems 
because of their ability to protect these molecules against pH/enzyme - induced 
degradation and also by prolonging the time of delivery to the mucosal sites 
 [83 – 87] . These systems have not only been used for delivery of therapeutic 
and immunogenic proteins/peptides but also for nucleic acid based therapeu-
tics. Although polymeric microparticles have been more popular as delivery 
devices for immunogenic proteins and peptides, polymeric nanoparticles have 
been employed to improve the oral bioavailability and performance of thera-
peutic proteins and peptides upon administration  [88,89] . Two of the most 
extensively researched therapeutic peptide molecules include insulin, an 
essential enzyme for metabolism of glucose, and cyclosporine, which is an 
immunosuppressive drug. 

 Couvreur et al.  [84]  in 1980 reported the fi rst attempt to deliver insulin via 
the oral route. In their study insulin was adsorbed on the surface of 200   nm 
poly(alkylcyanoacrylate) nanoparticles and administered orally to diabetic 
rats to seek hypoglycemic effects. The investigators did not observe any 
decrease in glucose level upon oral administration, but good hypoglycemic 
activity was observed upon subcutaneous administration, suggesting that 
insulin was getting degraded in the gastrointestinal tract. In another investiga-
tion, nanoparticles made from poly(isobutylcyanoacrylate) (PIBCA) loaded 
with insulin were used for oral delivery  [84] . The onset of action was after 2 
days of administration, but was seen for 20 days depending on the insulin dose. 
Administration of these particles orally resulted in a 50% to 60% reduction 
in blood glucose levels of diabetic rats. These results suggest that PIBCA 
nanoparticles were not only able to protect the insulin payload from degrada-
tion in the gastrointestinal tract, but they were also able to deliver biologically 
active insulin  [85,90,91] . 

 More than a decade after the fi rst report on oral insulin delivery, a patent 
was issued in 1995 for controlled release of insulin from biodegradable 
nanoparticles  [92] . Insulin was complexed with different polycyanoacrylate 
monomers at low pH, and nanoparticles were prepared from this complex by 
an anionic polymerization process. These nanoparticles were dosed orally to 
rats, and blood glucose levels were monitored over four hours. A considerable 
decrease in blood glucose levels was observed in the group dosed with insulin -
 loaded nanoparticles compared to the untreated group. 
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 More reports on the oral delivery of insulin using polymeric nanoparticles 
have emerged in the current decade. Pan et al.  [90]  studied the effects of bio-
adhesive chitosan nanoparticles for improving the intestinal absorption of 
insulin in diabetic rats. Chitosan was chosen as the polymer for preparing the 
delivery system because it exhibits a strong electrostatic interaction with 
insulin, hence improving the loading effi ciency of the polymer. Another reason 
for choosing chitosan was for its bioadhesive properties for prolonged stay in 
the gastrointestinal tract, which resulted in prolonged release times for insulin 
 [93] . A dose - dependent decrease in blood glucose levels was observed after 
oral administration of these 290   nm particles in diabetic rats. Chitosan – insulin 
nanoparticles showed a higher decrease in blood insulin levels when compared 
to chitosan – insulin solution, suggesting that they could enhance the intestinal 
absorption of insulin by promoting protection from gastric clearance and also 
render longer residence time in the circulation. More recently Foss et al.  [94]  
developed nanospheres from methacrylic acid grafted with poly(ethylene 
glycol) and also acrylic acid grafted with poly(ethylene glycol) as oral insulin 
carriers. The results from this study showed that diabetic animals administered 
with insulin - loaded nanospheres had signifi cantly reduced serum glucose 
levels with respect to the control animals, and this effect lasted over 6 hours. 
Many more examples for oral delivery of insulin using polymeric nanoparticles 
have been reported  [95 – 98] . 

 Another peptide, cyclosporine, has been studied for transport to the gas-
trointestinal tract using polymeric nanoparticles via the oral route. Cyclospo-
rine is a potent immunosuppressive agent and is widely used for the inhibition 
of graft rejections in transplant of organs like heart, liver, skin, lungs, kidney, 
and the like. It is also prescribed in autoimmune disease like rheumatoid 
arthiritis and Bechet ’ s disease  [99] . Currently many different formulations of 
cyclosporin are being marketed such as Neoral  ®  , oral solution (Novartis), 
Sandimmune  ®   microemulsion and soft gelatin capsule (Novartis), and 
SangCyA  ®  , amporphous nanoparticles and oral solution (SangStat Medical 
Corporation). Although these formulations are available for use in patients, 
they are plagued by the problem of variable bioavailability, so the patient has 
to be constantly monitored for blood levels of cyclosporine   during the regimen 
 [100] . One of the earlier efforts to improve the bioavailability using nanopar-
ticulate formulation was reported by Dai et al. in 2004  [83] . They used pH -
 sensitive nanoparticles made from poly(methacrylic acid and methacrylate) 
copolymer (Eudragit  ®  ). In this study the Neoral  ®   formulation was used as a 
standard to compare oral bioavailability. Nanoparticles exhibited drug entrap-
ment of over 90% for different formulations prepared from different types of 
Eudragit  ®   systems. Cyclosporin nanoparticles prepared from Eudragit  ®   S100, 
an anionic polymer, demonstrated the highest relative bioavailability of 132% 
with respect to Neoral  ®  . Other polymeric nanoparticles also exhibited more 
than 110% relative bioavailability except for nanoparticles prepared from 
Eudragit  ®   E100 (CyA - E100), which is a cationic polymer. In vitro release 
studies of cyclosporine from different nanoparticle preparations showed that 
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all nanoparticle preparations caused   pH - specifi c release of cyclosporine - A at 
pH 7.4 except for CyA - E100 nanoparticles, which released the whole payload 
at pH 2.0. This proves that cyclosporine from CyA - E100 nanoparticles was 
released in the stomach upon oral administration and accounts for its low 
relative bioavailability with respect to other nanoparticle preparations. 

 Wang et al.  [100]  examined hydroxypropyl methylcellulose phthalate 
(HPMCP) polymer nanoparticles loaded with cyclosporine for oral delivery. 
HPMCP is a common enteric coating excipient used in the pharmaceutical 
industry for enteric coating of tablets. It dissolves specifi cally at a pH of 7.4 
and releases the contents in the lower intestine. The investigators used two 
different cyclosporine nanoparticle preparations made from different molecu-
lar weights of the same polymer. Again, a high encapsulation effi ciency of over 
95% was observed with the nanoparticle preparation due to hydrophobicity 
of the drug. Cyclosporine nanoparticles made of high molecular weight 
HPMCP exhibited a relative bioavailability of over 115%, and those made 
from lower molecular weight exhibited only 82% relative bioavailability 
against Neoral  ®  . The difference was attributed to the pH - independent prop-
erty of lower molecular weight polymer, which released the entire payload 
within the stomach itself, thus inactivating the peptide drug. The results from 
the studies above indicate that pH - sensitive nanoparticles loaded with cyclo-
sporine can be designed as new carriers that exhibit a better pharmacokinetic 
profi le compared to the currently marketed formulations. 

 A series of investigations have been directed toward preparation and evalu-
ation of the bioavailability and toxicity profi le of cyclosporine - loaded poly( ε  -
 caprolactone) nanoparticles  [101,102] . The nanoparticles of roughly 100   nm 
diameter were prepared by a solvent - evaporation procedure and evaluated 
for biodistribution, immunosuppressive activity, and nephrotoxicity. Sandim-
mune  ®   was used as the standard for this investigation in rats following oral 
administration. A signifi cantly higher tissue (especially kidney) concentration 
of cyclosporine was achieved with nanoparticle formulations compared to the 
solution indicating probability of higher nephrotoxicity. However, further 
toxicological evaluation with kidney function tests indicated no difference in 
the profi les of the two formulations. In vitro lymphocyte proliferative activity 
(an indication of immunosuppressive potential) also showed better activity for 
nanoparticle formulations are comparable doses. The conclusion of the inves-
tigation was that the nanoparticle formulations can be effective at a lower dose 
levels compared to the solution form and thus may help to reduce drug - 
associated tissue damage. 

 Cho et al.  [103]  developed several different oral cyclosporine nanoparticle 
formulations consisting of one alkanol solvent and a polyoxyalkylene 
surfactant, and tested them in rats for their bioavailability in comparison to 
Sandimmune  ®   oral solution. Selected formulations based on these preclinical 
investigations were further tested for their pharmacokinetic profi le in humans. 
Forty - eight healthy males were chosen and a randomized, double - blinded, 
three - way crossover study was conducted with the Sandimmune  ®   oral solution 
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as the standard formulation. From the results obtained it was observed that 
cyclosporine nanoparticles exhibited a  C  max  that was twice as high as those 
achieved by the Sandimmune  ®   oral solution and the  T  max  was much shorter 
for cyclosporine nanoparticles compared to the standard. Also the AUC 
observed for nanoparticle formulations was signifi cantly higher than the 
standard formulation. Similarly polymeric nanoparticles have also been used 
for oral delivery of other proteins such as heparin and salmon calcitonin 
 [104 – 106] . 

 Polymeric nanoparticles have been used as well for delivery of antigenic 
proteins to the mucosal surfaces present in the gut to generate immunity 
against pathogenic organisms. Although much research in this area has been 
done with polymeric microparticles, nanoparticles have proved to be effective 
carriers of such antigen proteins and peptides. In 2000 Jung et al. developed 
tetanus toxoid (TT) loaded sulfobutylated poly(vinyl alcohol) - graft PLGA 
nanoparticles for oral delivery  [107] . The nanoparticles were prepared by the 
solvent displacement technique, and different sizes of nanoparticles were 
obtained by varying the solvent and co - solvent ratios, resulting in formation 
of small ( ∼ 100   nm), medium ( ∼ 500   nm), and large particles ( > 1000   nm). Balb/c 
mice were immunized by oral, nasal, and intraperitoneal administration of TT 
nanoparticles loaded by adsorption. Certain groups of animals were orally 
administered with TT - loaded nanoparticles along with a mucosal adjuvant 
cholera toxin to improve the immunological response. Four to six weeks after 
immunization serum samples were collected from the immunized animals and 
assayed for Ig - G and Ig - A antibody titers using ELISA. Groups of animals 
administered with TT - loaded nanoparticles and cholera toxin showed a 10 -
 fold increase in serum IgG levels compared to oral administration of TT -
 loaded nanoparticles alone and TT solution in presence and absence of cholera 
toxin. Similarly the serum IgA response for the group administered with TT -
 loaded nanoparticles along with cholera toxin showed a more than 10 - fold 
increase when compared to groups orally administered with TT - loaded 
nanoparticles without mucosal adjuvant and TT solution with and without 
cholera toxin. Nasal administration of TT - loaded nanoparticles showed gen-
eration of lower levels of both IgG and IgA in comparison to the orally 
administered group. A dose - dependent immune response was also observed 
in this study with groups administered, with the highest dose (29    μ g TT) 
showing the highest production of IgG and IgA at six weeks after oral immu-
nization compared to lower doses (2.9 and 9.4    μ g TT). The results of this study 
indicate generation of immune response upon oral delivery of antigenic 
proteins using polymeric nanoparticles. 

 Polymeric nanoparticles, because of their ability to effectively transport 
active molecules across the gastrointestinal tract, have been studied as delivery 
systems for gene therapy and vaccination  [41,108] . A range of polycationic 
polymers including gelatin, chitosan, polylysine, polyarginine, protamine, spe-
ramine, spermidine, and polysaccharides could be used to prepare the coac-
ervates of the nucleic acids that result in the formation of discrete nanoparticles. 
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Roy et al.  [109,110]  used such coacervates for effective vaccination by the oral 
route. Chitosan nanoparticles in the size range of 100 to 200   nm were prepared 
by salting - out technique with the plasmid DNA (pArah2), which encodes for 
the peanut allergen Arah2. The nanoparticles were orally fed into mice, and 
the serum and fecal levels of IgG or IgA were measured periodically. High 
levels of anti – arah2 IgG were observed in the titer of the group that was fed 
with low molecular weight chitosan nanoparticles housing the plasmid DNA, 
compared to other groups that were administered with high molecular weight 
chitosan nanoparticles with or without a booster dose. The mice from all 
groups were challenged with crude peanut extracts four weeks after the 
booster dose, and a positive antibody response was detected in groups immu-
nized by DNA nanospheres. These results suggest that chitosan - plasmid DNA 
nanoparticles delivered through the oral route can modify the immune system 
in mice and protect against food allergen induced hypersensitivity. 

 Chen et al.  [111]  used DNA - complexed with chitosan for transfection of 
the erythropoietin gene to the intestinal epithelium of mice. Erythropoietin is 
a glycoprotein that stimulates production of red blood cells. Erythropoietin is 
used in patients with anemia associated with chronic renal failure and in 
cancer patients for simulation of erythropoieisis. Chitosan nanoparticles con-
taining plasmid DNA encoding for erythropoietin (mEpo) were administered 
orally to one group of mice along with other appropriate control dosage forms. 
Erythropoietin gene expression was determined every two days by measuring 
the hematocrit of the mice. Mice that were administered with chitosan - loaded 
mEpo showed a 15% increase in hematocrit over other dosage forms, indicat-
ing successful transfection of mEpo gene across the intestinal epithelium. 
These results suggest that chitosan nanoparticles were able to prevent the 
mEpo from degradation against DNAses and hence the possibility of using 
them as gene delivery vehicles via the oral route. In another study nanoparti-
cles prepared from cationic biopolymers (chitin, chitosan, and their deriva-
tives) were proposed to be the carriers for oral administration of bioactive 
compounds for gene therapy  [109] . The nanoparticles with encapsulated 
plasmid DNA encoding for human coagulation factor IX (pFIX) were pre-
pared. The molecular weight of the cationic biopolymers ranged from 5 to 
200   kDa. The nanoparticles in the size range of 100 to 200   nm were generated 
by the complex coacervation method and were used for oral administration 
to mice. Human factor IX was detected in the systemic circulation of the mice 
within 3 days following oral delivery but declined after 14 days. The investiga-
tors also demonstrated the bioactivity of the factor IX transgene product in 
factor IX knockout mice. Haemophilia B is an X - linked bleeding disorder 
caused by a mutation in the factor IX gene. After orally feeding factor IX 
transgene - loaded nanoparticles to the knockout mice, the clotting time was 
reduced from 3.5 to 1.3 minutes, which was comparable with the clotting time 
of 1 minute observed with wild - type mice. The investigators proposed that 
the intestinal epithelium was the site of nanoparticle absorption and 
transfection. 



 Kim et al.  [112]  prepared PLGA nanoparticles housing  H. pylori  lysates by 
the solvent - evaporation method. These nanoparticles were administered 
orally into mice and antibody induction was assayed in serum and gastroin-
testinal tract. Serum IgG subclasses were determined by ELISA. The mean 
antibody titers for serum IgG and gut IgA responses were signifi cantly higher 
than those of the groups immunized with the soluble antigen alone. Cholera 
toxin –  H. pylori  (CT — a well - established potent mucosal adjuvant) had a 
higher antibody titer compared to PLGA –  H. pylori  nanoparticles. The results 
of this study indicates that PLGA –  H. pylori  nanoparticles could stimulate 
 H. pylori  – specifi c mucosal and systemic immune responses in mice and also 
that nanoparticles can be used for vaccination against  H. pylori.    

  10.4   ILLUSTRATIVE EXAMPLES OF LIPOSOMES FOR ORAL 
DRUG AND GENE DELIVERY 

 Liposomal formulation for oral delivery is desirable because of their ability 
to encapsulate hydrophobic or poorly water - soluble drug molecules. Addi-
tionally, as liposomes mimic the same organizational setup as the plasma 
membrane of the living cells, they represent a good platform for drug delivery. 
Liposomes are also desirable as they are highly biocompatible, biodegradable, 
and nontoxic in nature  [51,113] . Drugs can be characterized as either hydro-
philic or hydrophobic. An insight into the liposomal assembly can give infor-
mation on how a drug of certain nature can be incorporated into liposomes. 
A liposomal assembly consists of a highly hydrophilic region comprised of an 
intravesicular aqueous compartment, a hydrophobic region of the bilayer core 
made up of alkyl chains of constituent lipids, and an amphipathic region rep-
resented by vesicular surface made up of polar lipid head groups  [113] . That 
intuition, that a drug of hydrophobic nature will have an affi nity toward the 
bilayer region of the liposome, is based on the simple principle of chemistry 
that  “ like dissolves like ” . Nevertheless, a hydrophilic drug will have an affi nity 
for the intravesicular aqueous compartment and an amphipathic drug can be 
intercalated into the bilayer, below their critical micelle concentration (CMC) 
 [52,113] . Liposomes also provide an attractive form of drug delivery system 
because of their ability to deliver the intact payload within the cell and thus 
bypassing cell level barriers such as P - gp present on the cell surface. 

 Despite all the above - mentioned advantages the use of liposomes in the 
oral delivery has been limited because of their instability within the GI tract 
 [114,115]  (Table  10.2 ). Because of the presence of acidic pH, bile salts and 
hydrolytic enzymes in the GI tract represents a very hostile environment for 
oral delivery of liposomes. After oral administration, the presence of the lipids 
in the GI tract leads to the secretion of lipase, which initiates the process of 
lipolysis in the stomach and in turn results in degradation of not only the 
liposomal delivery system but also of the encapsulated payload, released from 
the system much earlier then desired  [28] . To overcome these shortcomings 
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 TABLE 10.2     Examples of Liposomal Formulation for Oral Delivery of Therapeutic 
Molecules 

  Surface 
Modifying 
Entity  

  Method of 
Modifi cation    Size (nm)  

  Incorporated 
Active and 

Loading 
Effi ciency    Reference  

  Submicron size 
chitosan  

  Liposomes formed 
sonicated for 
longer times 
to achieve a 
submicron size. The 
ssL conjugated with 
chitosan  

  300 – 400    Calcitonin,  > 90%     [118]   

  PSCG    Polymer solution 
mixed with 
liposomal 
suspension in 1   :   2 
volumetric ratio 
and magnetically 
stirred for 12 hours 
at a temperature 
of 50    ° C; coated 
liposomes fi ltered 
by gel fi ltration 
method  

  160    ±    3.34    Leuroprolide, 
37.07    ±    0.04%  

   [54]   

  PEG    PEG - derivitized lipid 
used for the 
liposomal 
preparation  

  306.1 *     Human epidermal 
growth factor, 
18.5    ±    1.4%  

   [119]   

  WGA lectin    Lectin incorporated 
into the membrane 
vesicle by 
hydrophobic 
anchor,  N  - glut PE  

  191   +   13.62    Insulin, 
69.33    ±    4.54%  

   [120]   

  Tomato lectin    Lectin incorporated 
into the membrane 
vesicle by 
hydrophobic 
anchor,  N  - glut PE  

  194.1    ±    21.95    Insulin, 
82.50    ±    5.57%  

   [120]   

  UEA lectin    Lectin incorporated 
into the membrane 
vesicle by 
hydrophobic 
anchor,  N  - glut PE  

  194.1    ±    21.95    Insulin, 
39.55    ±    7.28%  

   [120]   



of liposomes, many efforts have been focused on improving the stability of 
the liposomes within the GI tract. Surface modifi cation of the liposomes is an 
attractive way to enhance the stability of the formulation in the GI tract 
Toward this end polysaccharides such as chitosan,  N  -  O  - palmitoylscleroglucan 
(PSCG), amylopectin,  O  - palmitoylpullan, and dextran have been used for 
delivery of peptides and vaccines  [53,54]  (Table  10.2 ). Additionally surface 
coating of liposomes with polymers such as polyethylene glycol (PEG), ligands 
such as lectins, and the drug - delivering potential of double - liposomes and 
proliposomes have also been explored  [49,109,116,117] .   

 As part of surface modifying approach, Takeuchi et al.  [118]  studied the 
effectiveness of chitosan - coated liposomes for oral delivery of peptide drugs. 
The group fi rst evaluated the mucoadhesive and penetrative properties of 
the submicron - sized chitosan - modifi ed liposomes. The group compared the 
above - mentioned properties of the submicron chitosan - modifi ed liposomes 
to the chitosan - modifi ed liposomes, unmodifi ed liposomes, and unmodifi ed 
submicron - sized liposomes. The multilamellar liposomes comprising of DSPC/
DCP/cholesterol incorporated the fl uorescent dye and were prepared in 8   :   2   :   1 
ratio by the thin fi lm hydration method. For the preparation of chitosan - 
modifi ed liposomes, an aliquot of the liposomal suspension was mixed with 
the same volume of acetate buffer of chitosan, followed by 1 hour incubation 
at 10    ° C. The liposomes containing 1,1 ′  - dioctadecyl - 3,3,3 ′ ,3 ′  - tetramethylindo-
carbocyanine perchlorate (DiI) were administered intragastrically to the rats, 
and the intestine was removed from rats after 2 hours of oral administration 
of liposomes. Various parts of the intestine were observed with confocal laser 
scanning microscopy. They observed that the submicron - sized chitosan - modi-
fi ed liposomes were retained in the GI tract for longer periods of time com-
pared to the chitosan - modifi ed liposomes and other unmodifi ed liposomal 
formulations. Also the unmodifi ed submicron - sized liposomes were retained 
in the GI tract for a longer period of time than the unmodifi ed liposomes of 
larger size. These results indicated that the mucoadhesion and penetrative 
behavior of the liposomes is dependent on the size and surface modifi cation. 

 In the next set of experiments, the peptide drug calcitonin was incorporated 
into the liposomes, followed by surface modifi cation with chitosan. Calcitonin 
is considered as one of the therapeutic peptides for the treatment of post-
menopausal osteoporosis, Paget ’ s disease, and hypercalcemia  [117] . Also, 
before chitosan modifi cation, the liposomal pellet was ultracentrifuged to 
remove the free calcitonin. The particle sizes of the noncoated liposomes were 
4.0    μ m, 400   nm, and 200   nm. The particle sizes of the corresponding chitosan -
 coated liposomes were 4.1    μ m, 660.8   nm, and 473.4   nm, respectively. The drug 
encapsulation effi ciency of the liposomes was reported to be greater than 90%. 
The formulations of calcitonin - loaded chitosan - modifi ed and unmodifi ed lipo-
somes were then administered intragastrically to the male Wistar rats at a dose 
of 500   IU/Kg. The pharmacologic effects of the various above - mentioned 
calcitonin - loaded chitosan - modifi ed and unmodifi ed liposmal formulations 
were evaluated by calculating the area above the blood calcium level. The 
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pharmacologic effect of oral administration of submicron - sized liposomes 
coated with chitosan was detected up to 120 hours after administration. Addi-
tionally the calcitonin submicron - sized unmodifi ed liposomes were also found 
to alleviate the blood calcium levels. However, the period of reduced calcium 
levels was much longer in the case of chitosan - modifi ed submicron - sized lipo-
somes. Hence it was concluded that the prolonged pharmacologic effect of 
calcitonin with submicron - sized chitosan liposomes was attributed to their 
excellent retentive properties. Also, the noncoated submicron - sized liposome 
did not show such a prolonged pharmacologic effect. Thus it was concluded 
that the mucoadhesive property of the submicron - sized chitosan liposome is 
essential for their long retention time in the intestinal tract. 

 Li et al.  [119]  investigated the feasibility of the oral delivery of recombinant 
human epidermal growth factor (rhEGF) by polyethylene glycol (PEG) modi-
fi ed liposomes. This growth factor is known to inhibit the gastric acid secretion 
and protect the gastroduodenal mucosa against tissue injury induced by ulcer-
genic agents. The advantage of  “ PEGylation ”  is the ability of the polymer to 
resist the acidic pH and enzymatic degradation commonly observed in the GI 
tract. Thus PEG - modifi cation of the liposomes can improve the stability of 
the liposomes within the GI tract. Two formulations of liposomes were pre-
pared by the thin fi lm hydration method described earlier. The fi rst formula-
tion contained a mixture of PC/cholesterol/DOPE - PEG, and the second 
formulation contained a mixture of DPPC/cholesterol/DOPE - PEG. After the 
initial optimization process, the ratio of the PC/cholestrol/DOPE - PEG was 
10   :   5   :   1, respectively. The same ratio was used in the preparation of the DPPC/
cholesterol/DOPE - PEG liposomes. The growth hormone rhEGF was incor-
porated into the liposomal formulation at a concentration of 0.5   mg/ml. The 
particle sizes of the PC/Ch/DOPE - PEG and DPPC/Ch/DOPE - PEG were 
289.9 and 306.1   nm, respectively. The drug encapsulation effi ciency of the PC -
 liposomes was 15.6%, and that of DPPC/cholesterol/DOPE - PEG was 18.5%. 
As part of preliminary studies, the bioactivity and permeability of the rhEGF 
containing liposomal formulations in Caco - 2 cells were determined. To deter-
mine the bioactivity, the growth - stimulating activity of the rhEGF was deter-
mined by the MTT calorimetric assay. The growth stimulating activity of the 
rhEGF containing liposmal formulations was compared to the rhEGF activity 
in the solution. The results of the bioactivity assay indicated that the growth 
activity of the rhEGF in solution was not signifi cantly different from that of 
rhEGF encapsulated into the liposomal formulations. These results indicated 
that the rhEGF activity is maintained and the growth factor is stable in the 
liposomal formulations. In order to measure the permeability of the rhEGF 
liposomal formulations, the rhEGF solution or liposomes (0.5   ml) were added 
to the apical side of the Caco - 2 cell monolayer, and the incubation medium 
(1.5   ml) were added to the basolateral side of the monolayer. The monolayers 
were incubated for a specifi c period of time at 37    ° C, and the samples with-
drawn from the basolateral side were subjected to quantitative analysis by 
ELISA in order to determine the concentration of the rhEGF. It was reported 



that the fl ux of rhEGF in the PC liposome was not signifi cantly different from 
the fl ux of rhEGF in solution. Interestingly, the fl ux of rhEGF in DPPC 
liposomes was three times greater than that the fl ux of rhEGF in solution. 
This suggested that DPPC liposomes could be used for the improvement of 
rhEGF transport. 

