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Introduction
Compared with triacylglycerol (TAG) having a similar fatty acid composition, 1,3diacylglycerol (DAG) reduces postprandial hyperlipidemia (1–3), and the long-term
intake of DAG suppresses the accumulation of body fat in humans and animals (4–7).
These changes in lipid metabolism after ingestion of DAG may be a direct or indirect
result of the influence of a difference in small intestinal metabolism caused by the
structural characteristics of DAG (5,8). This chapter reviews insights into the activation of the small intestinal and hepatic lipid metabolism, and enhancement of wholebody energy expenditure, by ingestion of DAG.
Effect of Diacylglycerol on Small Intestinal Lipid Metabolism
The majority of ingested TAG is hydrolyzed to 2-monoacylglycerol (2-MAG) and
fatty acids in the gastrointestinal tract. These substances are then absorbed into the
intestinal epithelium and immediately resynthesized into TAG through the 2-monoacylglycerol pathway. On the other hand, hydrolysis of 1,3-DAG is presumed to form
1(or 3)-MAG and fatty acids, which are likely absorbed into the epithelium or further
hydrolyzed into glycerol and fatty acids. Thus, the metabolic pathway of 1,3-DAG
probably differs from that of TAG, and this difference affects intestinal function, particularly the lipid-metabolizing system. In addition, the small intestine is considered to
be affected by dietary components initially and directly. Therefore, we analyzed the
effect of dietary DAG on the intestinal lipid metabolism and found that DAG activates
lipid catabolism in the small intestine (5).
In C57BL/6 mice, which are a model for diet-dependent obesity, the accumulation of body fat was reduced after long-term intake of DAG compared with TAG
(Chapter 9). To elucidate the mechanisms underlying the effects of dietary DAG, we
analyzed the biochemical changes caused by the ingestion of DAG and TAG, particularly in the early stage of obesity. Mice were fed a low-TAG diet (5% TAG), highTAG diet (30% TAG), or high-DAG diet (15% TAG +15% DAG), and the intestinal
and hepatic β-oxidation activities of fatty acids were measured after 10 d. No signifiReprinted with permission from T. Murase and S. Kimura, in Diacylglycerol Oil, edited by Y.
Katsuragi, T. Yasukawa, N. Matsuo, B. Flickinger, I. Tokimitsu, and M. Matlock. AOCS Press,
Champaign IL: 2004, pp. 46–57.
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cant change was observed in the liver at this time point, although small intestinal βoxidation activity was markedly increased (Fig. 4.1).
Thus, we analyzed the expression of molecules related to lipid metabolism in the
small intestine by Northern blotting (5) and found that mRNA expression of acylCoA oxidase (ACO) and medium-chain acyl-CoA dehydrogenase (MCAD) involved
in β-oxidation of fatty acids was significantly increased in the high-DAG diet group
(Fig. 4.2).

FIG. 4.1. Effects of dietary diacylglycerol on β-oxidation in the small intestine (5). ***P <
0.001.

FIG. 4.2. Effects of dietary diacylglycerol on gene expressions involved in lipid metabolism in the small intestine (5). Abbreviations: ACO, acyl-CoA oxidase; MCAD, mediumchain acyl-CoA dehydrogenase; UCP-2, uncoupling protein-2; FAT, fatty acid translocase; L-FABP, L-fatty acid binding protein. **P < 0.01; ***P < 0.001.
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In addition, mRNA expressions of uncoupling protein-2 