 Animal studies were conducted in male Sprague – Dawley (SD) rats. The 
studies were conducted to determine plasma and gastric ulcer healing effect 
after oral administration of rhEGF contained in liposomal formulations and 
solution. The pharmacokinetic parameters such as  C  max ,  T  max , and AUC 0 - 120  
clearly indicated that the liposomal formulations were better than the solution. 
In particular, rhEGF delivered via DPPC - PEG liposomes showed the highest 
bioavailability than PC - PEG liposomes and the solution. A 2.5 - fold increase 
in the rhEGF bioavailability was observed when DPPC - PEG liposomal for-
mulation was compared to the solution. In comparison, a 1.7 - fold increase in 
the bioavailability of the rhEGF was observed when delivered via PC - 
liposomes as compared to the solution of rhEGF, upon oral administration. 
Additionally it was observed that the plasma concentration of rhEGF deliv-
ered by liposomal formulations exhibited a double peak after oral administra-
tion. It was explained that a plausible reason for such a phenomenon could 
be the effect of PEG modifi cation on the liposomes. The surface modifi cation 
must have resulted in delayed gastric emptying. From a therapeutic perspec-
tive, the liposomal formulations were also compared to the solution of rhEGF. 
Toward this end the group decided to conduct a gastric ulcer healing test. 
Acute gastric ulcer was introduced into the stomach of the male rats by oral 
administration of ethanol (1   ml). The rats in the control group were given an 
oral solution of the rhEGF using 400    μ g/Kg of the liposomal formulations, and 
the rats with no treatment were labeled as the normal group. In order to 
evaluate the degree of gastric mucosal injury, the length of the ulcerated 
mucosa was measured and the curative ratio was determined. The decline in 
the ulcer length of the PC - PEG and DPPC - PEG liposomes was 1.3 -  and 2.5 -
 fold faster in comparison to the solution, respectively, indicating that PC - PEG 
and DPPC - PEG liposomes were effective in treating acute gastric ulcer. 

 Last, Zhang et al.  [120]  studied the design and characterization of the lectin -
 modifi ed liposomes for the oral delivery of peptide or protein drugs. Lectins 
are advantageous from the oral delivery perspective as most cell surface pro-
teins and many lipids in the cell membranes of the GI tract are glycosylated, 
and these glycans act as binding sites for various lectins. Additionally lectins 
are known to resist acidic pH and enzymatic degradation and can be useful in 
maintaining stability of the liposomes. Toward this end three types of lectins: 
wheat germ aggluttin (WGA) tomato lectin (TL), and Ulex europaeus agglut-
tin 1 (UEA1) were employed for surface modifi cation of the liposomes. The 
lectins were fi rst conjugated to  N  - glutaryl - phosphatidylethanolamine ( N  - 
glut - PE) by coupling their amino groups to the carbodoiimide - activated 
carboxylic groups of the  N  - glut - PE in a two - step process. The insulin 
liposomes were prepared by reverse - phase evaporation method, followed by 
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modifi cation with lectin -  N  - glut - PE conjugates. The particle sizes of the WGA - , 
TL - , and UEA1 - modifi ed insulin liposomes were on average 192   nm. The 
corresponding drug loading effi ciencies were found to be 70% for WGA - , 
82.5% for TL - , and 40% for UEA1 - modifi ed liposomes. The in vivo studies 
were conducted on diabetic mice and Sprague – Dawley rats to evaluate the 
ability of the lectin - modifi ed liposomes in inducing a hypoglycemic effect in 
both the animal models. It was mentioned that the minimum blood glucose 
level achieved by the WGA - modifi ed liposomes was 35.4% of the initial blood 
glucose level in the diabetic mice. The relative pharmacological bioavailabili-
ties of the insulin - loaded liposomes modifi ed with WGA, TL, and UEA1 were 
21.40, 15.3%, and 8.9%, respectively. The lectin - modifi ed liposomes were 
superior to the unmodifi ed liposomes as there was no observable hypoglyce-
mic effect with the oral administration of insulin in unmodifi ed liposomes. In 
comparison to the subcutaneous injection of the insulin, the relative bioavail-
ability of the WGA - , TL - , and UEA1 -  modifi ed insulin liposomes in the SD 
rats were found to be 9.12%, 7.89% and 5.37%, respectively. No signifi cant 
hypoglycemic effect was observed with the unmodifi ed insulin liposomes. 

 Apart from the surface modifi cation, other approaches such as pro - 
liposomes and double liposomes have also been employed to improve the 
stability of the liposomes in the GI tract. The physiochemical instability of the 
liposomes in the GI tract is related to the problems such as aggregation, sedi-
mentation, fusion, hydrolysis, and/or oxidation of phospholipids  [117] . Tech-
niques such as freeze drying, freezing, and thawing, and chemical polymerization 
of the liposomes have been employed to overcome these formulation - related 
challenges. The modifi cations also have their own drawbacks, since the result-
ing liposomal formulation can suffer from leakage of the encapsulated drug 
after re - constitution, oxidation of the drug even in the frozen state, and incom-
plete polymerization  [117] . 

 A pro - liposome is defi ned as dry, free - fl owing particles that spontaneously 
result in a liposomal formulation upon dispersion into an aqueous medium. 
In order to protect the pro - liposomes from the harsh environment of the 
stomach, it has been proposed to encapsulate the dry pro - liposomal formula-
tion into capsules and tablets. In general, pro - liposomes are prepared by 
penetrating a solution of the drugs and phospholipids in volatile organic sol-
vents into the microporous matrix of the water - soluble carrier particles, fol-
lowed by the evaporation of the organic solvents  [117] . Shah et al.  [121]  
studied the effectiveness of the pro - liposomal formulation for oral delivery 
of cyclosporine. The pro - liposomes were prepared by spraying a solution of 
cyclosporine, egg lecithin, and Cremophor EL  ®   in methanol - chloroform 
mixture onto directly compressible lactose (carrier) in a rotary evaporator. 
After obtaining a dry, free - fl owing proliposomal formulation, the formulation 
was dispersed in distilled water to form liposomes. The drug - loading effi ciency 
of the resulting liposomal formulation was reported to be about 99%. Also 
the drug – lipid ratio was considered a signifi cant factor in achieving high drug 
entrapment effi ciency. The in vivo studies were conducted in the male SD rats. 



The bioavailability studies were conducted for free drug (cyclosporine) 
suspension, pro - liposomes derived liposomes, and marketed formulation 
(Pannium Bioral  ®   microemulsion). The results of the bioavailability studies 
indicated that the difference in the mean drug concentration of the free drug 
solution and the pro - liposomal derived formulation was statistically signifi cant 
( p     <    0.05,  p  - value   =   0.032). Additionally the absorption constant of the liposo-
mal preparation ( k  a    =   10.26   h  – 1 ) was found to be greater than the absorption 
constants of free drug solution ( k  a    =   1.2   h  – 1 ) and the marketed formulation 
( k  a    =   2.51   h  – 1 ). The volume of distribution of the drug was found to be less for 
the proliposomal derived liposomal formulation ( V  d    =   7629.88   ml/Kg) than 
the free drug solution ( V  d    =   10,971.92   ml/Kg) and marketed formulation 
( V  d    =   9012.07   ml/Kg). The study concluded that the pro - liposomal formulation 
is a stable formulation that can be used to enhance the oral bioavailability of 
the drugs such as cyclosporine. 

 Ogue et al.  [122]  investigated the potential of double liposomes as an oral 
vaccine carrier. Oral vaccination is desirable for eliciting both mucosal and 
systemic immune response and is also advantageous from patient compliance 
point of view. However, the oral vaccination suffers from antigen degradation 
in gastric pH and hydrolytic enzymes present within the digestive system. As 
mentioned before, liposomes suffer from the same problem but are desirable 
for their strong interaction with the macrophages. Thus use of double lipo-
somes is desirable in this scenario. Double liposomes can be defi ned as lipo-
somes containing small liposomes. It is believed that double liposomes will 
shield the inner liposomes from degradation within the GI tract until they 
reach the lower intestine, where the inner liposomes will be eventually be 
taken up by the M cells. The outer liposomes will be eventually degraded in 
the process. Three different methods for the preparation of the double lipo-
somes have been mentioned in the literature. These methods are glass bead, 
glass fi ltration, and reverse - phase evaporation. In one study the inner lipo-
somes containing the drug ovalbumin (OVA) were prepared by glass bead 
method, followed by sonication and extrusion. The double liposomes were 
prepared by both glass bead and reverse - phase evaporation method. The inner 
liposomes comprised of a mixture of Soy PC/DPPC/cholestrol/sterylamine in 
a ratio of 7   :   7   :   5   :   4. The outer liposomes comprised of a mixture of DMPC and 
DMPG at a molar ratio of 10   :   1. It is also worth mentioning here that the phase 
transition temperature of the lipids forming the single, inner liposome should 
be higher than that of lipids forming the outer layer of the double liposomes. 
The average particle size of the inner liposomes was found to be 236   nm. The 
drug encapsulation effi ciency of the inner liposomes was reported to be 28.8%. 
The particle size and double - liposome forming effi ciency via the glass bead 
method were reported to be within the range of 1 to 10    μ m and 85.1%, respec-
tively. Similarly the particle size and double - liposome forming effi ciency via 
the reverse - phase evaporation method was reported to be in the range of 1 to 
5    μ m and 94%, respectively. The in vitro studies were conducted to determine 
the release and the stability of the double - liposomes. Additionally the release 
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and stability profi les of the double liposomes were compared to that of single, 
inner liposomes. The release and stability of the OVA within the two - model 
liposomal formulations were carried out with a pepsin solution. From the 
results it was evident that the OVA release from the double liposomes was 
signifi cantly less than the release of the OVA from the single liposomes. 
However, a large amount of OVA was degraded in the stability study. The 
group mentioned that the presence of lysine in the buffer solution may have 
had an adverse effect on the lipid bilayer and would have caused destabiliza-
tion of the lipid bilayers. Also the double liposomes prepared by reverse - phase 
evaporation method were more effective than double liposomes prepared by 
glass bead method in suppressing the release of OVA. The in vivo studies 
were conducted on the female Balb/C mice. The mice were immunized with 
OVA solution, OVA in single liposomes, and OVA in double liposomes. It 
was concluded from the in vivo studies that the antibody responses elicited by 
the oral administration of the OVA in single and double liposomes was higher 
than that of solution. In particular, double liposomes were most effective in 
eliciting an antibody response than any other preparation  [122] .  

  10.5   TOXICOLOGY AND REGULATORY ISSUES 

 For any new pharmaceutical, biotechnology product or technology to be tried 
in the clinic and launched into the market for use in patients, it is necessary 
to fi rst get approval from the United States Food and Drug Adminstration 
(US - FDA), which is the major governing/regulatory offi ce. As with other 
emerging and enabling technologies, nanotechnology poses new questions 
regarding the adequacy and application of regulatory authorities. To meet the 
demands and challenges posed by advancements in nanotechnology, the US -
 FDA has taken parallel measures to enable the continued development of 
innovative, safe, and effective products that use such nanoscale materials. 

 Nanotechnology is currently being evaluated under FDA ’ s Critical Path 
Initiative to keep up with the pace of developments in the pharmaceutical and 
biotechnology industry. The Nanotechnology Task Force set up by US - FDA 
in August 2006 submitted a report in July 2007 offering the Task Force ’ s initial 
fi ndings and recommendations. The report included a synopsis of the state of 
the science for biological interactions of nanoscale materials, analysis, and 
recommendations for scientifi c issues and analysis and recommendations for 
regulatory policies  [123] . To get approval for a nanoparticle - based drug deliv-
ery system, the industry has to address the following: 

  10.5.1   Safety 

 The nano formulations should be evaluated with respect to toxicological 
screening, including pharmacology, clinical, and histopathological analysis, 



with   parameters such as absorption, disposition, metabolism, excretion 
(ADME) in detail, genotoxicity, developmental toxicity, irritation studies, 
immunotoxicology, and carcinogenicity. The a reduction in the particle size 
could result in a change in size - specifi c effects on biological activity of the 
system  [124] . Hence an attempt should be made to address the following 
issues: 

   •      Investigate in detail the pharmacokinetics and disposition of 
nanotechnology - based drug delivery systems.  

   •      Investigate biological effects of nanoparticles on cellular and tissue 
functions.  

   •      Establish ADME profi les for different size of particles, and investigate 
differences in these parameters for different sized particles.  

   •      Identify potential in vitro/in vivo risks by use of preclinical screening tests.    
   •      Identify potential toxicity issues related to use of nanotechnology - based 

drug delivery systems with the aid of proteomics and genomics to comple-
ment current testing requirements.  

   •      Establish the disposition profi le of the nanoparticle in the systemic circu-
lation and also biological (tissue and cellular) effects of these particles if 
the nanoparticles are able gain access to the systemic circulation from the 
route of exposure.  

   •      Evaluate the testing methods for different product types to determine 
whether or how they can be used in assessing the bioavailability of 
nanoscale materials in humans.     

  10.5.2   Material Quality and Characterization 

 As new toxicological risks that derive from novel materials and delivery 
systems are identifi ed, new tests will be required to ascertain safety and effi -
cacy. Industry and academe need to plan and conduct the research to identify 
potential risks and to develop adequate characterization methodologies. 

   •      Investigate the effect of the forms in which particles are presented to host, 
tissues, organs, organelles, and cells.  

   •      Investigate and establish critical physical and chemical properties, 
including residual solvents, processing variables, impurities, and 
excipients.  

   •      Design and establish standard tools used for this characterization.  
   •      Design and/or establish validated assays to detect and quantify nanopar-

ticles in tissues, medical products, foods, and processing equipment.  
   •      Establish methodology and experiments to determine long -     and short -

 term stability of nanomaterials.     
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  10.5.3   Environmental Considerations 

 Along with the investigation of safety of nanotechnology - based drug delivery 
systems, the environmental impact of such systems is important. This issue 
requires due consideration when working with this new technology. 

   •      Determine the impact of nanoparticles upon release into the environment 
following human and animal use.  

   •      Establish methodologies that can identify the nature, and quantify the 
extent, of nanoparticle release in the environment.  

   •      Investigate the environmental impact on other species (animals, fi sh, 
plants, microorganisms).    

 As the materials and the techniques used to manufacture the novel formu-
lations may not have prior art to refer to (as a standard), there is an additional 
burden on the pharmaceutical and biotechnology industry to carry out a 
detailed evaluation of the system to generate a suffi cient database for success-
ful industrialization of the product. Some of the industrially relevant criteria 
include understanding the relationship between the physicochemical proper-
ties and product performance, the effect of process and formulation variables 
on product characteristics, the development of analytical tools and specifi ca-
tions to regulate product quality, accelerated stability testing as per standard 
protocols to propose a reliable shelf - life, product scale - up to mass production 
and establishment of manufacturing standards, and development of reference 
materials/standards as guidelines for quality assurance. Development of vali-
dated testing methods/protocols and establishment of reference standards 
through a thorough and logical process remains the major responsibility of the 
industry for getting FDA product approval.   

  10.6   CONCLUSION AND FUTURE OUTLOOK 

 Industry and academe are witnessing the developments of nanotechnology -
 based systems to improve drug delivery and are aided to some extent by the 
private sector as well as the National Institutes of Health and the US - FDA. 
From the   great volume of effort in this fi eld, it is evident that we will be seeing 
many nanotechnology - based pharmaceutical products in the future. Already 
a few of nanotechnology - based systems have been launched onto the market 
and are experiencing great success over their conventional adversaries. For 
example, Elan ’ s Nanocrystal  ®   Technology has improved the biological perfor-
mance of many different drugs and has resulted in the products (Rapammune  ®   
by Wyeth, Emend  ®   by Merck, TriCor  ®   by Fourier, and Abbott and Megace  ®   
by Par) that are today available on the market    [124] . Altogether these four 
products are generating more than  $ 1 billion in revenue. The early market 
success of nanotechnology - based systems draws attention to the fact that they 



have the potential to become a market leader in the future. The indications 
is that the oral formulations will dominate this specialized segment of dosage 
forms. The chemical/polymer industry has been feeding the drug delivery sci-
entists with a variety of biopolymers having wide range of specialized proper-
ties. Nanoparticles made from the biopolymers are likely to dominate the 
novel drug delivery systems in the oral market because of the cost – benefi t 
ratio, excellent stability, fl exibility for industrial production, and the large 
database available with respect to the regulatory issues addressed earlier. 
Nanotechnology - based drug delivery system can be potentially combined 
with tablets, capsules, liquid/dry powders for oral suspension, and soft gelatin 
formulations  [125 – 127] .   

 The science of pharmaceutical product development is undergoing a trans-
formation from traditional pharmaceutics to a more innovative molecular or 
nanopharmaceutics. This development is being aided by the US - FDA, which 
is taking parallel measures to provide continued guidance for the successful 
development of nanotechnology. The combination of industrial efforts, regu-
latory guidance, and the cutting - edge research of academe that is being 
pursued for nanotechnology - based drug delivery systems will provide the 
future direction for this exciting new technology with potential to improve 
drug performance as well as the quality of life.  
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  11.1   INTRODUCTION 

 Glycomics is broadly defi ned as the study of the glycome, which comprises of 
all the oligosaccharide constituents of a biological system. The glycome 
includes sugars present in organisms either in a free form or as a conjugate 
with other biomolecules such as proteins or lipids. Glycomics includes func-
tional characterization of the oligosaccharides present and a comprehensive 
understanding of their role in the cell physiology via their interactions with 
proteins. In this postgenomic and postproteomic era, glycomics is often looked 
upon to explain the complexity of biological systems. 
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 Most proteins in eukaryotes are modifi ed by posttranslational modifi cation, 
chief among which is glycosylation. Glycosylation refers to the modifi cation 
of a protein by the attachment of an oligosaccharide. Protein glycosylation can 
be classifi ed as either  N  - linked or  O  - linked based on the linkage with which 
the oligosaccharide is attached to the protein  [1,2] . In  N  - linked glycosylation, 
the glycan moiety is  N  - glycosidically linked to an asparagine residue on a 
protein within the consensus sequence Asn - X - Ser/Thr  [3] . This posttransla-
tional modifi cation occurs in the secretory pathway and starts with the en bloc 
transfer of an oligosaccharide to the protein in the endoplasmic reticulum 
(ER) followed by further processing in the ER and Golgi.  O  - linked glycosyl-
ation involves attachment of an oligosaccharide to a serine or threonine amino 
acid of a protein  [4] .  O  - linked glycosylation is typically co - translational. These 
 N  -  and  O  - linked glycans are branched in nature. Glycosaminoglycans (GAGs) 
are a class of glycans ubiquitously present on the cell surface and on the cell -
 extracellular matrix (ECM) interface. These GAGs are polymeric chains of 
sulfated disaccharide repeat units of a uronic acid linked to a hexosamine  [5] . 
They are predominantly linear in structure and are present either as free 
polysaccharides or as part of a proteoglycan conjugate. GAGs can be divided 
into four different classes based on their backbone chemical structure. They 
are heparan sulfate glycosaminoglycans (HSGAG), chondroitin and dermatan 
sulfate glycosaminoglycans (CSGAG),   keratan sulfate and hyaluronic acid. 
HSGAGs and CSGAGs are  O  - linked to proteoglycans and keratan sulfates 
can be  N  -  on  O  - linked to the protein. Hyaluronic acid, on the other hand, is 
present in a free form and not conjugated to a protein  [5] . 

 Protein glycosylation has an intracellular and an extracellular role. The 
intracellular role of the glycosylation includes facilitating the protein folding, 
sorting and traffi cking of glycoproteins to the appropriate cellular compart-
ment  [6 – 9] . Glycans, present as a conjugate on secreted glycoproteins affect 
their stability, solubility, antigenicity, clearance rate, half - life, and in vivo 
activity  [10,11] . Other than modulating the properties of the lipids and pro-
teins that it is conjugated to, glycans have other important roles in the biologi-
cal system. Owing to its extensive presence on the cell surface, GAGs along 
with cell surface glycoproteins interact with a variety of other biological mol-
ecules such as cytokines, growth factors, immune receptors, and extracellular 
enzymes. They are thus involved in anticoagulation  [12 – 14] , cell growth and 
development  [15 – 19] , cell signaling and cell – cell interactions  [20,21] , immune 
recognition  [22 – 26] , host – pathogenesis interactions  [27 – 31] , and angiogenesis 
and tumor growth  [32 – 35] . 

 Despite the critical role that glycans play in diverse biological processes, 
glycomics has not advanced as much as genomics and proteomics. This is 
because the study of glycans faces a few fundamental and unique challenges. 
First, unlike DNA and proteins, the biosynthesis of glycans is a nontemplate -
 driven process, and its synthesis is governed by a network of enzymes such as 
glycosyltransferases and glycosidases. This is further complicated by the fact 
that many of these enzymes are cell - specifi c and their expression is develop-
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mentally regulated  [1,2,5,15,36] . The involvement of simultaneous action of 
multiple enzymes for its biosynthesis makes glycan structures diffi cult to 
control by genetic manipulations. Also the synthesis lacks any proofreading 
mechanism leading to heterogeneity in the glycan structure. Second, these 
chemically heterogeneous glycan structures are often branched as opposed to 
DNA and protein structures, which are linear. 

 The third challenge in the advancement of glycomics has been the lack of 
availability of enough material. Until recently there were no chemical or che-
moenzymatic approaches available to synthesize glycans for study, and 
researchers have largely depended on material extracted from biological 
sources that are highly heterogenic and diffi cult to purify. Fourth, these glycan -
 protein interactions are multivalent in nature and involve the glycans making 
multiple contacts with the protein  [20,37] . Capturing these avidity effects is 
often diffi cult and the correct presentation of glycans becomes critical. 

 Technological advances in the recent years have helped glycomics research 
overcome the aforementioned challenges. Two major areas of development 
have been the use of analytical tools to characterize glycans and chemical 
and chemoenzymatic techniques for the synthesis of glycans. Glycans and 
their glycoconjugates have been analyzed using a variety of techniques. These 
include mass spectrometric (MS)  [38 – 40] , capillary electrophoretic (CE) 
 [41,42] , high - performance liquid chromatography (HPLC)  [43,44] , and nuclear 
magnetic resonance NMR techniques. Among MS techniques the most widely 
used for glycan characterization are MALDI - MS  [45 – 48]  and ESI - MS  [49 – 51] . 
Each of these techniques has its own limitations and is sometimes not suffi -
cient for complete characterization of glycans as this involves identifi cation of 
the monosaccharides present, the substitutions on these monosaccharides, and 
the linkages between the monosaccharides. Glycan identifi cation is further 
  complicated by the presence of isomers among the monosaccharides and the 
presence of multiple monosaccharide units linked to a single monosaccharide. 
The need to completely characterize these complex glycans has led to integra-
tion of different techniques that combine aspects of separation and analytical 
measurements. Examples of integration of technologies for complete glycan 
analysis include capillary liquid chromatography (LC) - MS  [52,53] , CE - MS 
 [54,55] , and LC - NMR  [56]  techniques. Bioinformatics platforms have success-
fully enabled the integration of the diverse data from these different tech-
niques  [57,58] . 

 The development of novel techniques to synthesize complex glycans has 
provided a platform for furthering glycomics research. The synthesis of glycans 
poses unique challenges owing to their branched structure and the presence 
of monosaccharides in different linkages  [59] . Despite these challenges several 
strategies have been developed over the years for glycan synthesis. These 
range from purely chemical synthesis to a combination of enzymatic and 
chemical means for glycan synthesis. Chemical synthesis requires careful 
choice of hydrogen bond donors, hydrogen bond acceptors, protecting groups, 
catalysts, and reaction conditions to maintain correct regiochemistry and 
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stereochemistry of the specifi c linkages  [60] . Different chemical synthesis 
approaches range from traditional solid - phase synthesis  [61 – 64]  to a more 
effi cient  “ one - pot ”  oligosaccharide synthesis  [65] . An alternative to chemical 
synthesis has been the use of the chemoenzymatic approach. The use of 
enzymes enables carrying out the glycan synthesis under milder conditions 
and provides stereo -  and regioselectively. Two classes of enzymes are used in 
glycan synthesis: glycosyltransferases  , which add monosaccharides, and glyco-
sidases, which cleave individual monosaccharides from the oligosaccharide 
chain. An instrument known as the Golgi apparatus has recently been devel-
oped to automate the enzymatic reactions of the glycans synthesis  [66] . 

 Developments such as these have not only aided glycan analysis  [67,68]  but 
also provided a platform to study the interaction of glycans with its binding 
partners. A major advancement on this front has been the development of 
glycan arrays. The earliest glycan arrays depended on glycans isolated from 
natural sources that could not be easily modifi ed  [69,70] . In the recent past 
glycan synthesis methods have been used to synthesize a variety of glycans 
present on the cell surface  [71] . These glycans have been modifi ed with linkers 
and covalently linked and presented on a variety of surfaces  [72 – 75] . The 
DNA printing technology has been adapted to print small quantities of a 
variety of glycans on a surface  [76,77] . These glycan arrays have been used to 
study diverse biological samples such as animal and plant lectins, growth 
factors, antibodies, serum samples, pathogenic surface proteins, and even 
whole cells and pathogens  [77 – 79] . Such analyses have led to discovery of new 
glycan - binding partners and more recently has been used to get a quantitative 
understanding of the protein – glycan interactions  [80] . 

 The fi eld of glycomics has been enriched by advances on the genomics and 
proteomics fronts. With specially designed  “ glyco - gene chips ”  the expression 
profi le of genes relevant to glycan metabolism and glycan - binding partners 
can be studied  [81 – 83] . These analyses have led to a better understanding of 
the role of glycans in different biological process and diseases such as cancer. 
Also the information provided from the glyco - gene microarrays on the simul-
taneous expression of the glycan biosynthetic enzymes can be correlated with 
the glycan structures present in the sample. In addition the ability to create 
transgenic mice with knockouts of specifi c glycan biosynthesis enzymes has 
helped further elucidate the biological role of glycans in the context of cellular 
and whole - organism phenotype. Knockouts of enzymes such as GlcNAc and 
GalNAc transferases that are involved in the early stages of glycan synthesis 
show severe abnormalities in their phenotype including embryonic lethality 
 [15] . Transgenic mice containing a knockout of enzymes involved in the later 
stages of glycan synthesis such as sialyl and fucosyl transferases have provided 
insight into how the glycan structure mediates cellular function  [84 – 86] . 

 The different methodologies discussed above provide orthogonal data sets. 
To unravel the role of glycans in biological processes, there needs to be an 
integration of these data sets (Figure  11.1 ). Initiatives such as Consortium of 
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Functional Glycomics (CFG) and others have established bioinformatics plat-
forms to collect, store, and integrate the diverse data sets and disseminate 
information in a meaningful fashion  [87 – 89] .   

 These advances in our understanding of the biological role of glycans and 
how they impinge on the various cellular processes have increased our ability 
to harness them to provide better therapeutics. Over the past few years gly-
comics has come to the forefront with many glycan - based therapeutics in 
various stages of development (Table  11.1 ). In this chapter we review the role 
of glycans in drug development and recent advances in glycan - based thera-
peutics. The role of glycans in drug development can be classifi ed into 
(1) glycoprotein therapeutics, (2) unconjugated glycans as therapeutics, and 
(3) glycans as therapeutic targets. The role of glycans in biomarker discovery 
is also discussed.    

    Figure 11.1     Tools and technologies used in glycomics research. (See color insert.)  

 TABLE 11.1     Examples of Glycan - based Therapeutics 

  Therapeutic Agent    Clinical Status    Manufacturer  

  Aransep    Market    Amgen  
  Cerezyme    Market    Genzyme  
  Lovenox    Market    Sanofi  - aventis  
  Fragmin    Market    Pfi zer  
  Sepragel    Market    Genzyme  
  Healon    Market    Pfi zer  
  Precose    Market    Bayer  
  Aldurazyme    Market    Genzyme  
  PI - 88    Phase II/III    Progen  
  GCS - 100    Phase II    Prospect therapeutics  
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  11.2   GLYCOPROTEIN THERAPEUTICS 

 Many of the drugs on the market or in clinical trials are proteins  [90] . Cur-
rently there are more than 130 peptides and proteins that are approved  [91] . 
This growing class of protein - based therapeutics includes antibodies, enzymes, 
cytokines, growth factors, blood clotting factors, and human growth hormones 
used for treatment of diabetes, anemia, cancer, hepatitis, cardiovascular, and 
neurological diseases. More than 70% of these therapeutics are glycoproteins 
and are thus modifi ed by  N  - linked or  O  - linked glycosylation  [92] . Neverthe-
less, traditionally little attention has been paid to the glycan component of 
these glycoproteins. This is in large part due to lack of the technologies to 
study the role of glycans on these glycoproteins. The lack of homogeneity in 
the glycans has further confounded our understanding. The technology 
advances described earlier have facilitated understanding of the role of the 
glycans in therapeutic glycoproteins. As previously mentioned, the glycan 
affects the structure, function, stability, and solubility of the protein. In addi-
tion, when present as part of a protein therapeutic, the glycan plays a signifi -
cant role in the therapeutic effi cacy of the protein. 

 Most important, glycosylation affects the pharmacokinetic (PK) behavior 
of the protein therapeutic. The attached glycans contribute to the mass, charge, 
and hydrodynamic volume of the protein. In erythropoietin (EPO) the three 
 N  - linked glycans contribute upto 40% of the molecular mass  [93] . In an experi-
ment with deglycosylated EPO, the absence of glycosylation resulted in no in 
vivo activity despite having a three - fold increased in vitro activity  [94] . Not 
only the presence but also the nature of glycan attached infl uence the PK 
properties. The presence of the negatively charged monosaccharide sialic acid 
contributes toward the net negative charge of the protein, thereby affecting 
its PK properties. In the case of erythropoietin, this negative charge improves 
the in vivo circulating half - life of the protein  [95] . Research indicated EPO 
with tetraantennary sialylated glycans has the greatest potency  [96] . In the 
case of some proteins, the absence of sialic acid from the terminal position 
results in their being cleared by asialoglycoprotein receptors (ASGPR) present 
in the liver  [97,98] . Also the presence of mannose or GlcNAc at the terminal 
position causes receptor mediated in vivo clearance of the protein in the 
reticuloendothelial system  [99,100] . 

 Therapeutic glycoproteins are typically produced in recombinant host cell 
systems. Analyses of glycoproteins thus produced show signifi cant glycan het-
erogeneity. The heterogeneity is both in the presence or absence of glycans 
at different glycosylation sites (macroheterogeneity) and in the type of mono-
saccharides constituting the glycan (microheterogeneity)  [1,101] . Macrohet-
erogeneity is caused by a limitation in the availability of dolichol - linked 
oligosaccharide or by the kinetics of the oligosaccharyltransferase reaction. 
Microheterogeneity, on the other hand, results from the availability of mono-
saccharides and the kinetics of processing reactions that take place primarily 
in the Golgi apparatus. These heterogeneities in glycosylation impede the 



development of therapeutic glycoproteins with consistent PK properties 
 [101] . 

 In a manufacturing process the variability in glycosylation is infl uenced by 
two major factors: the choice of host cell system (Figure  11.2 ) used to produce 
the therapeutic and environmental factors such as cell culture conditions 
 [102 – 105] . The choice of cell line used is critical, and traditionally recombinant 
glycoproteins have been synthesized in mammalian cell lines. Mammalian cell 
lines are capable of carrying out the different posttranslational modifi cations 
required for proper expression of the protein and most importantly these cell 
lines come closest to mimicking human glycosylation. However, even mam-
malian cell lines such as CHO, BHK, and NS0   do not produce glycoforms 
identical to those present on human proteins. CHO and BHK typically are 
unable to produce certain glycan structures found in humans  [106] , and NS0 
  is capable of producing potentially immunogenic structures  [107] . A major 
limitation of using mammalian cell lines as a host for producing recombinant 
proteins is that these cells lines are sensitive to the culture ’ s environment, and 
the  N  - glycosylation of the recombinant protein produced is affected by fl uc-
tuations in pH, changes in the glutamine level, and the availability of nucleo-
tide sugars or their precursors  [102 – 105] . Also, when recombinant proteins 
are produced with a strong promoter, the glycosylational machinery of the 
cells is sometimes unable to keep up with the protein synthesis rate. This 
results in macroheterogeneity with site - occupancy variants.   

 Different approaches have been taken to overcome these variations in 
glycosylation of therapeutic proteins. One such approach is to engineer mam-
malian cell lines such as CHO to overexpress glycosyltransferases. Jenkins 
et al.  [108]  engineered sialyltransferase in CHO cells, which led to an improve-
ment in sialylation of expressed interferon gamma without any adverse effect 
on the cells. In another study Weikert et al.  [109]  co - expressed galactosyltrans-
ferase and sialyltransferase in CHO cells, which led to a more homogeneous 
glycosylation of the protein.  N  - acetylglucosaminyltransferase III has also been 

    Figure 11.2     Typical structures of  N  - glycans present on recombinant proteins pro-
duced in mammalian, insect, plant, and yeast cell systems. (See color insert.)  
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overexpressed in CHO cells to increase the fraction of recombinant protein 
expressed containing bisecting  N  - acetylglucosamine  [109,110] . These efforts 
not only led to a more uniform glycosylation pattern on the glycoprotein but 
also modifi ed the pattern of glycosylation to predominantly express the spe-
cifi c desired glycoforms. 

 Alternative host systems such as yeast, insect, and plant cell lines have been 
used to produce glycoproteins. These cell lines often produce a high yield of 
recombinant proteins, but the glycan on these proteins are distinct from those 
found in humans. Insect cell lines such as Sf9 and  T. ni  generate oligosaccha-
rides that are paucimannosidic, high mannose, or hybrid glycans terminating 
in  N  - acetylglucosamine  [111,112] . Advances in our understanding of glycan -
 processing pathways combined with improvement in genetic engineering tech-
niques has enabled the creation of engineered cell lines expressing heterologous 
 N  - glycan - processing enzymes.  “ Humanizing ”  these nonmammalian cell lines 
involved the identifi cation of bottlenecks in the glycan synthesis pathway and 
complementing it with heterologous glycan synthesis enzymes. Such efforts 
have resulted in engineered cell lines that perform human - like glycosylation 
 [113] . 

 Similar efforts have been undertaken in yeasts and plant cells where certain 
undesired genes are knocked out and other genes required for synthesis of 
appropriate nucleotide sugar or for glycosyltransferase expression engineered 
into them. Yeasts have been extensively used for recombinant expression of 
proteins in the industry as they offer the advantages of having the ability to 
grow on chemically defi ned media, ease of scale - up, and high yields of protein 
production. But despite these advantages yeasts are seen as an unattractive 
system to produce glycoproteins as they typically express high - mannose glycan 
structures on the proteins, making them therapeutically ineffi cacious  [114] . 
Again, using genetic manipulations to eliminate expression of undesirable 
 α (1,6) - mannosyltransferase activity and expression of heterologous  α (1,2) -
 mannosidase along with other glycosyltransferases have resulted in a strain of 
 Pichia pastoris  that produces glycoproteins with complex - type  N  - glycans  [115 –
 117] . The ability to genetically manipulate host systems to produce glycopro-
teins with desired glycoforms provides a valuable tool for systematically 
studying the structure – function – activity relationships of the glycans and also 
enables us to produce designer proteins expressing the optimal glycoforms for 
a given function. 

 Another strategy used for producing glycoproteins with specifi c glycans is 
the use of in vitro glycosylation techniques. This involves the production of 
the glycoprotein in a cell system of choice followed by modifi cation of the 
glycans by the sequential action of specifi c glycosidases and glycosyltransfer-
ases. This technology has been commercialized by Neose Technologies, Inc. 
and has been used to produce glycoproteins with user - specifi ed glycans 
 [118,119] . The ability to control the glycosylation patterns by appropriate 
choice of the cell system and the use of metabolic engineering techniques have 
enabled the synthesis of therapeutics with engineered glycans. Human EPO 



is an example of a drug that has been engineered to express new glycosylation 
patterns. EPO stimulates the formation of red blood cells and is used to treat 
anemia resulting from chronic renal disease, heart failure, or the use of 
chemotherapeutics in cancer. It is one of the most widely used drugs, with 
worldwide sales exceeding  $ 6 billion in 2006. A variant of EPO was created 
by mutating the EPO gene to engineer two additional  N  - glycosylation sites. 
The engineered EPO has an increased in vivo activity and duration of action 
 [120, 121] . 

 Glycoengineering has also been used for targeting therapeutic proteins to 
specifi c cells and tissues. Different cells express different glycan - binding pro-
teins on their surface, resulting in their having differing affi nities for specifi c 
glycans. Thus therapeutic proteins expressing specifi c glycans can be devel-
oped for targeting specifi c cell types. One example of a therapeutic that uses 
this property of tissue targeting is Glucocerebrosidase (GBA) used for treat-
ment of Gaucher ’ s disease. GBA with terminal mannose residues is used to 
specifi cally target the protein to the macrophages in the liver by its binding to 
mannose - binding lectins. Once in the liver, GBA metabolizes accumulated 
glucocerebroside  [122] . Similarly asialoglycoprotein receptors could be used 
to target glycoproteins lacking terminal sialic acid to hepatocytes  [123] . 

 Glycans can also modulate the biological activity of therapeutic glycopro-
teins. An example of this is IgG antibodies. The Fc domain of IgG binds to 
Fc receptors on killer T cells. This interaction is mediated by the  N  - linked 
glycans present on the heavy chains of the IgG and is important for antibody -
 dependent cell cytotoxicity (ADCC) and complement - dependent cytotoxicity 
(CDC) functions. The affi nity of the Fc domain to T - cell Fc receptors can be 
modulated by controlling the extent of glycosylation. While deglycosylated 
IgG was found to have very limited ADCC and CDC, the deletion of core 
fucose and addition of bisecting GlcNAc increased the affi nity of IgG to the 
Fc receptors and thereby ADCC and CDC  [124,125] .  

  11.3   GLYCANS AS THERAPEUTICS 

 Given the role of glycans in modulating the cellular functions, it is not surpris-
ing that in addition to their role as conjugates to proteins these glycans have 
the potential to serve as good therapeutic candidates. Improvement in our 
understanding of the glycan structure – function – activity relationship has 
enabled us to harness glycans for direct therapeutic applications. 

 One of the oldest and most widely used carbohydrate based drug is heparin. 
Heparin is a highly sulfated glycosaminoglycan and is widely used as an anti-
coagulant. It acts by forming a ternary complex with thrombin and antithrom-
bin III (AT - III), a serine protease inhibitor. This causes a conformational 
change of AT - III that enables it to block the action of the serine - proteases 
thrombin and factor Xa of the coagulation cascade  [126] . Heparin for thera-
peutic use is isolated from the mucosal tissues of pig intestine or bovine lung. 
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This preparation of heparin is known as unfractionated heparin (UFH), and 
it is a highly heterogeneous and polydisperse mixture of heparin oligosaccha-
rides, varying both in chain length and composition, having an average molec-
ular weight of 15   kDa. This heterogeneity of heparin affects its therapeutic 
value as it causes severe side effects, including bleeding, heparin - induced 
thrombocytopenia, and allergic reactions  [127] . 

 In the last decade advances in GAG synthesis and sequencing have lead to 
better characterization of heparins. The pentasaccharide sequence in heparin 
responsible for binding to AT - III causes its conformation to change, and it 
then activates the rapid inhibition of factor Xa. By use of heparin mimetics, 
the AT - III inhibition of thrombin (factor IIa) is shown to require a longer 
heparin chain of at least 16 to 18   monosaccharides in addition to the presence 
of the pentasaccharide motif  [14,128] . The identifi cation of the motifs in 
heparin that bind to the AT - III and modulate the anticoagulant property has 
lead to the quest for better understanding of the structure – activity relationship 
of heparins. In the commercially prepared UFH, the pentasaccharide motif 
makes up only 3% of all chains, and they   have an anti - Xa to anti - IIa ratio of 
approximately 1   :   1  [129] . 

 To minimize the side effects of heparin and have better predictability of its 
anticoagulant activity, low molecular weight heparins (LMWH) have been 
developed by chemical and enzymatic degradation of UFH. Numerous strate-
gies have been employed to create LMWHs, including controlled chemical 
cleavage, enzymatic digestion, and size fractionation of heparin  [130,131] . 
LMWHs thus generated have an average molecular weight of 4 to 6   kDa and 
are less polydisperse compared to UFH. Despite still being a heterogenous 
mixture, these LMWH have largely replaced UFH in clinical applications 
owing to their better bioavailability, increased in vivo half - life, more predict-
able anti - coagulant activity, and decreased side effects  [132] . LMWHs have 
an anti - Xa   :   anti - IIa activity ratio of 1.5   :   1 and thus have reduced anti - IIa activ-
ity compared to UFH, making them ideal for certain clinical applications such 
as treatment and prevention of deep vein thrombosis but not for arterial 
thrombosis, where antithrombin activity is required. Also LMWHs differ from 
one another in their overall effi cacy due to differences in their structure  [133] . 
The cloning and characterization of heparin degrading enzymes with different 
specifi cities  [134 – 136] , advances in sequencing strategies for analysis of hepa-
rins  [57] , and the identifi cation of structures required for anticoagulant 
activity have enabled rational design of LMWHs. These newer LMWHs are 
more potent with increased anti - Xa and anti - IIa activity and decreased side 
effects  [137] . 

 HSGAGs are also being evaluated as potential therapeutics to target tumor 
growth. Tumor development has been associated with changes in cell surface 
HSGAG  [138]  and expression of tumor - specifi c heparanases  [139,140] . 
HSGAG fractions generated by treatment with heparinases I (Hep I) and III 
(Hep III) have been evaluated for their role in modulating tumor growth. Hep 
I and Hep III have different substrate specifi cities and generate fragments that 



have distinctly different sulfation patterns. While fragments generated by the 
Hep I cleavage of HSGAG was shown to accelerate tumor growth, Hep III 
generated HSGAG fragments had inhibitory effects on tumor growth  [141] . 
These Hep III generated fragments are being further characterized and evalu-
ated for use as therapeutics. 

 Osteoarthritis treatment is another area in which sugars such as CSGAGs 
and glucosamine sulfate (GS) have been used to provide relief of symptoms 
 [142] . These sugars are considered as a dietary supplement by the US Food 
and Drug Administration. CSGAGs provide mechanical stiffness to cartilage 
tissues and enabling joints to function normally  [5] . Osteoarthritis causes the 
degradation of cartilages. There is no clear verdict about the benefi ts of 
CSGAG and GS treatment, and further research is needed to study the thera-
peutic effi cacy of these sugars. 

 Other examples of use of GAGs as therapeutics include hyaluronic acid 
used in surgical procedures  [143] . Sepragels is a product marketed by Genzyme 
Corporation that contains crosslinked hyaluronic acid. Pfi zer ’ s Healon is a 
formulation containing the high molecular weight fraction of sodium hyaluro-
nate and is used as an aid in ophthalmic surgical procedures. GCS - 100 is a 
polysaccharide derived from citrus pectin that is in clinical trials for tumor 
treatment  [144] . GCS - 100 targets the animal lectin galectin - 3, a galactoside -
 binding protein implicated in the inhibition of apoptosis, promotion of angio-
genesis, and metastasis. GCS - 100, being rich in galactoside residues, interacts 
with galectin - 3 present on tumors and causes caspase activation cascade medi-
ated cell apoptosis  [144] . Glycans have also are used for diabetic treatment. 
Acarbose is a pseudooligosaccharide synthesized by microbes that binds to 
glucosidases and amylases and reversibly inhibits the activity of these enzymes 
 [145] . Acarbose preferentially binds to  α  - glucosidase and  α  - amylase, inhibit-
ing carbohydrate digestion, regulating the absorption of monosaccharides, and 
thereby controlling blood glucose levels. 

 Unnatural sugars have also been used as receptor antagonists. Sialic acid 
analogues oseltamivir (trade name Tamifl u, Roche) and zanamivir (trade 
name Relenza, GlaxoSmithKline) are neuraminidase inhibitors. These two 
glycan - based drugs on the market are used for prevention and treatment of 
infl uenza  [146] .  

  11.4   GLYCANS AS TARGETS FOR THERAPEUTICS 
AND VACCINES 

 The ubiquitous presence of glycans on the cell surface and their role in cell 
signaling and cell – cell interactions makes them ideal targets for therapeutic 
interventions. These processes are mediated by the interaction of glycans with 
glycan binding proteins such as enzymes, ligands, growth factors, and cyto-
kines. Until recently it had been diffi cult to access these physiological glycans 
to truly identify specifi c glycan targets and their glycan - binding partners. The 
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use of glycan arrays has enabled identifi cation of glycan specifi cities of these 
GBPs. This knowledge has helped develop therapeutics that modulate cell 
activity by specifi cally targeting certain glycans. These glycan - binding thera-
peutics could be used to either promote cell signaling or be used as receptor 
antagonists that prevent the glycans from interacting with their natural binding 
partners. 

 Vaccines and antibodies targeting glycans have been developed over the 
last few years. A major limitation in the development of glycan - based vaccines 
has been that glycans, while being mildly antigenic, are rarely immunogenic. 
That is, even if these glycans are able to elicit antibodies, they are mostly 
unable to successfully induce T lymphocytes to kill the cells expressing these 
glycans. A strategy to induce T - cell immunity has been to conjugate the glycan 
antigen to an immunogenic protein such as keyhole limpet haemocyanin 
(KLH). KLH is an immunogenic carrier protein, and it increases the immu-
nogenicity of glycans by broadening the spectrum of immunoglobulins pro-
duced. Use of such glycoconjugates to vaccinate has improved the effectiveness 
by increasing the ability to induce both a cell - mediated and a humoral response 
in humans  [147] . 

 Two major areas of application for which glycan - based vaccines are being 
developed are cancer and infectious diseases. The glycoprofi le of cancerous 
cells is found to be different from normal cells. The cell surface glycans 
undergo structural changes with the onset of cancer because of the differential 
expression of glycosyltransferases, which results in overexpression of certain 
glycoforms, underexpression of other glycoforms, and in some cases, neo -
 expression of glycans. The property of differential expression of glycans on 
cancerous cells has been exploited to recruit the immune system to target 
cancer cells. One of the major challenges in the development of vaccines to 
target these glycans is the inability of the immune system to challenge the B 
cells to produce antibodies against these glycans. These glycans found on 
cancerous cells are often expressed during embryonic development and are 
sometimes present on normal cells at low levels, resulting in them being per-
ceived as  “ self ”   [148] . A major effort has been focused on making the immune 
system perceive these glycans as foreign and make antibodies against them 
 [149,150] . Glycan - based vaccines for breast, prostate, and ovarian cancer, 
small - cell and non – small - cell lung carcinoma and malignant melanoma are in 
different stages of clinical trials  [151] . In each of these cases the vaccine targets 
a single glycan. A more recent approach has been to develop multi - antigenic 
vaccines. These multi - antigenic vaccines are developed against sets of glycans 
that are characteristic of a cancer cell type, with the premise being that the 
presence of multiple antigens would elicit a better immune response than 
individual antigens  [152,153] . In one study in mice with vaccine containing 
three distinct antigens Globo H, LeY, and Tn, antibodies were generated 
against each of these glycans  [152] . These encouraging results have paved the 
way for development of other multi - antigenic vaccines with different combina-
tions of glycan antigens. 



 Vaccines are also being developed to target diseases caused by pathogens 
that exploit the cell surface glycans. Pathogenic viruses, bacteria, and other 
microbes have GBPs on their surface. The fi rst step of pathogenesis is typically 
the attachment of the pathogen ’ s GBP to specifi c glycan moieties on the host 
cell surface. The interaction of the pathogen ’ s GBPs with glycans has been 
studied by a variety of means. Over the last few years the glycan specifi city of 
a variety of pathogens ’  GBPs has been studied, including those of infl uenza 
viruses  [154 – 156] , parainfl uenza viruses  [157] , tetanus toxin, and cholera toxin, 
among others. The identifi cation and synthesis of specifi c oligosaccharide 
antigens can help in the development of vaccines against these pathogens. 
Capsular polysaccharides or their conjugates have been used to develop vac-
cines against a host of microbial pathogens, including  Haemophilus infl uenzae  
type b (Hib),  Streptococcus pneumoniae, Neisseria meningiditis, Salmonella 
typhi , group B  streptococcus , and  Staphylococcus aureus   [158] . Another bacte-
rial pathogen,  Bacillus anthracis  (anthrax) has posed the threat of being used 
as a biological warfare weapon. The anthrax spores have a unique  O -  linked 
tetrasaccharide on their surface  [159] , and vaccines are currently being devel-
oped using synthetic tetrasaccharide antigens  [160] . Vaccines are also being 
developed against  Plasmodium falciparum , a parasite - causing malaria. Glyco-
sylinositol phospholipid (GPI) is extensively expressed on the  P. falciparum  
cell surface, and it triggers an infl ammatory cascade  [161] . GPI hexasaccha-
rides have been synthesized and conjugated with immunogenic proteins to be 
used as vaccines  [162] . The identifi cation of glycan specifi city of more patho-
gens along with development of immunogenic conjugates would result in 
development of many more glycan - based vaccines in the future.  

  11.5   SUMMARY 

 Advancement of glycomics has been limited by the lack of appropriate tools 
to study glycans and their interaction with their binding partners. This has, in 
large part, precluded it from being fully harnessed for drug development. 
Technological advances in glycan sequencing and glycan synthesis methodolo-
gies in the past few years have helped expand our understanding of the role 
of glycans in various cellular processes. To date, glycans have been implicated 
in a diverse set of cellular and pathophysiological processes, including cell 
growth, development, cell signaling, immune recognition, cancer, angiogene-
sis, and microbial and viral pathogenesis. The importance of glycosylation in 
humans is highlighted by the fact that any aberration in the glycosylational 
machinery can result in severe physical and mental disorders. Changes in the 
physiological state of the cell often result in disturbing the delicate interplay 
of glycosyltransferases and glycosidases, which manifests itself by changes in 
the glycosylation of cellular proteins and lipids. 

 As these technologies bring the role of glycans to the forefront, the chal-
lenge lies in exploiting them for therapeutics. Novel delivery methods are 
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being developed for glycan - based therapeutics. Glycan synthesis by chemical 
and chemoenzymatic means has facilitated the production of synthetic vac-
cines. The ability to glycoengineer cell lines provides a means for producing 
therapeutic glycoproteins with consistent PK properties. With new analytical 
tools now available to characterize glycans, researchers are identifying diag-
nostic and prognostic glycan markers for various disease states such as liver 
cirrhosis  [163]  and cancer  [164,165] . Also research is ongoing to evaluate if 
the cellular glycans could be used to predict susceptibility to a particular 
disease. Lectin arrays  [166,167]  and MS - based analytical techniques  [164,165]  
are being used to screen the sera for disease markers. The identifi cation of 
these glycan markers could not only provide a means to monitor the health 
of patients but also could identify novel targets for therapy. 

 In this post - genomic era, the fi eld of glycomics has contributed to the 
improvement of current and offered a number of novel therapeutics. While 
there are already some glycan - based drugs on the market, the nascent fi eld of 
glycomics promises much more.  
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  12.1   INTRODUCTION 

 A rapidly growing segment of the pharmaceutical industry is comprised of 
so - called  biological therapeutics  (or  biologics ). In these therapies the agent 
molecules are not small, synthetically produced   compounds traditionally 
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utilized as pharmaceutical agents. The therapeutics are derived instead from 
naturally occurring biological materials. In some instances, the agents are 
exactly the same as those occurring in (normal) individuals, and are supplied 
exogenously to correct for a disease - related defi ciency or to confer some other 
benefi cial effect. In other cases, classes of naturally arising molecules provide 
templates that can be customized to optimize binding properties or other 
characteristics such as enzymatic activity. There are other therapies that do 
not closely resemble any particular species but utilize the same building blocks 
as classes of native factors, for example, nucleotides. Finally, some therapeutic 
molecules are derived by analogy to natural biomolecules but are altered for 
improved properties; examples include substituted R - groups that generate 
nonnatural amino acids and molecules with altered chirality. The growth of 
biologic therapeutics in recent years has been prodigious, with growth rates 
from 2001 to 2006 averaging 20% annually (compared to 6 – 8% for the overall 
US pharmaceutical market)  [1] . 

 Biologics offer a number of advantages over traditional small - molecule 
therapies. Instead of needing to screen large numbers of synthetic compounds, 
each of which must be prepared individually, in many cases existing systems 
can be utilized and manipulated to identify biologic lead material. Some of 
these processes are not novel; generation of antibodies by challenging animals 
with non – self - derived factors has been an often - used tool for many years. 
Other techniques are just emerging for identifying and evolving the properties 
of biomolecules, but in general, they all take advantage of combinatorial pro-
cesses that enable the identifi cation of leading candidates from extremely 
large numbers of other molecules  [2,3] . This has the potential to signifi cantly 
improve the speed with which early stage discovery can progress. 

 While it is impossible to claim a priori that any exogenously supplied mate-
rial will not present safety concerns, the scaffolds used for biologics also can 
lead to improved safety profi les. For example, a humanized antibody gener-
ated by grafting specifi city - determining residues (only  ∼ 7 residues per arm) 
from the usually nonhuman molecule obtained during screening onto a human 
IgG scaffold is over 99% homologous to all other IgG molecules in the body 
 [4] , and it is therefore highly unlikely to elicit an immunogenic response. The 
breakdown products of peptide -  or nucleotide - based therapeutics are essen-
tially amino acids and nucleic acids. This stands in contrast to small - molecule 
agents, which need to be carefully screened to identify those that the liver (or 
other organ/mechanism) will convert into metabolites which also must have 
an acceptable safety profi le. 

 This chapter will center the discussion on utilizing the tools of systems 
biology to explore effi cacy and safety questions beyond the general features 
of biologics. This approach utilizes knowledge mining, appropriate experi-
mentation, and mathematical modeling to predict the behavior of biological 
systems or to explain observed phenomena and offer insight on how to alter 
them. These tools can be used to gain early insight into how a biologic thera-
peutic might alter the behavior of a system at the target and organism level. 
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The process begins with a review of the known relevant biology surrounding 
the target, often (but not necessarily) including the system or pathway being 
modulated. (For example, a model of a full signal transduction pathway is 
unnecessary when the overall response of the organism to the level of stimu-
lant is known, and this  “ transfer function ”  may be used as a surrogate for a 
detailed model of the full system.) Once this model is in place, the action of 
various biologic agents can be investigated. For example, an antibody that 
binds the target with a given affi nity, or a protease with given binding and 
catalytic properties, can be introduced into the system. Other properties of 
the therapeutic agent, such as clearance rates, can be gathered by analysis of 
typical values for other similar agents; antibodies of a given class tend to be 
eliminated at similar rates  [5,6]  (barring signifi cant target - mediated clearances 
 [7,8] ). With the inclusion of the proposed therapeutic into the model, various 
modalities can be compared, ideal or required properties of a chosen modality 
can also be found, and dosing and/or frequency can be estimated. Potential 
effi cacy or safety concerns can be identifi ed (examples of which will be high-
lighted later). These predictions can be highly effective when used to inform 
early - stage decision making to optimize project selection, timeline estimation, 
and resource allocation.  

  12.2   PHARMACOKINETIC MODELING 

 One of the most useful contexts for applying systems biology approaches is 
the modeling of the dynamics of both the level of therapeutic agents and the 
body ’ s response to those agents. Historically these time courses are referred 
to as  “ pharmacokinetics ”  and  “ pharmacodynamics, ”  respectively. 

  “ Pharmacokinetics ”  refers to the levels of the therapeutic present in the 
various  “ compartments ”  of the body; for an injected circulating biologic often 
the compartment of interest is the plasma. Some basic features can be applied 
to pharmacokinetic models of a wide variety of these therapeutics. The next 
section will deal with modeling the method of delivery, and identifi cation and 
mathematical description of the route (or routes) of clearance in the system. 

 Generally, the models utilized for mechanistic pharmacokinetic modeling 
are comprised of ordinary differential equations (ODEs). These equations, 
which take the form

    
d
dt

X f X X X k k ki n p[ ] = [ ] [ ] [ ]( )1 2 1 2, , . . . , , , , . . . , ,  

describe the time course of the concentration of a species  X i  . These equations 
capture the creation, conversion, and destruction of the component species 
in the model in terms of the concentration of the set of species { X  1 ,  …  ,  X n  } 
and the set of rate constants { k  1 ,  … ,  k p  }. Multiple compartments (representing 
different organs, organelles, cell surface vs. intracellular fl uid, etc.) are also 
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allowed, and transfer between these compartments is described similarly using 
ODEs. A number of software packages exist that allow the user to lay out the 
framework for a model, set the relevant parameters, simulate a time course, 
and monitor the levels of any species of interest as well as the fl uxes through 
any reaction. 

 An important feature to note with these models is that there is no positional 
dependence; that is, within a  “ compartment ”  the system is assumed to be well 
mixed. In a case where spatial gradients are important (e.g., diffusion of mate-
rials within the lens of the eye  [9] , or therapeutic agent penetration of a tumor 
mass  [10] ), partial differential equations (which include variation in position) 
are employed. These cases can be simulated using fi nite element modeling 
approaches, which divide the system into a grid of points and monitor the local 
concentrations of the species in the model at each point. 

  12.2.1   Delivery 

 If intravenous injection is the route of delivery, the concentration within the 
plasma may be assumed to  “ jump ”  in a step increase at the time of delivery. 
Detailed, fi nely time - resolved data may actually show some delay in the 
increase of the therapeutic in the blood as a whole, as it does take some time 
to get fully mixed with the general circulating plasma pool. However, when 
considering a model that will simulate days, weeks, or even months of actual 
time, the few minutes to bring the plasma to well - mixed equilibrium is effec-
tively instantaneous. Other potential delivery mechanisms, such as nasal  [11] , 
transdermal  [12] , subcutaneous  [13,14] , needle - free injection  [15] , or oral 
delivery (often challenging with biologics  [16] ), require different (and more 
complicated) approaches.  

  12.2.2   Clearance 

  Kidney Filtration     The clearance of substances in the plasma can occur by a 
variety of mechanisms, some of which can be reasonably approximated. One 
clearance path, of tremendous signifi cance with small molecules, is via kidney 
fi ltration of the plasma. Typically the kidney is perfused by one - fourth of 
the plasma volume every minute. Filtration occurs as the plasma fl ows 
past the glomerulus. Molecules are  “ sieved ”  by the glomerulus according 
to their size (as well as charge and spatial conformation); small molecules 
readily transfer into the nephron, while larger ones tend to remain in the 
plasma. In fact, above a threshold around 100   kD, these molecules effectively 
never partition into the kidney. Table  12.1  (from  [17]  and  [18] ) shows the 
molecular weight and measured glomerular sieving coeffi cient  θ  for a list of 
proteins. The value of  θ  is not strictly monotonically decreasing as molecular 
weight increases. If these proteins were purely spherical in shape, with no 
charge character to their surfaces,  θ  would be expected to smoothly decline 
with molecular weight; instead varying degrees of spatial extension and 
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charge largely cause the deviations seen. The sieving coeffi cient is additionally 
dependent on the volume fl ow rate through the kidney; for individuals 
with signifi cantly altered renal blood fl ow, this may be an important factor to 
consider. One publication describes this  [17]  and includes an analysis of how 
molecular size and glomerular fl ow rate combine to produce an effective value 
for  θ .   

 A potential complication when modeling kidney fi ltration is the reabsorp-
tion   of molecules (e.g., glucose) into the plasma that can occur within other 
parts of the nephron such as the proximal tubule; this can lead to longer half -
 lives even if glomerular fi ltration is effi cient  [19] . If the experimental results 
do not agree with a model using this approach for representing kidney fi ltra-
tion, reabsorption should be considered (and tested, if possible). Note that 
fi ltered molecules may be unstable in the urine (e.g., the activation peptide 
from carboxypeptidase B (CAPAP)  [20] ), so measuring the intact levels 
excreted may not be refl ective of the amount fi ltered. Also the nephron can 
produce and secrete peptides or other biomolecules into the urine (e.g., adre-
nomedullin  [21] ); hence various potential sources of the molecule studied in 
collected samples may need to be considered. 

 Additionally, biomolecules have the potential to bind to other, larger 
proteins. In this case the clearance of the complex depends on the combined 
sizes of the two proteins, so it may be much slower. For example, human 
growth hormone (hGH) has a molecular weight of 22   kD, which would 
give an expected half - life of about 1.5 hours. However, in the plasma, hGH 
is largely bound to a much larger protein ( ∼ 60   kD) to form a complex 
with molecular weight of roughly 82   kD  [22]  that approaches the limits 
of kidney fi ltration and consequently has a much longer half - life (via the 
kidney route). Such details can easily be included in a mechanistic model of 
pharmacokinetics. 

 TABLE 12.1     Glomerular Sieving Coeffi cients  q  for Various Proteins of Given 
Molecular Size 

  Protein    Molecular Weight (kD)    Sieving Coeffi cient  θ   

  Insulin    5.7    0.9  
  Cytochrome C    12.3    0.9  
  Lysozyme    14.4    0.8  
  Myoglobin    19.6    0.794  
  Ovomucoid    28    0.18  
  Ovalbumin    43    0.2  
  Hemoglobin    64    0.046  
  HAS    69    0.00066  
  Neutral HAS    70    0.0065  
  IgG    150    0.00016  

   Source :   From  [17,18] . 
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 A half - life implies a fi rst - order decay (with a total fl ux rate proportional to 
the amount of the species present) that is characterized by a single fi rst - order 
rate constant. This constant is given by

    k
t

=
( )ln

.
2

1 2
  

 This parameter can then be employed in an ODE model to represent kidney 
elimination of the fi ltered species.  

  Proteolysis     Another clearance route for proteins arises from proteolysis. (If 
the therapeutic is based on nucleic acids as opposed to amino acids, the action 
of nucleases can be similarly described.) One or more of the endogenous 
proteases may cleave the protein of interest, effectively removing it from 
consideration. If the half - life of the protein in plasma is known, this can be 
converted into a fi rst - order decay reaction as before. To separate this phe-
nomenon from kidney fi ltration, proteolytic rates may be measured ex vivo, 
using plasma collected from the species to be modeled  [23] . This allows for 
translation of this part of the model between species. 

 Once again, attention must be paid to the various confi gurations the protein 
of interest can take, when in certain complexes, or in certain compartments, 
proteolysis may be enhanced or limited. For example, insulin - like growth 
factor (IGF) has a half - life (when free) of less than 10 minutes; when in 
complex with one of several IGF binding proteins and acid - labile subunit 
(ALS), this half - life grows to 12 hours  [24] . An example of a compartment -
 specifi c protease is the serine protease neurotrypsin precursor (formerly 
BSSP - 3), which is confi ned to the brain  [25] .  

  Fluid Phase Endocytosis     A third route for clearance of plasma - residing 
molecules is fl uid phase endocytosis  [26] . In this process, cells of the endothe-
lium effectively sample small volumes of plasma. This usually happens indis-
criminately, meaning that the process does not target particular molecules in 
the plasma but rather engulfs a mix of factors with concentrations matching 
the rest of the plasma. The pH within the endocytotic vesicle (endosome) is 
lowered by the action of proton pumps. At this lower pH certain mechanisms 
may become active for  “ rescuing ”  some of the contents of the endosome. For 
example, the iron - binding protein transferrin has negligible affi nity for its 
receptor in its apo (non - iron - bound) confi guration at neutral pH, but binds 
avidly ( K  d    =   13   nM) at endosomal pH  [27,28]  (see Figure  12.1  a ). Once these 
(and other) sorting steps have taken place, the  “ rescued ”  components are 
exported back to the plasma membrane. Once at the extracellular pH, these 
factors typically lose their affi nity for the membrane - bound machinery and 
are released. The nonrescued components may be shuttled to a late endosome 
and eventually a lysosome for degradation at a more acidic pH  [29,30] . Fluid 
phase endocytosis results in a half - life of about one to three days in humans 
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for plasma factors that are not actively rescued and recycled using machinery 
such as that described above  [31] .    

  Other Routes for Clearance     Other methods may exist for elimination of 
therapeutic molecules; if these are known, they can be explicitly included. If, 
on the other hand, they are unknown, they may sometimes still be effectively 
represented in an ODE model. A molecule cleared by a number of fi rst - order 
processes will display an exponential decay, as if it was cleared by a single 
fi rst - order process. The half - lives of all of the individual processes are con-
nected to the overall half - life by the following formula:

    
1 1 1 1
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    Figure 12.1     Endocytotic recycling machinery. ( a ) Transferrin recycling. ( i ) At neutral 
pH, transferrin (orange) bound to iron (black) has affi nity for the transferrin receptor 
(purple); unbound (apo - ) transferrin must passively diffuse into the forming endosome 
( ii ). ( iii ) When the endosome acidifi es, iron loses affi nity for transferrin while apotrans-
ferrin gains affi nity for the receptor. ( iv ) Free (nonrescued) transferrin is shuttled to a 
lysosome and degraded; iron is processed by the cell using other machinery such as 
ferritin (yellow). ( v ) Receptor - bound apotransferrin is exported to the cell surface 
where it loses affi nity for the receptor at neutral pH. ( b ) IgG recycling. ( i ) At neutral 
pH, IgG ( “  Y  ” ) and target (red) molecules (and the complex of the two) have no affi nity 
for the FcRn receptor (green), and must passively diffuse into the forming endosome 
( ii ). ( iii ) When the endosome acidifi es, IgG gains affi nity for FcRn and may (either 
free or in complex with the target) bind FcRn. ( iv ) Non – receptor - bound endosome 
components are moved to a lysosome and destroyed. ( v ) Receptor - bound IgG and 
complex are returned to the cell surface and released at neutral pH. Note that for both 
( a ) and ( b ), the effi ciency of recycling of transferrin/IgG is much more effi cient than 
shown here, leading to the lengthy observed half - lives for these proteins. (See color 
insert.)  
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 Note that the fi nal half - life  t  1/2; overall   will be less than any one of the other 
half - lives, which makes intuitive sense. Given this formula, if the overall half 
life is known from measurements in some in vivo model, a rate constant for 
a fi rst - order decay process representing the other  “ unknown ”  routes for clear-
ance can be derived. This approach should be used with caution, as these 
routes may be altered under different, unanticipated situations and the result-
ing model then offers   limited guidance on improving the therapeutic. None-
theless, it may help recapture the behavior of the system and give a fi rst 
estimate for what may be expected under different conditions. 

 An example of a protein class eliminated via  “ other routes ”  is IgG. These 
molecules are too big to be eliminated by the kidney and are mostly resistant 
to proteolysis. Additionally IgG have a recycling machinery to rescue them 
from fl uid phase endocytosis. At the acidic pH of the endosome, the Fc 
domain of IgG gains affi nity for the FcRn receptor, which returns the IgG to 
circulation  [32]  (see Figure  12.1  b ). Experimentally, IgG molecules are found 
to have a three - week half - life  [33]  (Table  12.2 ). A good explanation for the 
three week half - life comes from failure of the FcRn to rescue the IgG from 
fl uid phase endocytosis  [31] . Usually this machinery is successful in preserving 
the IgG, but a fi nite chance exists that the recycling will fail for an individual 
molecule during an endocytosis cycle. The failure rate coupled to the rate of 
endocytosis gives the three - week half - life. The clearance of IgG can be 
modeled simply by ascribing a single, fi rst - order decay process with a time 
constant giving a three - week half - life. This comes at the cost of losing the 
mechanistic detail that could enable alteration the half - life by modulating the 
FcRn machinery, but it will suffi ce if that is not a concern.   

 Using these general principles, it is possible to generate a model that rea-
sonably describes the pharmacokinetics of many biologic therapeutics. Of 
course, there are exceptions. The target may mediate some clearance, in pro-
portion to the amount of therapeutic/target complex. The therapeutic may be 
effectively sequestered within a different  “ compartment ” ; for example, it may 
bind to cells or tissues within another organ and be cleared or slowly released 
back into the plasma from this reservoir. In any case, a consideration of the 
biology specifi cally relevant to the target must take priority with respect to 

 TABLE 12.2      “ Typical ”  Time Scales of Clearance 

  Process    Typical Half - life    Reference  

  Kidney fi ltration    Size dependent; 40 minutes ( < 20   kD) →  ∞  
( > 100   kD)  

   [40]   

  Fluid phase endocytosis    1 – 3 days (no recycling mechanism)     [31]   
  IgG clearance    3 weeks (subtype dependent)     [33,79]   
  Proteolysis    Target/protease dependent      
  Target - mediated clearance    Target/mechanism dependent      



the hypotheses used to generate a model. In general, however, the previously 
described concepts can form a workable initial chassis on which to develop 
a more informed description of the pharmacokinetics of a particular 
therapeutic.    

  12.3   PHARMACODYNAMIC MODELING 

 With respect to the pharmacodynamics of a particular therapeutic and target, 
it is more diffi cult to make general statements. If the target is a receptor 
present at a constant level, the percentage bound can be calculated using the 
levels of therapeutic determined in the pharmacokinetic modeling, and the 
amount free may be input to an experimentally measured transfer function to 
estimate the therapeutic impact. If the target is a circulating factor, the model 
may become more complicated as the therapeutic may interfere with natural 
clearance mechanisms. If the target can complex with other factors (e.g., 
forming hetero dimers), the degree to which this process can occur while 
bound to the therapeutic needs to be assessed. If the target transfers between 
 “ compartments ”  (e.g., by crossing the blood – brain barrier), the impact of the 
therapeutic on the rate of transition needs to be considered. In all cases the 
particulars of the interactions of the therapeutic at the molecular level need 
to be determined or estimated. An effective pharmacodynamic model will 
codify and utilize the relevant biology of the target to generate predictions of 
the effi cacy of the proposed therapy.  

  12.4   ANTIBODY - BASED THERAPIES 

 Exogenous antibody therapies comprise an important category of biothera-
peutics  [34,35] . These are of great interest to the pharmaceutical industry 
because typically there are low safety concerns with antibody use (not preclud-
ing the possibility of target - linked toxicities). They can be engineered to have 
excellent affi nity and specifi city for their targets, mirroring the properties of 
the body ’ s own immune system to recognize and effi ciently neutralize specifi c 
immunogenic targets by the generation of endogenous antibodies. There are 
numerous established practices for screening, maturation, and production of 
antibodies that can speed the early discovery process through the identifi ca-
tion of lead material  [36] . Antibodies have long half - lives that can lead to a 
reduced frequency of dosing  [37] ; this can also lead to certain safety concerns, 
as will be discussed later. Because antibodies require injection for delivery (at 
this time, there is no orally bioavailable antibody therapy) infrequent dosing 
represents a desirable improvement and can signifi cantly improve the attrac-
tiveness of the therapy as well as patient compliance. These therapies are also 
typically non - immunogenic, as long as the antibodies are signifi cantly or fully 
humanized and expressed in an appropriate format  [38,39] . A number of 
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antibody therapies are on the market currently. The targets of these antibodies 
include receptors (e.g., Zenapax  ®   [Roche] for CD25, Erbitux  ®   [ImClone/
Bristol Myers Squibb] for EGFR) as well as soluble proteins (e.g., Xolair  ®   
[Genentech/Novartis] for IgE, Remicade  ®   [Centocor] for TNF α ). Because 
antibodies do not generally penetrate the cell surface, their targets are usually 
restricted to the extracellular space. 

 It is possible to do simple but practically useful pharmacokinetic modeling 
of antibodies directed against a target of choice. An illustrative example of a 
target for antibody therapy is a small protein (e.g., a signaling peptide or 
hormone). Small proteins are very often cleared in a rapid fashion by fi ltration 
in the kidney. The smallest proteins cleared predominantly by the kidney have 
half - lives approaching 40 minutes  [40] . However, once the size of the target 
exceeds about 70   kD, fi ltration by the kidney is tremendously restricted to the 
point where its contribution to overall clearance is negligible. In the case of 
an antibody (with a mass of  ∼ 150   kD), which binds very stably to a short 
peptide, a peptide with a mass of 4   kD is effectively converted into a 154   kD 
protein. The size of this complex will severely restrict its renal clearance. 
Consequently, if the small target is expressed with a rate not altered by some 
biological feedback mechanism, then the rate of generation of target is fi xed, 
but the removal has been slowed. The result is a buildup of total target (the 
sum of free plus complexed with antibody) present in the system (see Figure 
 12.2  a – b ).   

 In the presence of a high - affi nity antibody at a suffi ciently high concentra-
tion, the target will be almost completely in complex with the antibody. If the 
target is completely inactive in complex, its buildup will have no adverse 
effect. Practically speaking, however, two concerns arise. First, the buildup of 
this complex can lead to issues with the dosing of the therapeutic. To allow 
for full binding of the target, the antibody must be dosed at or above the pro-
jected complex buildup concentration (see Figure  12.2  c – f ). The second concern 
is related to the residual activity of the complex. Under ideal conditions, the 
target – antibody complex would have no potential for interacting with the 
target ’ s natural partners (receptors, etc.). Practically, however, it is a real 
concern that the complex may possess some (reduced but nonzero) residual 
activity. For example, suppose the antibody - binding epitope lies outside the 
active site of the target but that it is still able to reduce the potency of the 
target through steric hindrance of interactions to 2% of its original effi cacy. 
Coupled with a hundred - fold buildup, a 2% residual activity implies that the 
overall target activity would be increased by a factor of two. In one dramatic 
case  [41]  the residual activity of the complex buildup proved to be the downfall 
of an anti - rheumatoid arthritis therapy. 

 In addition to reduced renal clearance, another factor leading to the long 
lifetime of exogenous antibodies and antibody - ligand complexes is the circum-
vention of fl uid phase endocytosis. This clearance process by cells of the vas-
culature would normally lead to the destruction of circulating proteins on the 
time scale of one to three days  [31] . The FcRn machinery, which serves to 



recycle IgG molecules and prolong their lifetimes, may also reduce the effi -
ciency of endocytosis for clearing the target when in complex   with the IgG. If 
the target does not dissociate from the antibody in the endosome, the FcRn 
will rescue the target as well as the IgG, leading to a prolongation of the life-
time of the target beyond the one to three days expected for soluble but 
non – kidney - fi lterable targets. 

 Pharmacokinetic modeling indicates that the buildup of this complex may 
be a concern. The model may be utilized to identify possible solutions. One 

    Figure 12.2     Antibody – target complex buildup. ( a, b ) Steady state level of a continu-
ously produced (rate  k p  ) target  T  in the presence ( a ) or absence ( b ) of fast kidney 
fi ltration (rate  k d,kidney  ) and in the presence of slow fl uid phase endocytosis (rate 
 k d,endocytosis  ). The formula giving the steady state concentration [ T ss  ] as a function of these 
rates is shown. In the absence of kidney fi ltration, the resulting target concentration is 
signifi cantly increased. ( c – f  ) Free target (black), target – antibody complex (red), and 
free antibody (green) levels for a target normally with 10   nM concentration and 40 
minute half - life (i.e., fi ltered by the kidney). In the presence of 0.1   nM affi nity antibody 
at 10   nM ( d ), 100   nM ( e ), and 1000   nM ( f  ), the level of free target is reduced, and the 
level of target – antibody complex climbs. Note that even when dosed at 100   nM (10 
times the starting concentration of target), the entire antibody supply is bound into the 
complex and a signifi cant amount of target remains unbound. The target is not effec-
tively fully bound until the antibody is dosed above the maximum complex buildup 
level (thus making the level of target the limiting concentration). Note: In these simula-
tions, the antibody clearance is taken to be zero (total antibody is fi xed). (See color 
insert.)  
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possible solution might be to take an antibody and modulate the affi nity of 
the Fc region for the FcRn receptor under endosomic pH. Alteration of anti-
body half - life by altering FcRn binding has previously been reported  [42] . By 
lowering this affi nity, the frequency with which the antigen is recycled can be 
reduced. This lowered affi nity can be codifi ed into the pharmacokinetic model. 
The predictions of this modifi ed model do include a reduced complex buildup, 
but at the cost of a reduced half - life for the therapeutic (arising from the 
concomitantly reduced recycling of the antibody). The consequence of this 
would be a higher frequency dosing regimen. 

 A more extreme strategy to ameliorate complex buildup is to completely 
truncate the Fc region of the antibody, leaving the Fab2 region (the branched 
antigen - binding end of the antibody). This strategy should not alter antigen 
binding, but completely eliminate the recycling of the therapeutic via the FcRn 
machinery  [43] . The target – antibody complex can now be removed with 100% 
effi ciency by fl uid phase endocytosis with the time scale of one to three days 
(instead of up to three weeks with full IgG). This can lead to a drop of about 
an order of magnitude in built - up complex. Again, this comes at the cost of 
more frequent dosing. As Fab2 therapeutics are usually generated by enzy-
matic cleavage of full IgG molecules (and consequently possess an even 
greater cost of goods than traditionally produced antibodies), the increase in 
expense to frequently dose with these fragments can be prohibitive. An alter-
native strategy for lowering complex buildup should be sought. 

 Another possibility besides Fab2s would be to produce just the very tip of 
the antibody (the part that actually binds the ligand); this region is called the 
V H  (variable heavy) domain on the heavy chain of the antibody, and the V L  
(variable light) domain on the light chain. These two domains can be con-
verted into a single peptide referred to as single chain variable fragment 
(ScFv) and expressed in a high - yield system  [44] . These are signifi cantly less 
expensive to manufacture than full IgG molecules and can therefore represent 
signifi cant savings on cost of goods. However, these short antibody fragments 
are suffi ciently small (20 – 30   kD) that they can be effi ciently cleared by kidney 
fi ltration  [45] , so the avoidance of complex buildup is only achieved at the 
expense of requiring injections daily or even more frequently. 

 In order to make the use of ScFv ’ s more feasible, techniques to avoid of 
kidney fi ltration must be identifi ed. One frequent solution employed when 
increased molecular weight is needed is PEGylation. Adding a polymer of 
ethylene glycol has been shown in many cases to produce biologically well -
 tolerated molecules with the advantages (or disadvantages, in some instances) 
of increased size  [46,47] . By PEGylating ScFv ’ s and raising their molecular 
weight above the effective kidney fi ltration size limit, the therapeutic half - life 
can be raised  [45] . Once again, however, the buildup of the complex is a con-
sideration. A potential issue also exists when employing PEGylation. An 
attenuation of the potency of PEGylated therapeutic molecules has been 
reported  [48,49] , which may arise from the polymer  “ wrapping around ”  the 
therapeutic or otherwise sterically hindering its ability to interact with its 



target. If this strategy enables the maintenance of a signifi cant increase in 
concentration by prolonging the half - life, a similarly signifi cant decrease in 
potency may effectively eliminate any gains achieved. 

 An additional concern with PEGylation is  “ syringability. ”  At high concen-
trations and large PEG sizes, PEGylation can cause a dramatic increase in 
viscosity, to the extent that injection through a reasonably sized hypodermic 
needle becomes impractical. One strategy to mitigate this diffi culty involves 
the utilization of multiarm or  “ dendronized ”  PEG molecules for conjugation 
 [50] . These polymers allow for the conjugation of a number of therapeutic 
agents, lowering the overall number of conjugate molecules needed in order 
to achieve the same effective therapeutic dose. 

 Another possible solution to the antibody dilemma is the fusion of antibod-
ies to other proteins (either wholly or with their appropriate functional 
domains). An ideal antibody - based therapy would combine the rapid destruc-
tion of the target with effi cient recycling of the therapeutic. Antibodies already 
possess suffi cient recycling; the problem is the lack of rapid target destruction 
(thus leading to the complex buildup). If an appropriate fusion protein could 
be developed, a long - lasting therapy with less complex buildup would result. 
One possible approach might be to fuse functional domains of other proteins 
to the variable (i.e., antigen - binding) region of antibodies. One such candidate 
for fusion to antibodies that has been gaining in popularity is transferrin  [51] . 
As discussed in Section  12.2.2 , this iron - binding protein is effi ciently recycled 
by its receptor. In addition, when complexed to iron in the plasma, it is very 
rapidly bound to a surface receptor, actively endocytosed, and (following iron 
unloading in the acidic endosomal environment) recycled to the plasma  [27] . 
Compared to normal antibodies, a binding domain fused with transferrin 
should lead to more rapid uptake of the therapeutic/target complex. This 
greater endocytosis frequency, coupled with a fi nite chance of destroying the 
target per endocytosis event, translates to a more rapid overall clearance of 
the target. This makes the fusion protein/transferrin receptor/endosome 
system effectively behave catalytically, where over time a single therapeutic 
molecule could remove a number of the target molecules. This increased 
turnover would result in a lower complex buildup without necessarily shorten-
ing the lifetime of the therapeutic. 

 A fi nal comment on the use of antibody (or antibody - based derivative) 
therapies: the concern about complex buildup for soluble factors is only rele-
vant for continuously produced targets (and worst for small, rapidly cleared 
ligands). A therapeutic target may originate from an acute injury, trauma, or 
environmental factor such as stroke, heart attack, or poisoning (see Figure 
 12.3 ). In these instances there is a single bolus of target, and the total level 
(free plus bound) will not exceed that initial level. However, the average life-
time of a target molecule may still be signifi cantly prolonged. This results in 
a larger  “ area under the curve ”  for the target, which is actually the sum of two 
curves representing free and bound target. An effect versus time curve can be 
generated if the activity of the bound target is known. If the target acts imme-
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diately, and has no cumulative effect over time, an antibody therapy is an 
excellent approach if it serves to even partially reduce the activity of the target. 
The peak of the target effect curve is necessarily lower in the presence of even 
mildly inactivating, moderate affi nity antibody than in its absence. In contrast, 
if the target ’ s biological impact is cumulative, then the area under the target 
effect curve is the relevant quantity. The area under the treatment curve may 
signifi cantly exceed the area under the no - treatment curve if the complex 
retains signifi cant activity. In general, if the fold increase in half - life is less 
than the fold decrease in complex activity, a therapeutic benefi t will be real-
ized for all patients.    

    Figure 12.3     Antibody therapeutic directed against acutely - introduced target. ( a ) 
Time course of target level in the absence of treatment. Target is introduced at  t    =   0 
at a level of 1    μ M, and is assumed to clear by fl uid phase endocytosis (with  t  1/2    =   1 day). 
( b ) Time course of target in the presence of 1    μ M IgG (affi nity   =   10   nM). Bound ligand/
IgG complex is shown in red (with a clearance time  t  1/2    =   5 days), and free ligand is 
shown in green. The same curve as in ( a ) is shown as a dashed line for reference. 
( c ) Time courses of total target activity. The sum of the free ligand and the activity of 
the bound complex (the product of residual activity and complex level) is shown for 
various residual activities (50%, 10%, 1%). ( d ) Area - under - the - curve values for curves 
shown in ( c ). A therapy leaving 50% residual activity represents approximately a 
twofold worsening of integrated target activity, 10% residual activity represents only 
a twofold improvement, and 1  % residual activity results is about a 10 - fold therapeutic 
advantage. (See color insert.)  



  12.5   APTAMER - BASED THERAPIES 

 The next category of biotherapeutics to be considered is aptamers. An excel-
lent overall review of aptamer technology and comparison to antibodies can 
be found in a recent review  [52] . Aptamers are short oligonucleotide sequences, 
similar to RNA or DNA. However, the sequence of an aptamer is not selected 
to code for any peptide or to interact with genetic material (as for siRNA). 
Rather, the sequence is chosen because it possesses the property of binding 
to a target of interest (e.g., an active domain of a disease - linked factor). The 
advantages of using aptamers instead of antibodies are twofold. First, it is very 
easy to pan for sequences with affi nity for the target. From a  “ soup ”  of random 
sequences, those that adhere to an immobilized target can be extracted and 
amplifi ed using polymerase chain reaction procedures. Additionally the 
number of different sequences used during the fi rst rounds of screening can 
be 10 5  times higher than when panning for antibodies using techniques such 
as phage display  [53] . The second advantage comes from a cost - of - goods 
standpoint: aptamers are considerably less expensive to produce on a large 
scale than antibodies. They can be synthesized (as opposed to antibodies, 
which must be expressed) and large amounts can be made using well - 
established technologies. 

 It has been shown that a range of specifi cities and affi nities comparable to 
antibodies can be achieved using aptamers  [54] . Aptamers have been demon-
strated to be non - immunogenic  [55,56] . They possess a high degree of solubil-
ity, being constructed from highly polar units. One approved aptamer therapy 
exists currently at the time of writing (Macugen  ®   [Pfi zer/OSI Eyetech], for 
macular degeneration) while a number of candidates are in clinical develop-
ment (see Table  12.3 ).   

 TABLE 12.3     Aptamers in Various Stages of Development 

  Aptamer    Target    Clinical Phase    Developer  

  Pegaptanib 
(Macugen ® )  

  VEGF/macular 
degeneration  

  Approved (2004)    Pfi zer/OSI 
Eyetech  

  Edifoligide   a       E2F/coronary/peripheral 
bypass surgery  

  Phase III (no 
improvement 
over placebo)  

  Anesiva  

  Avrina   a       NF - kB/eczema    Phase III    Anesiva  
  AS1411    Nucleolin/oncology    Phase I/II    Antisoma  
  REG1    Factor IX/anticoagulant    Phase I (complete)    Regado 

Biosciences  
  ARC183    Thrombin/anticoagulant    Phase I (complete; 

on hold)  
  Archemix  

  NU172 
(ARC2172)  

  Thrombin/anticoagulant    Preclinical    Nuvelo/Archemix  

  Source :   Adapted from  [80] . 

     a  Target mimetics.   
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 One problem arising with aptamers is the duration of potency for the 
therapy. As aptamers are comprised of short oligonucleotide sequences, they 
often fall well within the size range of molecules effi ciently sieved from the 
blood by the kidney and eliminated in the urine  [57] . An additional problem 
when treating with aptamers is degradation by nucleases, which can result in 
clearance with a very rapid time scale  [58] . These rapid clearances, when 
coupled with the need to administer aptamers by injection, may limit their 
therapeutic utility. 

 One strategy to improve the pharmacokinetics of aptamer therapies is the 
use of spiegelmers. An ordinary aptamer is constructed using  d  - oligonucle-
otides (with the chirality normally found in all living organisms). A spiegelmer 
(from the German  Spiegel , or  “ mirror ” ), on the other hand, is an aptamer 
synthesized using  l  - nucleotides. The method for generating spiegelmers 
is as follows: First, the target epitope of interest is synthesized using  l  - amino 
acids, which effectively generates a mirror image of the native target peptide. 
Next an ordinary ( d  - ) aptamer is identifi ed with good binding properties for 
this mirror epitope. Finally, the identifi ed aptamer sequence is synthesized 
using  l  - nucleotides, which should have good binding affi nity for the native  d  -
 peptide. The extra step is needed because the polymerase enzymes used 
during aptamer panning, selection, and amplifi cation can only operate on  d  -
 nucleotides. The fi nal product has the signifi cant advantage of not being rec-
ognized by native polynucleotide degradation enzymes, but carries the 
manufacturing liability inasmuch as it cannot be produced using normally 
arising enzymes. The in vitro stability of spiegelmers is in fact extraordinary; 
a 58 - mer of  d  - RNA incubated in human serum displayed a half - life of less 
than 12 seconds, whereas an  l  - RNA spiegelmer with the same primary 
sequence showed no signifi cant decay after 60 hours under the same condi-
tions  [58] . Finally, spiegelmers, similar to aptamers, have been shown to have 
low immunogenic risk  [59] . 

 Even if clearance by nuclease action can be neglected, an aptamer therapy 
may still be impractical from a dosing standpoint, as clearance by the kidneys 
still represents a signifi cant hurdle to acceptable pharmacokinetics. Once 
again, PEGylation may represent a solution to preventing fi ltration by increas-
ing molecular weight; one study  [60]  found that the terminal phase half life 
could be doubled or tripled with the addition of a 20 or 40   kD PEG, respec-
tively. This approach again comes with the warnings about reduction of 
potency by steric interference of the PEG and increased viscosity of the 
PEGylated therapeutic (see Section  12.4 ). 

 The dual approaches of PEGylation and the spiegelmer technique can be 
combined to generate novel therapeutics  [61] . Pharmacokinetic modeling can 
give an estimate of the improvement in overall therapeutic half - life. In the 
extreme limiting case when both kidney fi ltration and nuclease degradation 
are completely abolished, the dominant route of clearance becomes fl uid 
phase endocytosis, which gives the therapy an effective half - life of approxi-
mately one to three days. In one study  [59]  the pharmacological effects of a 



PEGylated spiegelmer persisted for 48 hours, compared to 6 hours for a non -
 PEGylated but otherwise identical spiegelmer (at twice the dose). Potential 
concerns again arise with the buildup of therapeutic – ligand complexes. 
However, if these complexes have a low enough activity and the levels of the 
target and complex are small enough, this PEGylated spiegelmer strategy may 
be suffi cient for weekly dosing, and represent a desirable modality for address-
ing certain conditions.  

  12.6   BIOMOLECULE - BASED THERAPIES 

 The next set of biotherapeutics to be considered includes  “ biomolecules, ”  
natural or slightly modifi ed molecules such as hormones or signaling peptides 
that natively occur within the body. These molecules can be used therapeuti-
cally in a number of ways: 

   •      Disease may occur when these molecules are not present at a suffi cient 
level. For example, hypoinsulinemia is a characteristic of Type I diabetes, 
and stature defi ciency is caused by lowered growth hormone levels. In 
these cases supplementing or replacing the natural production of the rel-
evant biomolecules may provide a therapeutic gain.  

   •      Superphysiological doses may confer a therapeutic benefi t. A number of 
natural appetite - suppressing peptides are being investigated as treatments 
for obesity (see Table  12.4 ).  

 TABLE 12.4     Peptides under Investigation for 
Regulation of Appetite 

  Peptide    Effect on Food Intake  

  CCK      
  Bombesin      
  Gastrin - releasing peptide      
  GIP      
  Apolipoprotein A - IV      
  GLP - 1    Reduced  
  Amylin    intake  
  Exendin - 4      
  PYY 3 - 36  (peripheral)      
  Obestatin      
  Enterostatin      
  Oxyntomodulin      

  Ghrelin    Increased  
   β  - casomorphin    intake  

   Source :   Adapted from  [81] . 
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   •      Acute administration may achieve a benefi cial effect. For example, 
atrial natriuretic peptide (ANP) is utilized for increasing sodium excre-
tion and decreasing blood pressure in hypertension or chronic heart 
failure  [62] .  

   •      Treatment in combination with small molecules may result in synergistic 
benefi ts. Supplementing pioglitazone with glucagon - like peptide - 1 (GLP -
 1) has been shown to increase glucose - lowering in diabetes  [63] .      

 Modifi cation of these biomolecules may be performed to improve thera-
peutic response. For example, amide permethylation has been utilized to 
identify altered peptides with antimicrobial activity  [64] , and  N  - methylated 
derivatives of beta - amyloid fragments have been shown to be potentially 
useful as therapeutic agents to prevent amyloid formation in Alzheimer ’ s 
disease  [65] . These molecules may also come from nonhuman origin; exendin -
 4 (marketed synthetically as Byetta  ®   [exenatide; Amylin Pharmaceuticals/Eli 
Lilly]), originally derived from Gila monster  Heloderma suspectum  venom, is 
a potent supplemental therapy for hyperglycemia in diabetic patients  [66] . 

 Biomolecules carry a low risk of toxicity or immunogenicity (at least at 
physiological levels) as these substances exist naturally within the human 
body. They possess a naturally arising specifi city and affi nity; their receptors 
have evolved specifi cally to recognize them. These molecules often have half -
 lives that are rather short but are appropriate when produced endogenously 
at suitable rates. For example, peptides involved in appetite regulation are 
often cleared in minutes  [67,68] , which is appropriate for managing a behavior 
that fl uctuates on the order of hours (the postprandial production of a persis-
tent anorectic agent could interfere with later feeding). One major diffi culty 
with supplying these molecules exogenously is that these rapid clearances may 
necessitate frequent dosing to maintain the desired circulating levels. This 
requirement is made especially troublesome when injections are required for 
delivery of the therapeutic. 

 Often a major route for clearance of these biomolecules is proteolysis. If 
one particular protease is responsible for the bulk of the clearance, or if mul-
tiple proteases are involved but share a single recognition site on the molecule, 
altering the docking or cleavage site by mutation or chemical alteration may 
generate improved pharmacokinetics. Such altered molecules need to be 
tested to ensure that the functionality of the molecule is retained. One striking 
example of mutation to reduce clearance while maintaining potency is an 
altered form of human growth hormone (HGH)  [69] . In this work, altering a 
single residue in HGH shifted the in vitro lifetime of the molecule in plasma 
from 20 minutes to 7 days, with a negligible shift in potency. In another 
example, oxyntomodulin, a peptide involved in regulating appetite, is nor-
mally cleared from human plasma (largely by DPP - 4 protease activity) with a 
half - life of less than 12 minutes  [67] . Mutants of oxyntomodulin, including 
some with substituted nonnatural amino acids have been identifi ed, and they 
have signifi cantly longer half - lives and retained bioactivity  [70] . 



 If no mutation strategy can be identifi ed, or if the resulting increased life-
time is still not suffi cient, alternate delivery strategies (other than injection) 
can be considered to make frequent dosing more acceptable. Testosterone can 
be delivered via subcutaneous implants (Organon Laboratories) that maintain 
appropriate circulating levels for four to fi ve months, by transdermal patch 
(Andropatch  ®  , GlaxoSmithKline) that is replaced daily or a gel applied to the 
skin (Testim  ®   gel, Ipsen). Recently advances in formulation technologies have 
resulted in novel delivery mechanisms for previously injection - only therapies. 
For example, Exubera  ®   (Pfi zer/Nektar/Sanofi  - Aventis) is a spray - dried fast -
 acting insulin formulation with a high glass transition temperature, yielding a 
powder with tight reproducible particle size and moisture content  [71] . This 
powder is inhaled by the patient, reducing the need for injections of this bio-
therapeutic. Other formulations for insulin, including nasally delivered, have 
been tested in animals  [72] . As technologies such as these continue to evolve, 
the attractiveness of biotherapies will continue to increase from both a phar-
maceutical and patient standpoint.  

  12.7   ENGINEERED PROTEASE THERAPIES 

 A fi nal biotherapeutics platform that is gaining in popularity is engineered 
proteases. Native proteases have evolved to effectively degrade their sub-
strates. In a number of disease conditions where the causative agent has a 
reasonably nonpromiscuous protease, the natural enzyme (or one prepared 
recombinantly) may be useful as a therapeutic. Examples of natural proteases 
which are used therapeutically include Factor VIIa (NovoSeven  ®  , Novo 
Nordisk) and Factor IX (BeneFIX  ®  , Wyeth) for hemophilia, tissue - type plas-
minogen activator (Activase ® , Genentech) for blood clots, activated protein 
C (Xigris ® , Eli Lilly) for sepsis, and botulinum toxin type A (Botox ® , 
Allergan) for cosmetics. 

 If no natural (known) protease exists for a given target, or if the native 
protease interacts with many targets (and therefore carries a signifi cant risk 
of side effects when administered systematically), then mutation of native 
proteases may permit a therapeutic window. Strategies for altering natural 
proteases to achieve desired properties have been studied for some time. For 
example, the binding domain of trypsin has been altered to generate mutants 
with altered substrate specifi city  [73] . Mutants of activated protein C (a serine 
protease) have been generated that preserve the same substrate binding but 
have other altered properties that render them resistant to inactivation by 
protein C inhibitor and  α 1 - antitrypsin  [74] . Researchers have successfully 
altered the substrate specifi city of a bacterial  α  - lytic serine protease (a prote-
ase - bearing homology to mammalian proteases)  [75] . A general review of 
directed mutagenesis of enzymes in general (including proteases) with the goal 
of achieving  “ rational alteration of enzyme specifi city and reactivity ”  is avail-
able  [76] . 
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 An example of engineering of proteases to attack novel targets can be 
found in the approach of Catalyst Biosciences. This company is approaching 
the generation of engineered therapeutic proteases in a similar way to 
approaches used to identify antibodies or small - molecule therapies. The 
process begins with a library of natural proteases. A round of  “ rational muta-
genesis ”  follows, along with combinatorial selection to build a greatly enhanced 
collection of proteases with a range of substrate binding properties and enzy-
matic activity. Once a target has been identifi ed, the protease library is screened 
against the target to identify initial hits. These proteases then go through 
rounds of  “ evolution ”  in order to obtain the desired therapeutic properties 
 [77] . 

 The advantages of a protease - based therapy are numerous. The need for 
considering the buildup of target – therapeutic complexes is minimal, while the 
complex generated is designed to undergo proteolytic cleavage; therefore the 
target should retain no activity. The catalytic nature of proteases implies a 
need for lower (substoichiometric) doses. With a high - affi nity, high - turnover 
protease a dose much lower than the target level may be suffi cient to signifi -
cantly lower the concentration of the target. Indeed this strategy may repre-
sent the only way to address problems with certain high - concentration 
targets. 

 A major concern with protease therapies is obtaining the (1) affi nity, 
(2) specifi city, and (3) catalytic activity needed to attack a particular target. A 
good affi nity is needed in order to obtain a potent therapy. Specifi city is abso-
lutely critical to avoid destruction of nontarget proteins. The development of 
assays to determine any  “ off - target ”  proteolytic activity is required in order 
to validate the specifi city of the protease; such assays present signifi cant tech-
nical hurdles. A good catalytic activity is required to ensure that the target is 
in fact cleared; in the absence of any catalytic capacity, the protease is reduced 
to a simple binding factor for the target, build up target/therapeutic complex 
begins, and the dosing advantage gained by using a protease is lost. 

 One of the greatest challenges facing the development of protease therapies 
with these three properties is the avoidance of immunogenicity. As naturally 
occurring proteases are mutated repeatedly to get the required affi nity, speci-
fi city, and catalytic activity for the new target of interest, the resulting protein 
begins to look less and less like the native (non - immunogenic) protein. The 
chance of generating an epitope that is capable of stimulating an immune 
response becomes more of a concern. Clearly, there is much opportunity and 
motivation for the development of techniques for obtaining the desired thera-
peutic properties while overcoming this hurdle.  

  12.8   CONCLUSION 

 The growing fi eld of biologic therapeutics utilizes numerous strategies, includ-
ing antibodies, aptamers, biomolecules, and engineered proteases. Each of 



these modalities has its own particular set of advantages and drawbacks that 
must be considered in the context of each particular target to select the best 
platform for the desired therapeutic goal. Mechanistic systems modeling of 
pharmacokinetics and pharmacodynamics can identify these concerns for 
general cases, provide estimates of the magnitude of the problem early in the 
discovery and development process for particular therapies, and suggest 
avenues for avoiding or mitigating them. A number of existing and novel dis-
coveries are enabling the continual evolution of biologic therapeutics. As a 
fi nal comment on the signifi cant role that biotherapeutics will play in the 
future of the pharmaceutical industry, from 2007 to 2010 the forecast for bio-
logic therapeutics is projected to grow by  $ 26 billion, representing 60% of 
revenue growth for the industry over that time period  [78] . Modeling can make 
the process of generating these therapeutics more effi cient, expedited, eco-
nomical and can effi cacious and can speed novel, quality, and safe therapies 
to the patients who need them.  
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  13.1   INTRODUCTION 

 Posttranscriptional regulation of gene expression is an important mechanism 
that is widely used to determine embryonic differentiation, development, and 
maturation. An ever - expanding and novel area of genetic control mediated 
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by small RNAs offers practical applications that are adaptable as therapeutic 
modalities  [1,2] . The world of RNA biology has expanded dramatically during 
the last decade. The identifi cation of small non - coding RNA (18 – 28 nucleo-
tides long) of diverse structure, function, and biogenesis in libraries made from 
 C. elegans  — small inhibitory RNA (siRNA), micro RNA (miRNA), tiny non -
 coding RNA (tnc - RNA), small modulatory double - stranded RNA (smRNA), 
repeat - associated small inhibitory RNA (rasiRNA), and PIWI associated 
small RNA (piRNA) — has prompted the search and characterization of similar 
structures in other organisms  [3] . Important observations have already been 
made regarding the biological activities associated with two of the best char-
acterized small RNAs: siRNA and miRNA  [4,5] . 

 miRNA are short single - stranded RNA nucleotides (19 – 25   nt long) encoded 
in independent transcriptional regions of the genome often from within 
introns. The maturation of the functional miRNA takes place both in the 
nucleus and in the cytosol. Thus, after they are transcribed as capped and 
polyadenylated molecules by RNA polymerase II, they adopt a structure that 
contains long hairpin loops. They are partially processed by an RNAase type 
III enzyme (named Drosha and its partner Pasha) to an intermediate hairpin 
structure (also know as stem loops precursors of 65 nucleotides or so in length) 
forming the pre - miRNA that has two nt 3 ′  overhanging ends. This molecule 
is transported to the cytosol (a process mediated by exportin 5/Ran - GTP) 
where it is processed by another type III nuclease (dicer) generating a 19 
to 25   nt long double - stranded RNA molecule. The functional miRNA 
is contained within a protein complex known as RISC (composed of 
Dicer, tar - binding protein and argonaute - 2 protein). The miRNA recognize 
complementary sequences in its target mRNA, and depending on whether it 
is a perfect or partial match, they regulate gene expression by preventing their 
translation or promoting their degradation  [6]  (Figure  13.1 ).   

 RNA interference (RNAi) is a method of posttranscriptional gene - 
silencing induced by double - stranded RNA (dsRNA) via a biologically well -
 conserved pathway that results in fragmentation of a specifi c target mRNA. 
RNAi was originally observed in plants where it appears to provide an inher-
ent defense mechanism against viral pathogens. It was later demonstrated 
experimentally in  C. elegans , and more recently has been performed in mam-
malian cells in culture as well in vivo in fl ies and in vertebrates. 

 The generation of siRNA follows a similar path to miRNAs. dsRNA (and 
double - stranded regions of short hairpin RNA; shRNA) are cleaved by Dicer 
to generate short dsRNA fragments 21 to 23 nucleotides in length with two 
base overhangs at each end. This siRNA is incorporated into the multisubunit 
RNA - induced silencing complex (RISC) where it is partially unwound, per-
mitting base - specifi c hybridization with a complementary mRNA molecule. A 
RISC endonuclease subunit known as argonaute 2 (Ago2) then cleaves the 
target mRNA exactly 10 bases downstream of the 5 ′  - terminus of the siRNA 
antisense strand. Since the siRNA antisense strand is not degraded in this step, 



the sequence - specifi c mRNA cleavage event is catalytic in the RISC/siRNA 
complex. Given the fact that siRNA can be obtained by direct supply of 
dsRNA to the RISC complex, it has become an important platform to develop 
tools and therapeutic strategies. 

 The advantages of RNAi over other existing technologies have led to its 
rapid acceptance as the method of choice for target validation and analysis of 
gene function  [7,8] . Biotechnology companies have commercialized kits and 
reagents for preparing RNAi constructs and getting them into cells (Invitro-
gen Carlsbad, CA; Dharmacon, Boulder, CO; Qiagen, Valencia, CA). Syn-
thetic siRNA as well as vector - based shRNA are used for screening thousands 
of potential drug targets in the human genome. The extension of RNAi to in 
vivo models also has proceeded rapidly. Compared to gene knockouts in mice 
that can take up to 9 months, target suppression using RNAi can produce 
answers in days or weeks; still target suppression is of a shorter duration and 
may be less than 100% (these properties actually may make RNAi a better 
model for small molecules than gene knockout mice). 

 While no therapeutic RNAi has yet reached the market, RNAi technolo-
gies have progressed rapidly and clinical trials are already underway  [5] . The 
FDA approved an IND for Cand5 (Bevasirnamib, Acuity) in August 2004. 
Cand5 inhibits the production of VEGF and is intended for the treatment of 

    Figure 13.1     Schematic representation of the RNAi pathway. Exogenously adminis-
tered siRNA or dsRNA produced by viral infection incorporate into the processing 
pathway at different steps to affect cellular signaling and gene expression. Ago2 — 
argonaute 2; TRBP — tar - binding protein. (See color insert.)  
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age - related macular degeneration (AMD). It is currently undergoing phase II 
clinical evaluation for the treatment of wet AMD and diabetic macular edema. 
In September 2004 Sirna began clinical evaluation of Sirna - 027, which targets 
VEGFR - 1, also for treatment of AMD. Preclinical programs investigating 
RNAi are widespread across the biotech and large pharmaceutical companies 
encompassing antivirals (e.g., respiratory syncytial virus RSV, pandemic infl u-
enza, hepatitis C virus (HCV), human immunodefi ciency virus (HIV), and 
severe acute respiratory symdrome (SARS)), neurological and genetic disor-
ders (Huntington ’ s disease, Parkinson ’ s disease, amyotrophic lateral sclerosis 
(ALS), cystic fi brosis, and spinal cord injury), and cancer. Initial success is 
most likely to be associated with local, topical use of RNAi, similar to the 
experience with antisense.  

  13.2   POTENTIAL USE OF  si  RNA  FOR 
THERAPEUTIC USE: CONSIDERATIONS 

 The largest obstacles to successful use of RNAi for pharmaceutical applica-
tions are generally considered to be: 

   •      Delivery.     The administration of RNAi in therapeutic quantities to 
patients represents a pharmaceutics challenge for several reasons. Native 
RNA is not a very stable molecule in vivo and is readily hydrolyzed by 
nucleases RNA is large and highly charged and therefore not orally 
bioavailable.  

   •      Pharmacokinetics.     Native siRNA is rapidly degraded in vivo (half - life, 
 t  1/2 , is on the order of minutes). Greater persistence is achievable through 
chemical modifi cation of the siRNA itself and by formulation with a 
variety of vehicles. One or both of these approaches is likely to be required 
to achieve therapeutically useful exposures in vivo.  

   •      Safety and specifi city.     In addition to general toxicity concerns, siRNA 
can trigger the innate immune system, producing what is referred to as 
a type - 1 interferon response. In addition  “ off - target effects, ”  namely 
hybridization to mRNAs that are not the intended targets, can occur. The 
potential for an imperfect match would induce the siRNA to behave like 
a miRNA.    

  13.2.1   Chemical Approaches to Improved  RNA  i  

 Native siRNA can be generated in vivo from shRNA that is transcribed from 
an engineered viral genome or a DNA plasmid. This approach to siRNA 
delivery builds on past experience in gene therapy. The main advantage of 
using biological vectors to deliver the siRNA is the potential for sustained 
production of the siRNA. This property is particularly attractive for the 
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treatment of chronic diseases. Favored biological vectors include adenovirus -
 associated virus and lentivirus derived systems  [9,10] . 

 In contrast, synthetic siRNA exerts a relatively short duration effect in vivo, 
but it has the potential to be modifi ed to address stability and pharmacokinetic 
weaknesses. In addition, targeting to specifi c tissues is possible in principle by 
conjugating the RNA to small molecules or macromolecules that bind to spe-
cifi c cell surface targets. The following sections will detail chemical modifi ca-
tions that been applied to improve the stability and duration of siRNA  [11] . 

  Modifi ed Backbones     The most widely used modifi ed oligonucleotides (ONs) 
are phosphorothioate oligonucleotides (PS) (Figure  13.2 ), in which one of the 
nonbridging oxygens of the phosphodiester is replaced by a sulfur atom  [12] . 
PS oligonucleotides are readily prepared on laboratory scale by solid phase 
synthesis or by in vitro transcription. Their stability in serum is high versus 
unmodifi ed siRNA (up to 72 h). Antisense PS oligodeoxynucleotides (PS 
ODNs) have been extensively studied. PS ODNs are more nuclease resistant 
than DNA ( t  1/2  in human serum   =   9 – 10   h vs.  ∼ 1   h for unmodifi ed ODNs). They 
form regular Watson – Crick base pairs with RNA that can activate RNaseH. 
PS ODNs are the best - studied therapeutic ONs clinically. They display attrac-
tive pharmacokinetics, are well absorbed, and distribute broadly. The only 

    Figure 13.2     Potential chemical modifi cations to RNAi. A sample of chemical 
modifi cations to RNA molecules to increase stability/effi cacy or avoid toxicity. 
( a ) Phosphoro - substituted at position  “ A ” : Phosphothioate (S - ), Boranophosphate 
(BH3 - ). ( b ) 2 ′  substitutions at position  “ A ” : F,  O  - methyl, methoxyethyl. ( c ) Ethylene 
bridged nucleic acid. ( d ) Locked nucleic acid. Position  “ R ”  represents base identity.  
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marketed antisense drug (Vitravene) is a PS ODN and several other PS ODNs 
are in advanced clinical studies. The disadvantages of PS ODNs are that they 
bind nonspecifi cally to certain proteins (e.g., heparin,   which can cause toxic-
ity), and they form less stable hybrids with RNA than does DNA (based on 
melting temperatures). PS siRNA is approximately half as effective as unmod-
ifi ed siRNA in inhibiting gene expression, with modifi cations in the antisense 
guide strand being more detrimental than modifi cations in the sense strand 
 [13] . Similar to antisense, PS modifi cations do increase serum stability 
of siRNA.   

 A more recent innovation in the area of backbone modifi cation is the 
introduction of boranophosphate siRNAs  [14]  (Figure  13.2 ). Boranophos-
phates also may be prepared by in vitro transcription albeit with lower yields 
than for phosphorothioates. Initial studies suggest that boranophosphates 
hybridize less tightly to RNA than does PS siRNA, but may possess greater 
stability toward nucleases than phosphorothioates and be more effective 
inducers of RNAi. A single group has demonstrated improved stability and 
cellular penetration with siRNA that was modifi ed by partial alkylation of 
enzymatically prepared ON with 2,4 - dinitrophenyl groups.  

  Modifi ed Sugars     The 2 ′  - OH of RNA is generally implicated in nuclease -
 mediated and hydrolytic cleavage through formation of a cyclic phosphate 
with expulsion of the 3 ′  - nucleotide. Thus increased stability is conferred by 
deletion of the 2 ′  - OH to produce DNA. However, replacing either the anti-
sense strand or both strands of siRNA with deoxynucleotides completely 
abolishes RNAi activity. Abiotic modifi cations, such as introduction of 2 ′  -
 deoxy - 2 ′  - fl uoro ribose, and 2 ′  -  O  - alkylation, also confer increased resistance to 
nucleases, as well as reduced toxicity and the formation of more stable double -
 strand hybrids. The most common  O  - alkyl modifi cations in antisense RNA 
are 2 ′  - O - methyl and 2 ′  -  O  - methoxymethyl (2 ′  -  O  - acetoxyethyl orthoesters have 
also been investigated). Full  O  - alkyation leads to ONs that cannot induce 
RNaseH - mediate mRNA cleavage, thus these modifi cations are generally 
combined with ODN or PS modifi cations in a single strand (gapmers), with 
the  O  - alkyated nucleotides stabilizing the strand termini. The bulkiness of 
even a methyl group, however, appears to limit interactions between siRNA, 
target mRNAs and/or the RNAi machinery, when all nucleotides in either 
strand are 2 -  O  ′  - alkylated. The decrease in potency is less pronounced with 
only partial methylation. In contrast, complete replacement of 2 ′  - OHs with 
fl uorines (in Cs and Us) and hydrogen (in As and Gs) is tolerated, and sub-
stitution of cytidine and uridine with 2 ′  - F in the antisense strand alone pro-
vides modifi ed siRNA with activity comparable to wild type. 2 ′  - Fluorination 
stabilizes the C3 ′  -  endo  conformation of the ribose ring, which is preferred for 
dsRNA. Moreover 2 ′  - fl uorination confers increased serum stability, especially 
when it is performed on both RNA strands. Interestingly, substantially 
 enhanced  activity ( > 500 - fold) has been reported for siRNA with all 2 ′  - OH 
groups alternately replaced with fl uoro -  or  O  - methyl  [15] .   
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  13.2.2   Delivery of  si  RNA ; In vitro and In vivo Approaches 

  Liposomes     The development of  “ lipoplex ”  methodologies has yielded for-
mulations to achieve enhanced cellular uptake of RNA  [8,16] ). In general, 
these formulations are composed of a cationic lipid and sometimes a helper 
lipid. The cationic lipid usually is either  N  - (1 - (2, 3 - dioleoyloxy)propyl) -  N,N,N  -
 trimethylammonium chloride (DOTAP), 3 β [ N  - ( N  ,N  ′  - dimethylaminoethane)
carbamoyl] - cholesterol (DC - CHOL), or ceramide carbomoyl spermine (CCS). 
Each lipid combination is capable of existing in two forms — either large unila-
mellar vesicles ( ∼ 100   nm LUV) or unsized heterolamellar vesicles (UHV). 
Comparative in vitro studies using anti - sense oligonucleotides have shown 
that CCS lipoplexes (UHV - derived) produced a maximal 50 - fold improve-
ment in antisense effi cacy compared to treatment with free oligonucleotide. 

 An increase in the effi ciency and reduction in toxicity of liposome - siRNA 
complexes has been achieved by generation of cationic liposomes derived 
from cardiolipin analogues. This observation suggests that careful design of 
naturally occurring lipid analogues may provide an advantage for systemic 
delivery of siRNA. An example of this approach is the use of a 1, 2 - dioleoyl -
  sn  - glycero - 3 - phosphatidylcholine liposome to explore the synergistic effects 
of siRNA and chemotherapy for the treatment of cancer in animal models. A 
choline - derived liposome was shown to be 10 - fold more effi cient than a lipo-
some made of DOTAP  [17] . 

 Additional variation to the liposome approach involves the combination of 
cationic, neutral, and fusogenic lipids that serve to encapsulate the nucleic 
acid, forming stable nucleic acid lipid particles (SNALPs). Thus  APOB  - 
specifi c siRNAs encapsulated in SNALPs and administered by intravenous 
injection to cynomolgus monkeys at doses of 1 or 2.5   mg   kg  − 1  resulted in 
dose - dependent silencing of  APOB  messenger RNA expression in the liver 
48 hours after administration, with maximal silencing of  > 90%  [18] . Signifi cant 
reductions in ApoB protein, serum cholesterol, and low - density lipoprotein 
levels were observed as early as 24 hours after treatment and lasted for 11 
days at the highest siRNA dose. 

 A frequently cited example of reduced plasma clearance of a modifi ed 
siRNA involves the conjugation of siRNA to cholesterol  [11,19] . The conjuga-
tion of cholesterol to the 3 ′  end of the sense strand of a siRNA molecule 
by means of a pyrrolidine linker did not result in a signifi cant loss of gene -
 silencing activity in cell culture and enhanced siRNA binding to albumin. 
Following i.v. injection, this conjugate improved in vivo pharmacokinetic 
properties as compared to unconjugated siRNAs. After i.v. injection in rats 
at 50   mg   kg  − 1 , radioactively labeled chol - siRNAs had an elimination half - life 
( t  1/2 ) of 95 minutes and a corresponding plasma clearance ( C  L ) of 0.5   ml min  − 1 , 
whereas unconjugated siRNAs had a  t  1/2  of 6 minutes and  C  L  of 17.6   ml   min  − 1 . 
Treatment of mice with this chol - siRNA resulted in a 25% reduction in HDL 
particle concentration. Furthermore treatment of mice with chol - apoB - 1 
siRNA resulted in an almost 50% reduction of chylomicron levels and an 
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approximately 40% reduction in LDL levels, whereas VLDL levels were not 
altered. These fi ndings are comparable to the changes observed in KO mice 
and validate the principle. A limitation of this approach could be in the doses 
required to achieve activity. When the same gene was targeted using liposome -
 mediated delivery, the dose required to achieve similar effi cacy was reduced 
10 - fold.  

  Antibody and Peptide - Mediated Targeting     Increased selectivity in the 
delivery of siRNA can be accomplished by conjugation to antibodies. Exam-
ples have been described in animal studies. In one study, a tumor expressing 
the gp160 of HIV envelope protein was targeted by conjugating an anti – gp120 
Fab fragment protamine and mixing this conjugate with several siRNA 
directed against endogenous genes expressed in the tumor. The delivery was 
either i.v. or via direct injection into the tumor and surrounding tissues. Intra -
 tumoral injection of siRNA was slightly more effi cient than i.v. delivery  [20] . 

 An example of peptide - mediated delivery of siRNA is the use of siRNA/
atelocollagen complexes. To test whether atelocollagen - mediated siRNA 
delivery accomplished gene silencing in vivo, animal experiments were per-
formed on mice bearing a luciferase - producing melanoma  [21] . Mice admin-
istered with a luciferase - siRNA/atelocollagen complex showed relatively 
strong and sustained inhibition of luciferase expression. In contrast, liposome -
 mediated delivery was effective for only up to 3 days postinjection. Inhibition 
of tumor growth by a siRNA/atelocollagen complex also was inhibited by 
treatment with human HST - 1/FGF - 4  - siRNA complexed with atelocollagen. 
At 21 days following treatment, the tumor volume in mice treated with siRNA 
complexed with atelocollagen was smaller than in the control mice treated 
with atelocollagen alone. Atelocollagen may offer additional advantages for 
siRNA delivery: the complex of siRNA/atelocollagen becomes solid when 
transplanted and remains solid for a defi ned period in vivo. In addition an 
atelocollagen complex can be delivered as microparticles for intravenous 
injection.  

  Nanotechnology: Nanoparticles and Nanotubes     The delivery of siRNA can 
be greatly enhanced by the use of nanotechnology. A few representative 
examples will be described. In one study the polysaccharide chitosan was used 
to create nanoparticles containing siRNA. Formation of chitosan/siRNA 
nanoparticles was accomplished by mixing chitosan (114   kDa) and siRNA at 
low (250    μ g/ml) and high (1   mg/ml) concentrations of chitosan. Pulmonary 
RNA interference was demonstrated using daily nasal administration in a 
mouse transgenic model. Mice dosed with nanoparticles containing siRNA 
showed reduced numbers of epithelial cells expressing the GFP transgene 
(43% compared to untreated control mice) in the bronchioles  [22] . 

 Another approach involves making stable aqueous suspensions of short 
single - walled carbon nanotubes (SWNTs) by noncovalent adsorption of phos-
pholipid molecules with poly(ethylene glycol) (PL - PEG, MW of PEG   =   2000) 
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chains and terminal amine or maleimide groups (PL - PEG - NH 2  or PL - PEG -
 maleimide). The amine or maleimide terminal on the PL - PEG immobilized 
on SWNT can then be conjugated with a wide range of biological molecules. 
In one, SWNTs were used to deliver siRNA into antigen presenting dendritic 
cells (DCs) in vivo. The positively charged SWNTs could absorb siRNA to 
form SWNT/siRNA complexes. These SWNT/siRNA complexes were prefer-
entially taken up by splenic CD11c+ DCs, CD11b+ cells and also Gr - 1+CD11b+ 
cells comprising DCs, macrophages and other myeloid cells to silence the tar-
geting gene. In addition the system demonstrated, via repression of suppressor 
of cytokine signaling 1 ( SOCS1 ), that it was possible to delay the growth of 
established B16 tumor in mice, indicating the potential for in vivo immuno-
therapeutics using a SWNT - based siRNA transfer system. Carbon nanotubes 
therefore represent novel molecular transporters that are promising for various 
applications including gene and protein therapy  [23] .  

  Ligand - Mediated Targeting     The basic principle of ligand - mediated target-
ing is to link siRNA to a small molecule that confers higher cellular or tissue 
uptake, as well as possibly reduced renal clearance. The design of nanoparti-
cles (NPs) that are specifi cally taken up by the targeted cells represents a 
signifi cant challenge. Nanoparticles containing specifi c ligands have been 
described. For example, a combination of cationic RNA - binding polymer 
(PEI), a neutral  “ coating molecule ”  (e.g., PEG) and a ligand (e.g., transferrin 
or an RDG peptide) constitute the basic system. This concept is illustrated by 
TargeTran, the carrier system in the ICS - 283 siRNA delivery technology  [24] . 
In the prototype, 25   kDa branched - PEI, 3.5   kDa bifunctional PEG bearing an 
 N  - hydroxysuccinimide ester for coupling the targeting peptide and a vinylsul-
fone group for coupling to the PEI, and RGD - 2C were combined in a molar 
ratio of 1   :   40   :   40. The cationic charges of the polyamine interact electrostati-
cally with the negative charges of the nucleic acids, leading to complex forma-
tion. The charge ratio determines the particle characteristics, such as surface 
charge and size. Nanoplexes are prepared by mixing equal volumes of aqueous 
solutions of cationic polymer and nucleic acid to give a net molar excess of 
ionizable nitrogen (polymer) to phosphate (nucleic acid) over the range of 2 
to 6 with average particle size distribution of about 100   nm. 

 In the TargeTran system, 3.4 - kD   PEG chains are conjugated to the PEI to 
reduce opsonization in vivo. The steric stabilization capacity of PEG is gov-
erned by two main factors: molecular weight and density. To induce uptake 
by target cells, targeting ligands are coupled to the PEG terminal ends. In 
TargeTran the RGD sequence is used to mediate interaction with the integrin 
cell adhesion proteins. A good target tissue is the surface of activated endo-
thelial cells during angiogenesis. An added level of specifi city and differential 
affi nity is achieved by cyclization of the peptide, thus modulating the specifi c 
interaction of the particles with the particular subset of integrin receptors 
expressed on the target tissue/cell. In summary, the RGD - PEG - PEI structure 
accomplishes the following: 
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   •      PEI — complexation for siRNA binding, nuclease protection, reduction of 
renal excretion, and promoting endosomal escape.  

   •      PEG — promoting colloidal stability, reduction of surface charge, and 
reduction of nonspecifi c cell uptake.  

   •      RGD — targeting activated endothelial cells during angiogenesis.    

 The potential for modifi cations to this basic strategy could, in principle, 
allow the production of an array of similar nanoparticles that, depending on 
the selection of the ligand, would provide a variety of cell type specifi cities.  

  Aptamer - Mediated Targeting     The fi rst example of delivery vehicle using 
RNA aptamers for targeting comprised two components: a biodegradable and 
biocompatible polymer suitable for clinical use (poly( d , l  - lactic -  co  - glycolic 
acid) (PLGA), and a surface functionalized with nucleic acid moieties for 
targeted delivery. The chosen cargo was a chemotherapeutic agent currently 
in clinical use for the management of prostate cancer, Docetaxel. Using 
nuclease - stabilized A10 2 ′  - fl uoropyrimidine RNA aptamers that recognize the 
extracellular domain of the prostate - specifi c membrane antigen (PSMA) it 
was shown that NP - Apt conjugates were differentially bound and taken up by 
LNCaP prostate epithelial cells that express the PSMA protein effi ciently and 
with high specifi city. In contrast, there was no uptake in PC3 prostate epithe-
lial cells, which do not express the PSMA protein. The concept of using aptam-
ers as targeting motifs has now been extended to siRNA  [25] . A chimeric RNA 
was prepared comprising the targeting domain (aptamer) and the silencing 
domain (siRNA), which gets released by enzymatic processing via Dicer. As 
above, the aptamer was targeted to the prostate specifi c antigen PSMA. The 
interfering RNA was designed to target survival genes such as BCL2. The in 
vivo experiment used mice bearing tumors of LNCaP or PC - 3 cells (cells that 
do not express the antigen). Intratumoral injections of the chimeric RNA 
resulted in inhibition of tumor growth and tumor regression in a xenograft 
model  [26] . 

 Novel and improved systemic delivery options will be required to increase 
the commercial and therapeutic appeal of siRNA. The combination of chemi-
cal modifi cations of the RNA and its incorporation into carriers (liposomes, 
nanoparticles, hybrid derivatives using ligand - specifi c targeting, etc.) is fertile 
ground for technical development.    

  13.3   SAFETY OF OLIGONUCLEOTIDE - BASED THERAPEUTICS 

 Small molecule based therapeutics have been a staple of pharmaceutical 
development. The diffi culty in identifying good targets and developing com-
pounds with useful therapeutic indexes has lead to exploratory work in the 
potential of oligonucleotide - based therapeutic strategies. The functionality of 



RNAi and similar technologies such as antisense oligonucleotides and aptamer 
RNA offers up a wide array of potential therapeutic uses. However, safety is 
a critical component for assessing the therapeutic index of a treatment strat-
egy, and RNAi presents its own challenges in this regard. There are three 
major safety issues concerning the use of RNAi: stimulation of severe immune 
response in the form of interferon and cytokine production, repression and 
inhibition of unintended target RNA sequences, and induction of necrosis and 
apoptosis of cells in the liver. These potential toxicities represent signifi cant 
hurdles in the safety as well as effectiveness of RNAi as a viable human thera-
peutic. The exact mechanisms behind each of these toxicities are at varying 
stages of discovery and remain extremely active areas of research. 

  13.3.1   Antisense versus  RNA  i  

 While antisense oligonucleotides have not become a mainstay of biotherapeu-
tics and pharmaceutical development, a great deal of the information learned 
from the diffi culties with antisense, have been found to be applicable to RNAi 
technology as well. This therefore provides an excellent starting point for 
tackling inherent safety issues surrounding RNAi. Many of the chemical modi-
fi cations that have been effective in circumventing immunostimulation of 
RNAi were originally discovered in relation to antisense oligonucleotide 
safety. Thus the potential safety of current RNAi technology has advanced at 
a tremendous pace given the favorable starting position for the fi eld. 

 Like RNAi, antisense involves the targeting of specifi c RNA sequences for 
degradation to affect protein function. While excellent in principle, antisense 
oligonucleotides present their own safety challenges. A primary toxicity issue 
with antisense is the activation of the complement and coagulation cascades 
(reviewed in  [27] ). There are several non – sequence - related issues as well. 
Antisense molecules are immunostimulatory, can regulate undesired RNA 
molecules through sequence complementarity, and even interact with cellular 
proteins through so - called   aptamer effects leading to altered protein function 
( [28] ; reviewed in  [29] ). These issues aside, antisense therapeutics have been 
targeted for treatment of viral infections such as HIV/AIDS and related 
conditions. 

 As summarized in Table  13.1 , antisense oligonucleotides and RNAi present 
many similar technical and safety issues, and as noted earlier, many of these 
problems may have similar potential solutions. While antisense and RNAi 
share some similarities, it is worth noting that RNA aptamer technology is 
predicated upon a different mechanistic approach, and therefore they do not 
share some of the same safety concerns.    

  13.3.2   Immunostimulation 

 Similar to antisense technology, the introduction of foreign RNA molecules 
into the cell has the potential to stimulate mechanisms for sensing viral and/or 
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bacterial genomes as evidenced by the activation of cytokine (interleukins, IL; 
tumor necrosis factor, TNF) and interferon (IFN) production by transcription 
factors such as nuclear factor kappa B (NF κ B) seen in whole animals and 
human cells (both cell lines and primary cells). A major player in cellular 
detection of these stimuli is the toll - like receptor (TLR) family of receptors. 
Three members of this family, TLR3, TLR7, and TLR8 function as RNA 
sensing receptors (reviewed in  [30] ). TLR3, however, does not recognize 
single - stranded RNA (ssRNA), leading to the suggestion that TLR3 may not 
have a signifi cant role in immune response to siRNA  [31] . Conversely, TLR7 
can bind ssRNA, so it   has become a main focus of RNAi immunostimulatory 
research  [32] . Binding of RNA to TLR7 is sequence dependent. High U/G 
content can promote a higher binding level and increase immune stimulation, 
thus making sequence composition an important factor in receptor recognition 
 [33] . The retinoic acid inducible gene 1 (RIG - 1) is an anti - viral and double -
 stranded RNA (dsRNA) sensor that is also capable of inducing immune 
response after exposure to RNA molecules ( [34] , reviewed in  [35] ). Activation 
of immune response by RIG - I is higher for blunt - ended dsRNA molecules, 
suggesting that dsRNAs with overhanging ends may be able to dampen or 
even circumvent this signaling pathway  [36] . The dsRNA - dependent protein 
kinase (PKR) also senses foreign RNA  [37] . Activation of PKR leads to phos-
phorylation of the translation initiation factor EIF2 α  and general cellular 
suppression of protein synthesis that can result in cellular apoptosis  [38,39] . 

 As evidenced by the work done with TLR7, imunostimulation can also be 
caused by RNAi sequence. As demonstrated by Judge et al., inclusion of a 

 TABLE 13.1     Brief Comparison of Current Oligonucleotide - based Therapeutic 
Strategies 

  Technology    Antisense    RNA Aptamer    RNAi  

   Advantages      Easily synthesized    Easily synthesized 
 Easily modifi ed 
 Low immunostimulation  

  Easily synthesized 
 Low amount for 

effect  
   Disadvantages     Short half - life 

 Very diffi cult 
delivery 

 High amount for 
effect  

  Rapid clearance 
 Nuclease sensitivity 
 Fewer targets  

  Very short half - life 
 Diffi cult delivery  

   Toxicity     Immunostimulation 
 Off - target effects 
 Activation of 

complement  

  Low to none    Immunostimulation 
 Off - target effects 
 Liver toxicity  

   Site of effect     Nucleus    Target dependent    Cytosol  
   Current 

therapeutic 
targets   

  Oncogenes 
 Viruses  

  Viruses 
 Coagulation eye  

  Eye lung  



5 ′  - UGUGU - 3 ′  sequence will elicit immunostimulation  [40] , while Hornung 
et al. also implicated 5 ′  - GUCCUUCAA - 3 ′   [41]  as immunostimulatory. Thus 
avoidance of these motifs adds another signifi cant consideration during RNAi 
sequence selection. Table  13.2  offers an abbreviated summary of published 
RNAi sequences and their concomitant immunostimulatory effects. It is clear 
that not all RNAi sequences are created equal, and it is of particular impor-
tance to note that two sequences designed for different regions of the same 
gene (TLR9) have diametrically opposite immunostimulatory effects, strongly 
hinting that sequence selection must be done with great care and that all 
sequences must be thoroughly evaluated. In addition the fact that one gene 
can contain a sequence that is immunostimulatory and one that is not immu-
nostimulatory would also suggest that, delivery diffi culties aside, virtually all 
genes may contain viable target sequences.   

 While immunostimulation is a major issue with RNAi - based therapies, 
many strategies have emerged to dampen or completely avoid this problem. 
Many of the chemical modifi cations identifi ed, as discussed at length else-
where in this chapter, that are effective for antisense technology have also 
proved to be benefi cial for RNAi molecules  .  

  13.3.3   Off - target Effects of  RNA  i  

 Antisense   oligonucleotide and RNAi - based therapies have similar problems 
concerning off - target effects. Off - target effects can be classifi ed into two major 
categories: binding to nontarget sequences and effects not related to the 
sequence of the oligonucleotides. There are an enormous multitude of sug-
gestions for design and sequence selection for RNAi molecules, though no 
unifying set of rules currently exists. The length of the target sequence selected 
becomes an issue with concern to RNAi because sequences over 21 nucleo-
tides in length can stimulate the aforementioned immune response. Con-
versely, being limited to shorter sequence length means greater diffi culty in 
choosing truly selective target sequences. RNAi - based silencing follows the 
same general processing as endogenous microRNA (miRNA) for silencing of 
genes, and it yields clues for effective sequence selection. It has been estimated 
that every miRNA molecule can recognize as many as 200 distinct target genes 
 [42] . With such promiscuity it makes sense that multiple miRNAs can work 
together to target an RNA molecule for degradation  [43] . Thus, utilizing mul-
tiple, short RNAi molecules to target a particular RNA for degradation may 
be a possible avenue for greater sequence specifi city and target selectivity. 

 RNAi sequences can be partitioned into three simple categories. Canonical 
sequences that exhibit excellent complementarity along the length of the 
sequence,  “ seed ”  sequences with excellent 5 ′  matching but poorer 3 ′  matching, 
and compensatory sequences that have excellent 3 ′  matching and poorer 5 ′  
matching (reviewed in  [44] ). Clearly, canonical sequences would be ideal but 
in the cell comprise a small portion of known miRNAs  [45] . Conversely, 5 ′  
complementarity in the  “ seed ”  region has been shown to be truly critical for 
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proper target recognition, even if 3 ′  complementarity is less than ideal  [46] . 
Thus 5 ′  complementarity would likely be the best starting point for selecting 
effective and specifi c RNAi target sequences. 

 Careful sequence selection, however, has proved to be insuffi cient to 
prevent off - target degradation of mRNA in every case. Multiple examples 
exist of low complementarity, resulting in the degradation of non – target 
mRNA sequences  [47 – 49] . It has been shown; however, that modifi cation of 
the second base in the siRNA sequence with a 2 ′  or 5 ′  -  O  - methylation can help 
to signifi cantly reduce these off - target effects  [50,51] . It should be noted, 
however, that off - target effects were not completely eliminated with these 
base modifi cations. Thus the target selection process will likely need to be a 
combination of sequence analysis for seed region complementarity and base 
modifi cation followed by careful titration of the RNAi molecule to ensure the 
lowest level of off - target effects possible. Table  13.3  summarizes known RNA 
sequences and their off - target effects. It is notable that highly modifi ed RNA 
molecules are able to minimize off - target effects.   

 The potential exists also for off - target RNAi toxicity, which is unrelated to 
the RNA molecule itself, in particular with regard to delivery agents and 
delivery mechanisms for RNAi molecules. There are a wide range of different 
options available for targeted and systemic delivery of RNAi from liposome 
coating to nanoparticles to polymer conjugates. All these delivery systems 
must be considered when evaluating the potential toxicity of RNAi, even 
though these toxicities may have no relation to the RNA molecules. In cell -
 based cytotoxicity assays, both lipid and nanoparticle based delivery methods 
exhibited varying levels of toxicity as evidenced by cell death  [52] . While the 
mechanisms for these toxic effects are unclear at the moment, delivery method 
toxicity remains of concern when developing therapeutically useful RNAi 
technology.  

 TABLE 13.3     Target Sequences and Their  “ Off - target ”  Effects 

  Target    Sequence    Off - Target    Reference  

  MAPK14    5 ′  - CCUACAGAGAACUGCGGUU - 3 ′     KPNB3     [48]   
  RPA2  

  ICAM - 1    3 ′  - CACCGGAAGUCGUCCUCGA - 5 ′     TNFR1     [47]   
  PIK3CB    3 ′  - GAGGAUUAUACUUAGGATA - 5 ′     YY1     [51]   
  GRK4    5 ′  - GACGUCUCUUAGGCAGUU - 3 ′     HIF1 -  α      [49]   
  Luc19    5 ′  - TCCCGCTGAATTGGAATCC - 3 ′     miR - 122     [54]   
  CCR5    5 ′  - AACGCTTCTGCAAATGCTGTTCTATTT - 3 ′     miR - 30A     [55]   
  FVII    5 ′  - GGA UC A UCUC AAG UCUU A C TT - 3 ′     None     [40]   
  Luc    5 ′  - cuuAcGcuGAGuAcuucGAT * T - 3 ′     None      
  scap    5 ′  - GcuuAAuGGuucccuuGAuT * T - 3 ′     None      
  ApoB - 2    5 ′  - GGAAUCuuAuAuuuGAUCcA * A - 3 ′     None      

    Note :   2 ′ O - Methyl modifi ed nucleotides are in lower case, 2 ′  - F modifi ed nucleotides are in bold, and 
phosphorothioate linkages are denoted by asterisks.   
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  13.3.4    RNA  i  - Induced Liver Toxicity 

 A large portion of RNAi introduced into the body accumulates in the liver 
 [53] . Thus possible liver toxicity is a major concern with regard to RNAi 
safety. Overt liver toxicity and necrosis after viral vector based delivery of 
RNAi in mice has been observed  [54] . These mice developed dose - dependent 
liver toxicity which ultimately leads to a high rate of mortality. The cause of 
this effect was determined to be an oversaturation of endogenous miRNA 
processing pathways. Endogenous miRNA processing requires export of the 
molecule from the nucleus by the protein exportin 5. RNAi that has been 
delivered through the use of viral vectors must also be processed and exported 
from the nucleus by exportin 5. However, viral expression results in such a 
high level of exogenous siRNA expression that this export pathway becomes 
overwhelmed and export of endogenous miRNAs is drastically reduced. Thus 
the authors observed a signifi cant decrease in endogenous miRNA expression. 
The decrease in miRNA in the liver concomitantly affects the functionality of 
the miRNA pathways and the misregulation of a wide range of genes. This 
conclusion is supported by another study showing that overexpression of 
exportin 5 enhances RNAi effectiveness  [55] . In addition it has been shown 
that using a very strong viral promoter (U6) to drive siRNA production in the 
cell can induce cytotoxicity whereas using a relatively weaker (H1) promoter 
will not further support the concept of overwhelming endogenous processing 
pathways  [26] . Thus maintaining a proper, controlled expression of exogenous 
siRNA in the cell may be critical to avoidance of liver toxicity. Interestingly, 
other studies have been published that show no liver toxicity after long - term 
viral delivery of RNAi  [32]  possibly though lower expression of virally intro-
duced siRNA. Regardless, it is not clear at this point whether liver toxicity 
and mortality due to viral delivery of RNAi and oversaturation of miRNA 
traffi cking is a global issue for this method of RNAi delivery, and much more 
work is needed to determine why some virus constructs will elicit this problem 
if one wishes to use viral technology as a primary delivery mechanism. 

 Given the severity of the effect seen in the previous report  [54] , if overt 
liver toxicity in mice due to RNAi administration is due to oversaturation of 
exportin 5 dependent nuclear export, it stands to reason that preprocessed 
RNAi molecules such as siRNA will not have the same effect. To date no liver 
toxicity has been reported in other studies utilizing liposome based or naked 
RNA delivery methods, suggesting that viral vectors, while effi cacious, may 
not be safe enough for human - based therapies. One can imagine a multitude 
of possible solutions to this problem such as coupling the RNAi to an RNA 
aptamer targeted for a different nuclear export pathway to circumvent expor-
tin 5 and avoid blocking normal miRNA processing. Liver toxicity in mice, 
however, also begs the question of whether rodent - based models will be effec-
tive for predicting human toxicity concerning RNAi therapies. There are 
instances where overt toxicity or carcinogenicity in rodents does not appear 
to accurately model toxicity for humans  [56,57] . With this in mind, caution 



must be taken when evaluating the potential hepatic toxicity of RNAi in 
humans.   

  13.4   SUMMARY 

 RNA interference offers numerous possibilities as a new class of therapeutic 
drugs. The challenges to implementing this technology are signifi cant as evi-
denced by the surrounding issues concerning stability, delivery, effi cacy, and 
safety of these molecules. Chemical modifi cations to the base pair constituents 
of the RNA molecules can potentially alleviate many of the problems sur-
rounding stability while careful target sequence selection and evaluation can 
help provide maximal effi cacy. A wide range of options to deliver RNAi to 
target tissues, including ligand - mediated delivery, liposomal coating, and 
nanoparticle conjugation are being studied and tested as possible solutions to 
this issue. Last, much of the work developed with regard to antisense toxicity 
has provided a solid base to begin assessing and circumventing the toxicity 
concerns of oligonucleotide - based therapeutics like RNAi. 

 The potential to theoretically affect any gene in the genome with a RNA 
molecule provides encouragement that formerly unreachable targets can now 
be benefi cially modulated. Overall, the use of RNAi technology as a novel 
therapeutic agent has progressed at a very rapid rate. There are already 
examples of successful implementation of RNAi in whole animals that serve 
as an encouraging sign that this technology will be widely used for the devel-
opment of therapeutics in the future.  
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      Drug discovery and development needs to be more like engineering. 
  — Janet Woodcock, FDA, PharmaDiscovery Conference, May 10, 2006    

  14.1   INTRODUCTION 

 The success of pharmaceutical discovery to a great extent hinges on providing 
satisfying answers to two fundamental questions: 

  1.     What is the key biological target(s) that will change the disease 
outcome?  

  2.     How much of the biological target(s) can my drug afford to perturb 
without causing intolerable harm to the patient population being 
treated?    

 The fi rst question relates to the selection of drug targets that can be validated 
as impacting the disease and in turn to translate into a clinical disease - modify-
ing outcome.   The second question relates to the selection of drug molecules 
and their dosage such that it has a suffi cient therapeutic index. Providing 
satisfying predictions to both of these fundamental questions prior to costly 
and time - consuming large - scale human clinical trials is a critical mission of 
modern pharmaceutical research. 

 The answers to the fi rst question depend on a deep understanding of disease 
mechanisms and pathways from a clinical perspective. What lie beneath a 
common disease phenotype can be sub - types of diseases, each with distinct 
upstream pathway defects but overlapping downstream pathway defects. 
Careful selection and prioritization of targets critical to the clinical disease 
outcome requires a new breed of translational researcher with both bench 
biology and clinical backgrounds. 

 The answers to the second question depend on a deep understanding of 
toxicology and mechanisms and pathways of drug - induced toxicity. The human 
body, the major recipient of modern pharmaceuticals, has in many cases 
adapted to distribute, respond to, metabolize, and excrete drugs and xenobio-
tics. Selecting a potential drug with a suffi cient therapeutic index involves 
seeking a fi ne balance between robust drug effi cacy and manageable drug risk, 
both of which require a fundamental appreciation of the complexity of the 
human body acquired through the millennia of evolution. 

 The human body is also a highly integrated system or complex network. 
Even after the completion of the human genome, the functional interrogations 
of the various functions of each of the gene products, namely proteins, are far 
from complete. In fact investigation of how the various proteins and protein 
pathways interact to produce what we call  “ physiological homeostasis ”  have 
merely started in the postgenomic era. Since the knowledge gathering for 
major pathways important in human diseases is expected to accelerate in the 
coming decade, it is only fi tting to contemplate in this chapter what paradigm(s) 



we will use to interrogate this vast body of emerging knowledge in the years 
ahead.  

  14.2   BIOLOGICAL ENGINEERING: A QUANTITATIVE 
APPROACH TO COMPLEX BIOLOGICAL SYSTEMS 

 The ancient Chinese viewed the human body as several interrelated  Qi  ’ s (also 
known as  Chi  or  Ki ). This philosophy guided them well in generations of 
practice in Chinese medicine, mostly through trial and error. Our postgenomic 
view of the human body is a series of increasingly large biological pathways, 
from single cells to multiple cell – cell interactions to tissues, organs, and ulti-
mately the whole body. This system is dynamic, integrated, and subject to 
feedback and feedforward controls. In view of such a dauntingly complex 
system, how can we quantitatively predict the therapeutic index of new drug 
therapy a priori? 

 Biological engineering, applies  engineering  principles to biological systems 
for the purpose of understanding living systems and to bring solutions to 
various problems associated with these systems. It exploits new developments 
in molecular biology, biochemistry, microbiology, cell metabolism, systems 
biology, and engineering principles and applies them to answer specifi c bio-
logical questions that have not been resolved before. So what are some of the 
key engineering principles?  Modularity  is probably the most fundamental 
principle of good engineering design. A large system can be analyzed by 
looking at increasingly smaller (though no less important)  subsystems  (i.e., 
body, organ, tissue, cell, nucleus, DNA). All subsystems should have well -
 defi ned, robust state transition rules. The  interfaces  between these subsystems 
should be clearly specifi ed (feedback, feedforward, etc.). All interfaces are 
 quantifi able  and  simulatable  by mathematics. Therefore all engineering  predic-
tions  (quantity changes or state transitions) are verifi able by well - designed 
experimental testing. 

 Biological engineering utilizes quantitative mathematical representations 
of a system ’ s state and fl ux in the form of ordinary differential equations 
(ODEs), partial differential equations (PDEs), reaction kinetics, and mass 
action balances. In cases where biological parameters are not readily available, 
it applies computational approaches to  “ scan ”  through all of the biologically 
possible parameter values to provide estimates in terms of experimentally 
measurable outcomes. In cases where biological noise is known to exist (e.g., 
with a large patient population), the effects can also be modeled by standard 
mathematical approaches such as Monte Carlo simulation  [1,2] . Hence bio-
logical engineering can provide a quantitative perspective to understanding 
complex biological systems. Its relevance to the two fundamental questions of 
pharmaceutical discovery described above is obvious. If all the key knowledge 
about a human disease can be represented mathematically, predictions about 
the clinically   relevant outcome upon perturbation of a particular target or 
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pathway can be made quantitatively, and then ultimately verifi ed experimen-
tally. If all of the key data about a drug ’ s effects in human cells and tissues 
can be captured in a human physiology - based algorithm, the drug ’ s therapeu-
tic index can also be simulated and predicted (i.e., a bottom - up approach). 

 We therefore can perhaps reasonably view biological engineering as the 
cornerstone of the modern pharmaceutical research endeavor. Any successful 
pharmaceutical research program should fi nd ways of integrating biological 
engineering principals into its drug research and development program. In the 
remainder of this chapter we will elaborate on the four practical pillars of 
biological engineering, namely modeling, mining, manipulation, and measure-
ments (4M, Figure  14.1 ). We will describe both how each of these is being 
applied to pharmaceutical research currently and how emerging technologies 
in each of these four areas are and will continue transforming pharmaceutical 
research into the future.    

  14.3   MODELING 

 Modeling in the context of biological engineering is defi ned as using mathe-
matical principals and concepts to represent, simulate, and predict the 

    Figure 14.1     Schematic of the model, mine, measure, and manipulate (4M) paradigm. 
(See color insert.)  
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behaviors of a complex system. These can involve the level of the molecule, 
protein, pathways, cell, cell – cell, organ, and/or   the complete organism (Figure 
 14.2 ). Besides the pharmaceutical industry, many other industrial fi elds such 
as the chemical engineering, aerospace, and defense industries have all 
routinely and successfully adopted and applied mathematical modeling  [3]  and 

    Figure 14.2     Schematic of the different levels at which models can be generated and 
the infl uence of networks. (See color insert.)  
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computer - aided design (CAD). For example, before the construction of large -
 scale chemical plants, chemical engineers utilize both mathematical modeling 
and experimentation in small - scale models to optimize the design of the fi nal 
chemical production process. Before the launch of any new NASA spacecraft, 
teams of NASA scientists simulate and predict the likely behaviors of such 
spacecraft under a variety of atmospheric conditions to identify the most suit-
able engineering direction; similar steps are taken with airplanes, missiles, and 
automobiles. Even consumer products feel the trickle - down effects of CAD 
both in terms of design and usability testing.   

 In the life sciences in general, and pharmaceutical research in particular, 
mathematical modeling can help scientists select targets, identify leads, select 
dose, and simulate clinical trials and beyond  [3] . Modeling should   become 
indispensable at all stages of drug discovery and development from the idea 
stage to lead to identifi cation, optimization, and clinical trial success  [4] . 

 The idea stage is when both the target or pathway to modulate or 
perturb the outcome of a disease and the amount of modulation needed 
to impose on that target are characterized. Of course, a target (or targets  ) 
almost always interacts with others in the form of pathways in a biological 
system, so modeling provides a comprehensive and quantitative analysis 
of targets (or pathways  ). It is also important to remember that target selection 
is not just disease driven but dependent on cost of goods, prior publications, 
novelty, number, and size of clinical trials required  [3] . In the future, modeling 
should provide both novel target identifi cation and quantitative predictions 
of how much affi nity one should design into a drug molecule in order to 
afford suffi cient effi cacy. It should be noted that computational approaches 
could also be used for selecting molecules for use with combination devices 
to ensure they have desirable physicochemical properties before in vivo testing 
 [5] . 

  14.3.1   Modeling Approaches in Lead Identifi cation 

 Currently computational modeling is an integral part of drug design and lead 
identifi cation. Two recent reviews  [6,7]  have briefl y described the history of 
in silico pharmacology that encompasses computational lead identifi cation 
and lead optimization. This includes the use of quantitative structure – activity 
relationships, similarity searching, pharmacophores, homology models and 
other molecular modeling, structure - based design, machine learning, data 
mining, network analysis, and data analysis tools that all use a computer inter-
face. Several other reviews of success stories in computer - aided design  [8 – 11]  
have been published and describe in detail these technologies and specifi c 
applications to targets such as enzymes, receptors, ion channels, and 
transporters. 

 There has been relatively less modeling of protein – protein interactions, 
which are key components of cellular signaling cascades. The potential for 



blocking protein – protein interactions represents a sought after approach to 
treat various diseases  [12] . These represent diffi cult targets for in silico methods 
to suggest small molecules due to the shallowness of their binding sites. For 
example, the G - protein G β  γ  complex can regulate a number of signaling pro-
teins via protein – protein interactions. Using FlexX docking and consensus 
scoring, nine compounds were identifi ed with IC 50  values from 100   nM to 
60    μ M as inhibitors of the G β  1  γ  2  - SIRK peptide to be used for further substruc-
ture searching  [13] . Application of virtual screening to fi nding inhibitors of 
the HIV - 1Nef – SH3Hck protein – protein interaction started with the NCI 
diversity set of 1990 molecules and after drug - like fi ltering and docking with 
FlexX/GF score, resulted in 10 hits  [14] . Only one molecule of those tested 
was active. For comparison, high - throughput screening of the same library of 
molecules resulted in seven actives, and the best ( K  d    =   1.8    μ M) was identical 
to that found by computational methods. Similarity searching with this hit in 
a database of over 400,000 molecules resulted in discovery of a slightly more 
potent molecule ( K  d    =   0.98    μ M)  [14] . Novel fragment compounds against the 
phosphotyrosine pocket of v - Src SH2 domain were described in one study 
using FlexX docking of a fi ltered library of roughly 13,000 available molecules, 
followed by NMR screening and thermodynamic evaluation ( K  d     ∼    100    μ M) 
 [15] . A virtual screen of over 17,700 compounds with FLO_QXP   docking 
resulted in 22 molecules, of which 3 were confi rmed binders to disrupt the  β  -
 catenin and Tcf/LEF interaction and one by  K  d    =   450   nM  [16] . These represent 
some of the recently published examples of using docking and other methods 
to derive active molecules for protein – protein interactions. 

 In the future, computational modeling is likely to be more widely used 
to identify novel modes of interaction with drug targets such as allosteric 
inhibitors. For example, a ligand - based pharmacophore has been generated 
for the allosteric antagonists of the GPCR metabotropic glutamate receptor 
5 (mGluR5)  [17] . An alignment of 7 molecules was used to search 20,000 drug 
like molecules from the Asinex library by CATS3D similarity searching. Nine 
out of 27 molecules had activities under 100    μ M  [17] . The same group has used 
six mGluR1 allosteric antagonists as search queries for the Asinex Gold library 
of over 200,000 molecules, whereby   23 molecules were tested and 7 molecules 
with IC 50  values less than 15    μ M were retrieved  [18] . A coumarine derivative 
with IC 50    =   0.36    μ M was used as a lead for further optimization and ultimately 
resulted in one with IC 50    =   60   nM. These molecules were also docked in a 
homology model of mGluR1  [18] . A search for allosteric inhibitors of the 
SARS virus has used fl exible docking and 2D similarity searching of over one 
million molecules to suggest potential inhibitors for testing  [19] . A combina-
tion of docking with MOE - Dock and a genetic algorithm was used to optimize 
peptide design and search for noncompetitive inhibitors of the enzyme quino-
protein glucose dehydrogenase in order to validate an in silico approach  [20] . 
It is likely that these successes will encourage   others to use computational 
modeling to derive leads for diffi cult targets.  
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  14.3.2   Modeling Approaches in Lead Optimization 

 In lead optimization some of the most diffi cult issues are about surmounting 
cardiac or hepatic toxicity. Two separate proteins, namely the human ether -
 a - go - go - related gene (hERG) potassium channel and the receptor 5 - HT 2B , 
have raised particular concern because of their association with potassium 
channel blockade or cardiac valve disease, respectively. Unintended activity 
at either of these two proteins independently by several drugs has prompted 
their sudden withdrawal from the market. Early identifi cation and elimination 
of molecules that pose toxicity risks can save time, money, and lives. One way 
to do this is by computational modeling of toxicity - related proteins  [21] . 

 Many classes of drugs have been shown to prolong the QT interval, a 
slowing of repolarization of the ventricular myocardium  [22,23]  by which 
  excessive prolongation can lead to the potentially life - threatening ventricular 
tachyarrhythmia,  torsade de pointes . Inhibition of the potassium channels in 
cardiac tissue is associated with QT interval prolongation  [24,25] . The most 
common potassium channel linked to drug - induced QT interval prolongation 
is also responsible for the rapid component of the delayed rectifi er potassium 
current ( I  Kr ). The focus of considerable research is hERG, which is believed 
to encode the protein that underlies the delayed rectifi er potassium current 
 I  Kr   [26,27] . Many drugs associated with QT interval prolongation have been 
found to block hERG  [28 – 30] , and several drugs in the last decade have been 
withdrawn from the market in part due to cardiovascular toxicity associated 
with undesirable blockade of this channel (e.g., cisapride, terfenadine, astem-
izole, sertindole, and grepafl oxacin). Since 2002 there have been many studies 
that have described individual quantitative structure activity relationship 
(QSAR) models, statistical models, or pharmacophores for hERG  [31 – 44] . 
These different studies have encompassed a wide range of data generation 
and modeling techniques as well as an array of molecules for model building 
and testing  [39] . There are some gross similarities in the suggested require-
ments for hERG inhibitors, such as the requirement for hydrophobic features 
surrounding a positive ionizable/basic nitrogen feature. The focus to date has 
been primarily on  “ global ”  models consisting of structurally diverse molecules 
across therapeutic targets (antipsychotics, antihistamines, antibiotics, etc.) 
although  “ local ”  models have also been generated around narrow structural 
series  [34] . These ligand - based computational models, along with a growing 
number of homology models  [45,46] , have provided insights that complement 
experimental studies such as site - directed mutagenesis  [47,48] . One such study 
compared multiple modeling approaches, including Kohonen map, Sammon 
map, and recursive partitioning, with the same training set to assess whether 
a single approach or a combination of approaches is preferable  [48] . The 
descriptors selected for the qualitative mapping methods showed how the 
structural features of hERG inhibitors compared with those generated by 
other available methods, suggesting that molecular shape or topological char-
acteristics are also important for hERG inhibitors. A more recent study used 



an additional series of shape - based descriptors to confi rm the importance of 
molecular shape for interactions with hERG  [49] . 

 Serotonin is found in many physiological systems from the CNS to the 
intestinal wall and, in concert with its many receptors, has a major regulatory 
function in cardiovascular morphogenesis. The 5 - HT 2  receptor, family of G -
 protein coupled receptors, including 5 - HT 2B , is expressed in cardiovascular, 
gut, and brain tissues as well as in human carcinoid tumors  [50] . In recent years 
this receptor has been implicated in valvular heart disease defects (VHD) 
caused by the now withdrawn  “ fen - phen ”  and pergolide  [51 – 54] . The primary 
fenfl uramine metabolite, norfenfl uramine, potently stimulates 5 - HT 2B   [55,56] . 
Computational modeling of this receptor has been very limited to date but is 
urgently needed to identify drugs that may bind this receptor. Computational 
modeling of 5 - HT 2B  has encompassed a traditional QSAR study used a small 
number of tetrahydro -  β  - carboline derivatives as antagonists with the rat 5 -
 HT 2B  contractile receptor in the rat stomach fundus  [57] . A 3D - QSAR with 
GRID - GOLPE using 38 (aminoalkyl)benzo and heterocycloalkanones as 
antagonists of the human receptor resulted in very poor model statistics, pos-
sibly due to the limited range of activity measured and the complexity of the 
functional response  [58] . Homology models based on the bacteriorhodopsin 
as well as rhodopsin X - ray structures have been used for the mouse and 
human 5 - HT 2B  receptor and combined with site - directed mutagenesis. The 
models based on bacteriorhodopsin proved more reliable and confi rmed an 
aromatic box hypothesis for ligand interaction along transmembrane domains 
3, 6, 7 with serotonin  [59] . A more recent 5 - HT 2B  homology model with the 
rhodopsin - based model of the rat 5 - HT 2A , together with molecular dynamics 
simulations, was used to determine the sites of interaction for norfenfl ura-
mine. Site - directed mutagenesis showed that Val 2.53 was implicated in high -
 affi nity binding through van der Waals interactions and the ligand methyl 
groups  [60] . 

 Recently machine learning methods were used to generate classifi cation 
models with shape - based descriptors for this receptor, and the results were 
generally better than for classifi cation models of hERG data  [49] . Also, in 
using a pharmacophore alignment of pergolide and norfenfl uramine, it is pos-
sible to overlay the shape of the active ligand pergolide (Figure  14.3 ) and then 
use this for rapid searching of 3D databases of molecules likely to interact 
with 5 - HT 2B . For example, a set of 182 5 - HT 2B  binders and nonbinders was 
used to validate this simple model. Of the 22 molecules that were mapped, 12 
were known to have activities up to the tens of nM for this receptor. A similar 
search of a database of FDA - approved drugs retrieved 43 molecules (includ-
ing pergolide and two known low  μ M molecules); the remainder were selected 
for future testing.   

 Although there have been many attempts at addressing cardiotoxicity by 
way of computational approaches, there have been far fewer efforts to predict 
hepatotoxicity  [61,62]  (see Chapter  6  by Ekins and Scheiber in this book  ). A 
recent study used 33 molecules associated with idiosyncratic hepatoxicity and 
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a similar number with no associated toxicities to generate classifi cation models, 
namely in the form of linear discriminant analysis, artifi cial neural networks, 
and a decision tree  [63] . One of the diffi culties with this small   training set is 
that our knowledge of molecules that involved in idiosyncratic hepatotoxicity 
is severely limited and our predictions for most molecules will generally be 
well outside of the range of the training set (see below). In this published study 
11 molecules were used in a test set and 9 predictions were acceptable for 
those within the range of the training set  [63] . This model represents a useful 
starting point for further expansion perhaps using some of the other approaches 
outlined earlier (Chapter  6 ). 

 One of the disadvantageous of using a computational models such as a 
QSAR is that predictions may be performed for molecules that are structurally 
more diverse than those in the training set of a narrow homologous series of 
molecules (local model) or a more structurally diverse range of molecules 
(global model). Poor predictions may result without a sense of how close the 
molecule is to the training set of the model in question. Several groups have 
started to address the applicability domain of models and develop methods to 
address this issue  [64,65] . One approach has been to use molecular similarity 
to training set compounds as   a reliable measure for prediction quality for a 
test molecule  [66] . In an earlier study with hERG data  [67] , the similarity of 

    Figure 14.3     A shape feature HIPHOP pharmacophore model (Discovery Studio 2.0 
Catalyst, Accelrys, San Diego, CA) of pergolide and norfenfl uramine. Purple sphere   =  
 hydrogen bond donor, blue spheres   =   hydrophobic features, gray shape   =   van der 
Waals surface around pergolide. (See color insert.)  



the molecules in the test set to those in the recursive partitioning model were 
assessed using the Accord software molecule descriptors and the Tanimoto 
similarity coeffi cient  [68] . In this case a value of one indicated the molecule 
was identical to one in the training set. As this value decreased, the less similar 
was the test molecule to molecules in the training set. Analysis of a 35 mole-
cule test set using quantitative predictions derived from the recursive parti-
tioning model resulted in a low though statistically signifi cant correlation 
( r  2    =   0.33, Spearman  ρ    =   0.55,  p    =   0.0006). Next from a Tanimoto similarity 
analysis of the test set molecules, it was found that the log difference between 
the observed and predicted Log10 IC 50  increased as the Tanimoto similarity 
declined. Therefore a Tanimoto similarity index under 0.77 was found to 
contain molecules with Log10 IC 50  that were over 1 log unit different from the 
observed data. Compared with the whole test set, these 18 remaining mole-
cules alone produced dramatically improved test set correlation statistics 
( r  2    =   0.83, Spearman  ρ    =   0.75,  p    =   0.0003). 

 In a recent study with Biopharmaceutics Drug Disposition Classifi cation 
System data  [69] , we ascertained the distribution of training and test molecules 
in molecular descriptor space using a principal component analysis (PCA). 
The fi rst three principal components of the training and test set explained 
69.3% and 69.8% of the variance, respectively. Some test set molecules were 
well outside the descriptor space of the training set molecules. Consequently 
PCA analysis provided a convenient method for identifying outliers or mole-
cules that are far removed from the training set descriptor fi eld, and provided 
lower confi dence in their predictions. We tried the same approach with data 
for the blood – brain barrier  [70] . We followed with a study using similarity 
measures in the form of Euclidean distances, between pairs of molecules, that 
suggested signifi cant structural differences between the training set and a test 
set for the 5 - HT 2B  receptor  [49] . 

 We also estimated the confi dence in predictions for various ADME/Tox 
models derived with K - PLS algorithms using approaches called novelty detec-
tion and margin detection, which are two complementary methods  [71] . Reli-
able confi dence estimates enable uncertain predictions to be screened out so 
that only the high - confi dence predictions remain. The goal of novelty detec-
tion is to identify compounds that are signifi cantly different from those seen 
previously in the training set. Novelty detection can be implemented by any 
algorithm that can learn the distribution of the training set — a compound is 
considered novel if it falls outside of that distribution. Our implementation 
used the One - Class Support Vector Machine (SVM) algorithm  [72,73]  to learn 
a boundary around the training set distribution. In contrast, margin detection 
does not require the assumption that predictions on novel compounds be less 
reliable but instead uses the margin to directly measure the confi dence of a 
prediction. In a classifi cation task the margin is the distance of the prediction 
from the decision boundary — a larger margin implies higher confi dence. 
These approaches were used with CYP3A4 and CYP2D6 inhibitor, blood –
 brain barrier permeation, and human fraction absorbed datasets. A clear 
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improvement could be made in the classifi cations with the K - PLS models  [71] . 
The applicability domain of other types of computational models (e.g., for 
target proteins) has not been addressed to any great extent to date. Applica-
bility domain methods might eventually become commonly used alongside in 
silico lead optimization models in a seamlessly automated manner.  

  14.3.3   Modeling Approaches in Clinical Trial Design 

 The cost of bringing a molecule through drug discovery and development is 
undoubtedly high in the clinical trials. Therefore, if we could accurately model 
how a molecule is going to behave in vivo, we could ensure that only the 
molecules with a high probability of success would proceed through human 
dosing. While there have been some attempts at modeling human pharmaco-
kinetic data  [74 – 76] , these datasets are generally small. The simulation of 
populations of patients with a disease and their controls  [77 – 79]  offers another 
way to crash - test the molecule or hypotheses before signifi cant fi nancial 
investment. Different types of computational models are widely used in post-
marketing   clinical trials that look at safety, cost effectiveness, and effi cacy 
issues and lead to improved labeling or indications  [80] . 

 Currently clinical dose selection is based largely on allometry scaling and 
experimental verifi cation by trial and error. PBPK modeling  [81 – 83]  (See 
Chapter  7  by Zhang, Tan, Bhattacharya, and Andersen in this book) will soon 
become the norm as   it is being used increasingly for risk assessment  [84] . 
Real - time clinical trial adjustment or adaptive research will likely   also become 
a standard method, along with clinical trial modeling and simulation inte-
grated in personalized medicine. 

 The development of computational models and informatics tools will likely 
mimic the supply chains in other industries in which parts are provided just in 
time (JIT), as needed, with computational models serving as a part of drug 
discovery or development. For example, if a model is needed for a project in 
early discovery, it could be created JIT from in - house data, literature data, or 
collaborator data when required. As a project progresses, the required models 
will become more specifi c and develop in parallel with experimental data 
generation (e.g., in   understanding the pathways inhibited by a molecule and 
the effects on disease), progressing through multiple automated iterative loops 
of building and testing. The process of drug discovery and development could 
be treated as a computational model that can be tweaked and adjusted from 
idea to clinic and beyond.   

  14.4   KNOWLEDGE MINING AND REPRESENTATION ( KMR ) 

 The development of systems biology models in the pharmaceutical industry 
relies on knowledge of drug targets in their biological context that has been 
codifi ed   and assembled from prior research studies reported in the literature. 



The exponential growth of heterogeneous, globally distributed biological data 
and information sources, combined with short timelines for pharmaceutical 
research and development projects, makes a manual approach to assembling 
this knowledge impractical, if not impossible. Alternatively, the costs of 
missing critical information or recreating key experimental data in the labora-
tory can be expensive. Deriving biological meaning and insight further requires 
tools to visualize and analyze the assembled knowledge, detect aberrant pat-
terns, and infer causal relationships. 

 Emerging knowledge mining and representation (KMR) capabilities are 
already proving their potential in the practice of systems biology. Knowledge 
mining comprises extraction of essential facts (e.g., concentrations, kinetics, 
stoichiometries) and relationships (e.g., protein A, phosphorylates,   protein B) 
from databases, journals, patents, secondary literature,  “ pathway ”  resources, 
or published models. Knowledge mining employs natural language processing, 
rich thesauri of biological and chemical terminology, and algorithms for rec-
ognizing and disambiguating biological and chemical entities and relation-
ships. Applications of systems biology have recently been reviewed  [85,86]  as 
in silico technologies for drug target identifi cation and validation. 

 Knowledge representation (KR) methods are used to transform the 
extracted facts and relationships into a logical representation that accelerates 
human -  or machine - based reasoning, and the generation of testable hypothe-
ses. Additionally KR plays a pivotal role in systems biology by providing a 
framework to identify, merge, and manage data, information, and knowledge. 
Taken together, KMR provides an ability to  “ identify and connect the dots, ”  
paving the way for the rapid assembly of systems biology models, and the 
discovery of new knowledge. Below, we describe KMR trends, and outline a 
vision for how advances in KMR concepts and applications will enable fun-
damental breakthroughs in systems biology. 

  14.4.1    KMR  Trends 

  Scientifi c Communication     The Internet and associated technologies con-
tinue to dramatically reshape scientifi c communication, and biomedical 
research. Some of the biggest changes involve the format of published litera-
ture, including the growing trend toward the publication of data, models, and 
multimedia in conjunction with traditional journal articles, rich bidirectional 
linking between journals and associated data, and increasingly interactive 
fi gures and applications. In parallel, sophisticated search, navigation, and 
mining techniques are rapidly evolving to exploit these new media formats, 
and they will have a profound impact on our abilities to extract biological 
knowledge from published literature or their components (e.g., from the 
results section of a document, or from fi gures  [87] , tables  [88 – 90] , or 
multimedia). 

 Another important trend is the rapidly increasing availability of machine -
 level access to biomedical literature, including the growing movement toward 
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 “ open access ”  publishing and the development of application programming 
interfaces (APIs) in the commercial publishing industry  [91] . While the vast 
majority of high - impact scientifi c journal titles are still provided by commer-
cial publishers, recent legislation regarding open access to NIH - funded 
research  [92,93]  will likely accelerate the open access trend. The traditionally 
conservative scholarly publishing industry is also developing APIs that enable 
direct machine - to - machine querying, parsing, and mining of its subscription 
content. The digitization of library collections of secondary literature  [94]  and 
the electronic publication of manuscripts, models, and associated media are 
already creating unprecedented opportunities to mine the higher order collec-
tive knowledge of the biomedical research community. 

 Another parallel development is the increasing access to biological knowl-
edge that has been effectively  “ locked away ”  inside corporate fi rewalls. The 
integration of knowledge mining tools with enterprise search technologies is 
enabling pharmaceutical workers to fully exploit the rich legacy of proprietary 
research that, to date, has been dispersed in myriad reports and in various 
tightly secured repositories  [95,96] . These mining   methods are critical for 
pharmaceutical companies who must preserve document - level security while 
harvesting the knowledge that is generated in their own laboratories and that 
is often impossible to fi nd in the public domain. Public calls for earlier access 
to clinical trial results  [94]  are expected to yield further opportunities to 
exploit KMR in the service of translational medicine.  

  Knowledge Representation     Encoding scientifi c knowledge empowers scien-
tists by allowing them to search, share, compare, analyze, correct, and connect 
scientifi c knowledge via a wide variety of computational techniques, and it is 
changing the practice of systems biology. Codifi cation and classifi cation of 
biological knowledge has a long history  [97] , but its most recent, striking 
example is the Human Genome Project. Codifi cation of nucleic acid 
protein sequences and chemical structures is now relatively standardized, 
and many bioinformatics tools are available to leverage these powerful 
resources. 

 In contrast, current methods to develop standardized representations of 
more complex forms of biological and medical knowledge remain relatively 
immature. For example, molecular biologists have painstakingly assembled 
hundreds of pathways that are, by now, well established (p53, NF - kB, B -
 catenin signaling networks, transcriptional regulatory networks, and many 
known metabolic routes),   and a wide variety of commercial and open - access 
 “ pathway ”  resources are now available (Ingenuity, Ariadne, BioBase, 
GeneGo, KEGG, HPRD, etc.). Some of the challenges associated with using 
these resources arise from the fact that they are typically derived from manual 
curation of the literature for the purpose of answering frequently asked ques-
tions. This poses two problems: First, manual curation does not scale well, so 
the knowledge contained in any given resource is incomplete. Second, the 
knowledge contained in these resources is static, and may not be captured and 



organized at the level of granularity required to answer specifi c systems biology 
questions (e.g.,  “ How does this pathway vary by cell type? ” , or  “ how does 
phosphorylation of amino acid X of domain Y affect its biological activity 
relative to phosphorylation at other sites? ” ). For biological molecules, context 
is embedded in a host of specifi c details, including oligonucleotide or protein 
sequence, primary – secondary – tertiary – or quaternary structure, posttransla-
tional modifi cations, or the formation of multimeric complexes. A relevant 
context may further include knowledge about a given molecule ’ s local interac-
tions or participation in cellular processes, such as compartmentalization; 
developmental or cell cycle stage, or differentiation state; signaling among 
cells, tissues, or organs; and the health of the organism under study. Accord-
ingly fl exible KMR tools are needed to allow researchers to interrogate 
and assemble pertinent knowledge on the fl y, while preserving the detailed 
biological context that is relevant for systems biology and pharmaceutical 
decision - making. 

 Another critical need is a high - throughput method to validate molecular 
pathways against the collective scientifi c knowledgebase, including experi-
mental data. High - throughput biological profi ling is changing the landscape 
of pharmaceutical research. Its ability to measure molecular activities at the 
cellular level and in genome - wide fashion is opening the door to the explora-
tion of fundamental questions about physiological and pathological cellular 
processes. This fl ood of new data has pointed to the need for developing 
knowledge representation methods to map specifi c molecular interactions to 
our existing knowledgebase of cell structure and behavior, physiology, and 
disease. In principle, it is possible to  “ reverse engineer ”  a biological network 
by processing high - throughput data, using a complex set of computational 
algorithms to infer gene – gene, gene – protein, or protein – protein interactions; 
however, it is challenging to compare such networks against canonical path-
ways with the currently available resources. 

 Emerging knowledge mining and representation methods can provide a 
systematic, unbiased  “ shortcut ”  to this task. By marrying high - throughput 
biological data to KMR tools, researchers are systematically developing 
and exploiting large - scale networks of interactions among cellular entities 
more than one interaction at a time. The inferred networks of molecular 
interactions can produce a more holistic view of the fragmented knowledge 
than can a random list of genomic, proteomic, or metabonomic pieces. KMR 
researchers have made enormous progress in extracting and disambiguating 
biological entities, and their complex interrelationships in order to construct 
detailed networks, and pathways  [98,99] . An even bigger challenge is mapping 
molecular - level knowledge to larger more complicated processes, such 
as cell division, intercellular communication, and disease phenotypes. KMR 
methods have been used identify key genes involved in hepatocellular 
carcinoma (HCC), and work has begun toward reverse - engineering key 
signaling pathways and assessing their impact on HCC - related phenotypes 
 [91] .   
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  14.4.2   Future  KMR  Capabilities 

 Current KMR methods are challenging for most bench scientists to use. 
Increasing human – computer interaction will result in greater tool interopera-
bility and tighter integration with normal workfl ows of systems biologists. 
Future KMR practices will allow incorporate novel data models, architectures, 
and sophisticated version control to support workfl ows that are integrated into 
the very fabric of the systems biology process. We outline some key aspects 
of future KMR tools and practices below. 

  Intelligent Knowledge Mining     Knowledge mining capabilities will be highly 
distributed, and we see richer ways of interacting with a federated network of 
data and knowledge that is unbound by the traditional document model. New 
kinds of scholarly publications will combine the strengths of traditional jour-
nals with the analytical capabilities of databases, the interactivity of blogs and 
wiki ’ s, and other emerging capabilities offered by the Semantic Web. Future 
knowledge mining tools will identify relevant information sources, extract 
essential facts, and assemble models semiautomatically, making well - reasoned, 
transparent decisions about the accuracy and validity of the information con-
tained therein. Biologists won ’ t have to be trained as computer scientists to 
ask complex, important questions. For example, a discovery scientist will be 
able to pose questions like the following to the network: Find all human 
disease - relevant proteins where: 

  1.     there is no known precedent (small - molecule, peptides, or antibodies 
with activity against this target have not advanced past phase II clinical 
trials);  

  2.     germline mutations of the target caused primary human disease 
phenotypes;  

  3.     selective reference compounds, reagents, and assays for executing a 
research project are readily available;  

  4.     The target is expressed in therapeutically - accessible tissues;  
  5.     Where there are known clinical biomarkers;  
  6.     Clinical trials are expected to last less than 6 months;  
  7.     Relevant patient populations are easy to recruit;  
  8.     The resulting product is likely to be a fi rst in class therapy in the 

marketplace.     

  Accelerating Systems Biology: From Knowledge to Models     Systems biology 
models both consume knowledge, in the form of the context or parameters 
with which they are supplied, and yield knowledge, in the form of the inter-
pretations or hypotheses as a product of their execution. Models incorporate 
assumptions about real - world phenomena that are the subject of experimenta-



tion. Experimental data, in turn, are often inaccurate or noisy. Given the 
assumptions and simplifi cations entailed in model building, and noisy and 
inaccurate data, it is rare that the initial model behaves precisely as the real -
 world system does. For example, the model behavior may correspond to the 
experimental domain, but only over a limited set of inputs, or perhaps as a 
result of a different mechanism, or it may be an imprecise implementation of 
the theory it is intended to represent. 

 Humans will always be needed for analysis and tuning of systems biology 
models, and tighter integration of experimentation and modeling methods will 
drive the need for a fl uid knowledge representation that can be utilized by 
both human and computational resources. For routine troubleshooting, KMR 
methods will increasingly be used to determine the correspondence between 
model output and experimental domain behavior. Encoded scientifi c 
knowledge will be increasingly analyzed computationally, before any experi-
mentation or modeling. Users will be able to easily visualize, evaluate, and 
test interacting networks, automatically identify logic confl icts between coded 
representations, accumulated data, and the KMR system ’ s suggestions to 
arrive at a resolution, or conduct   further experimental work to resolve such 
confl icts. 

 KMR will also play an essential role in helping scientists map new knowl-
edge to existing models and in developing new models from existing knowl-
edge. Future KR methods can be expected to accommodate multiple levels of 
biological abstraction, from cellular pathways to higher level disease pro-
cesses, to allow scientists from different fi elds to understand and learn from 
each other ’ s solutions, and ultimately acquire a set of widely applicable 
complex problem solving capabilities, based on the use of a generic modeling 
approach, in much the same way that they now use generic tools and algo-
rithms in chemistry and mathematics.  

  Accelerating Systems Biology: From Models to Hypotheses     Future KMR 
methods can be expected to incorporate semantic Web capabilities that will 
integrate theoretical, computational, and experimental knowledge with the 
capabilities to probe leverage points in key pathways that are associated with 
disease. Knowledge - based systems (KBSs)  [100] , originally developed in the 
artifi cial intelligence community, will increasingly be used to interpret experi-
mental results, and to semi - automatically generate new research hypotheses. 
KBSs are comprised of a reasoning engine or problem - solving process coupled 
with a domain - specifi c knowledge base (a way to store and manipulate the 
physical symbols that represent entities in a domain of interest; e.g., the 
targets, metabolites, and other elements in a pharmaceutically relevant 
pathway or network). KBSs can analyze chains of causal reasoning to gener-
ate, and evaluate hypotheses regarding possible causes of experimental obser-
vations e.g., using semantic reasoners: FaCT++, Pellet, Jena, etc.). Components 
of a KBS include: 
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  1.     a knowledge mining system (generally with human review and 
validation);  

  2.     a knowledge representation scheme that codifi es observations about a 
given domain;  

  3.     algorithms and tools for manipulating, searching and visualizing graphs; 
and  

  4.     an expert system for reasoning over the knowledge base,    

 The W3C have developed specifi c recommendations and a suite of tools 
and standards is evolving rapidly, (OWL - DL, RDF [triples], SPARQL, etc.); 
however, literature reports of systems biology applications are still fairly 
limited. We think that this fi eld will accelerate rapidly and bring a powerful, 
simple, computationally effi cient, and effective means for hypothesis genera-
tion into the mainstream of pharmaceutical research and development. 
Hypotheses generated using KBSs will likely be used to suggest experimental 
and modeling studies that inform target and modality choice, identify target/
mechanism and effi cacy biomarkers, and segment human populations and thus 
enable safe and effi cient clinical trials.    

  14.5   MANIPULATION 

 Advances in modern medicine are heavily dependent on evidence from exper-
imental approaches  , and pharmaceutical research in the new millennium is no 
exception. What is new is the realization that any experimental system is at 
best an approximation of the ultimate goal of medicine: treating a diverse 
group of patients suffering from a devastating disease in the real - world setting. 
For example, in a recent article  [100]  it was suggested  “ what is effi cacious in 
randomized clinical trials is not always effective in real - world day - to - day 
practice. ”  This is due to the combination of several factors: (1) some of the 
strict and rigid inclusion and exclusion criteria used in randomized clinical 
trials are not realistic in the real - world setting; (2) the controlled experimental 
conditions typical of today ’ s randomized clinical trials are not necessarily good 
models of the wide variability in patient types and severity, the complex 
dynamic and interactive nature of treatments, and increasingly popularity of 
polypharmacy used in the real world; and (3) patient compliance issues in the 
real world. This is not to say that randomized evidence - based medicine is not 
needed in establishing the  potential  of effi cacy of an experimental medicine. 
One should indeed remember the inherent limitations of any experimental 
system even in human controlled clinical trials, as any experimental system is 
subject to one form of manipulation or another, often by experimental design 
and by necessity. 

 Of course, any experimental system is by design, a manipulation (or many 
manipulations) to answer a specifi c scientifi c question. Scientifi c rigor and 



human insights are needed to step from one manipulated system to another, 
to inch closer to the goal of providing both effi cacious and safe medications 
to benefi t humankind as bespeaks the arduous journey of today ’ s pharmaceu-
tical discovery. The scientist   cannot afford to be a blind optimist proceeding 
without close scrutinization with the types of manipulations and detailed 
experimental protocols used to discover drugs. Nowadays, the types of manip-
ulations in the life sciences span from the idea stage, to lead identifi cation, to 
lead optimization, and to clinical trial success; In the future, the types of 
manipulations used (and the measurements performed) in each of these stages 
will be much more sophisticated and representative of the complexities in the 
real - world disease setting. 

 The most common approach to system manipulation is genetic, using DNA -  
or RNA - based knockout or knockdown of gene products in animals or cells 
derived to probe the effects of altered molecular pathways. Conditional 
knockouts are generally required for exploration of pathophysiology and pro-
spective therapeutics in mature tissues, and tissue - specifi c regulation of the 
genetic effect is often employed toward narrowing the scope of the study. 
RNAi libraries are already available on a genome - wide basis for many organ-
isms, enabling high - throughput screening of drug effects over a full scope of 
gene product knockdowns. 

 However, infl uence of the genetic manipulation typically propagates broadly 
beyond the pathway of concern, since the necessarily long time period required 
for the gene or message reduction to transpire following activation of the 
knockout or knockdown technology permits up - regulation and down - 
regulation of various mechanisms in consequence — whether compensatory for 
(often inappropriately termed  “ redundancy ” ) or exacerbating of the initial 
manipulation. Thus it must be appreciated that a substantial portion of the 
observed changes of the manipulated biological system in response to prospec-
tive therapeutics is more an epi - phenomenon that is only indirectly related to 
the genetic alteration. 

 An alternative approach, certainly complementary rather than competitive, 
is to pursue manipulation as driving the responses of the biological system 
across a broad landscape of contexts, for example,   as diverse combinations of 
medium and substrate components. Take the study of embryonic stem cell 
differentiation across a landscape of 16 contexts comprising various combina-
tions of extracellular matrix factors and growth factors. Such study enabled 
discernment of the particular conditions under which a protein kinase inhibi-
tor gives a signifi cant affect compared to other conditions under which it did 
not  [101] . This result has been buttressed by other similar studies  [102 – 104] . 
The important implication is that screening the effects of any drug candidate 
on the background of any genetic manipulation(s), no matter how specifi c, 
may be of limited value if undertaken in only one or a small number of 
contexts. 

 This alternative view of biological system manipulation opens   an avenue 
of hope toward relating in vitro studies to in vivo studies, at least within a 
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comparable animal species. Any particular in vitro setting is unlikely to resem-
ble in vivo physiology, although new tissue - engineered ex vivo constructs are 
making signifi cant progress in this direction  [105] . If the in vitro assay is under-
taken across a broad landscape of contexts, there is a strong possibility that 
the state of intracellular molecular network activity under a representative in 
vivo circumstance will be interpolatively comprehended within the range of 
cell network states generated over the context landscape. Thus there can be 
envisioned a networkwide measurement capability developed for mRNA, 
protein, and phosphorylated protein levels for in vivo tissue as well as for the 
same compendium of molecular activities across a broad landscape of in vitro 
assay contexts, and then to employ computational modeling methods to relate 
the network state to phenotypic behavior in both the in vivo setting and the 
in vitro landscape. A very substantive hypothesis can then be tested, whether 
the network state to phenotypic behavior relationship that is predictive of drug 
effects across the in vitro landscape can then similarly predict the drug effects 
in an interpolated in vivo situation. As noted above, genetic knockout and 
knockdown technologies can be used in complementary fashion to extend the 
scope of conditions for which network states and consequent phenotypic 
responses are measured.  

  14.6   MEASUREMENT 

 Even though mining and modeling can provide in silico predictions of drug 
effects, the effi cacy and safety of any medicine need to be established experi-
mentally, with increasingly complex and realistic experimental systems.  “ Mea-
surement ”  is defi ned as quantitative determinations of a panel of parameters 
from a complex system. These parameters span the amount, rate of change, 
frequency, and localization of molecules. They include chemicals and biolog-
ics, gene sequences and copy numbers (genetics), gene transcripts (genomics), 
proteins (proteomics), metabolites (metabonomics), kinase activities (kinom-
ics), lipid biochemistries (lipidomics), phenotypic responses, imaging data 
(e.g., cytomics and noninvasive in vivo imaging modalities), besides glycomics 
(see Chapter  11  by Sasisekharan and Viswanathan in this book). The various 
high - throughput methodologies, when applied to measurements, enable a vast 
number of biological parameters to be measured in a highly parallel fashion 
at an unprecedented speed, as highlighted in the various chapters of this 
book. 

 Other advances in measurement technology will likely come from various 
engineering fi elds such as nanotechnology (see Chapter  10  by Bhavsar, Jain, 
and Amiji this book), material sciences, and sensitive detection technologies. 
Emerging technologies in these fi elds will push the boundary of the tradition-
ally more conservative fi eld of clinical measurements, and make high content 
clinical measurements more real - time, noninvasive, and accessible to the 
masses (i.e., ordinary people). Imagine a picture in which an ordinary person 



can sit at their dinner table and put their fi nger in a small electronic device. 
The device sends a micro - scale laser to puncture the skin of the fi nger and 
retrieves a few microliters of blood. Then the device will measure a panel of 
clinically important parameters including blood sugars, insulin, major electro-
lytes, infl ammatory markers, and other diagnostic markers from major organs 
such as liver, kidney, and heart. If certain combinations of biomarkers are in 
the abnormal range for a predefi ned period of time, the device will automati-
cally send a warning signal to the person ’ s primary care physician. The avail-
ability of such theoretical home electronic devices will provide a new standard 
of care to patients and a whole new meaning to the fi eld of preventative 
medicine. 

 In addition to providing a real - time warning, the availability of such early 
noninvasive biomarker measurements will provide a plethora of data for both 
statistical modeling (i.e., what combinations of biomarkers are predictive of a 
later disease outcome), disease pathway mining (i.e., better understanding of 
the early pathogenesis of a human disease before it becomes an emergency), 
and drug therapy monitoring (e.g., does the drug cause intended therapeutic 
effects without causing undue toxicities in the liver, heart, or kidney?). Drug 
therapy monitoring could   bring evidence - based medicine to a whole new level. 
Coupled with individual genome sequencing, it could provide for on - time 
delivery of personalized medicines and other therapeutic options. 

 In the realm of preclinical and in vitro measurements, emerging fi elds such 
as nanotechnology and tissue engineering promise to provide in vitro human 
cells and tissues with differentiated functions that more closely mimick the in 
vivo situation. In particular, stem cell technology promises to deliver reliable 
sources of mammalian cells of any tissue and organ (also see Chapter  8  by 
Davila, Stedman, Engle, Pryor, and Vacanti in this book). Tissue engineering 
applies engineering approaches to tissue culture and co - culture techniques 
with the promise to deliver well - controlled three - dimensional culture appara-
tus to maintain the normal tissue function and tissue – tissue interactions for a 
sustained period of time, making in vitro measurements more relevant to the 
in vivo situation. 

 The  “ human body on a chip ”  for drug testing is currently a goal that 
encapsulates permeability (e.g., Caco - 2 cell line), metabolic stability (e.g., 
hepatocytes), effi cacy (e.g., drug target cell types), and key toxicity organs 
(e.g., heart, kidney, liver), all to be cultured in defi ned compartments on a 
silicon chip sized device with defi ned fl ow in and out of each compartment 
(mimicking  “ blood fl ow ”  in and out of each of these organs). Access ports into 
this in vitro system can be engineered in between each of these compartments. 
To date, there have been some positive movements in this direction  [106 – 109] . 
A myriad of drug response data can be retrieved from this system, by 
making both real - time (longitudinal) and fi nal (end - stage) measurements. 
Such a device will provide a new  “ one - stop shopping ”  approach for drug 
screening toward any particular therapeutic target, with the only changing 
module being the target cell compartment (for different disease end points 
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and therefore requiring different disease target cell types and their fl ow 
characteristics in vivo). More important, this or similar chip devices will aim 
to provide both in vivo relevant potency data and therapeutic index data all 
in one go. 

 In essence, the future of measurements will likely be captured by one 
central theme: increased application of multifactorial measurements to capture 
a more complete picture of the underlying biology. On the one hand, ever 
more sophisticated cell culture models will become a reality as stem cell and 
tissue - engineering technology matures and delivers. Meanwhile an increasing 
number of biomedical laboratories will be equipped with knowledge and 
expertise to measure functional readouts from genomics, proteomics, kinom-
ics (or phosphoproteomics), metabonomics, lipidomics, glycomics, phenotypic 
responses, and morphometric multiparametric imaging data. These data will 
in turn be presented in a dynamic pathway view of the changing biology, with 
the cause and effect relationship more clearly identifi ed than before.  

  14.7   CONCLUSION 

 In the future the diagnosis, treatment, response, and prognosis of human dis-
eases will be optimized at the individual level with the help of technological 
advances described in this book  . The research - based pharmaceutical industry 
will continue to be at the forefront, turning promising laboratory research into 
clinical reality in terms of more effi cacious and safe medicines to extend 
human lifespan and enhance the quality of life. However, the desire for more 
effi cient technologies and processes indicates a need for more iterative use of 
the 4M paradigm (Figure  14.1 ). 

 The development of computational tools that can bridge the gap between 
the expert and nonexpert modeler, providing some confi dence in the predic-
tions while facilitating an improvement in hypothesis generation and testing, 
will continue to form the pillars of modeling and mining. The tasks of integrat-
ing modeling, mining, manipulation, and measurement falls to a new breed of 
systems biologists (Figure  14.1 ). These scientists will be trained in an interdis-
ciplinary manner and have a fundamental understanding of engineering prin-
ciples and at least one fi eld of biology (pharmacology, toxicology, etc.). 

 All the endeavors described in this chapter are aimed at providing a better 
answer to the fundamental question of any drug therapy: Does there exist a 
suffi cient therapeutic window?  
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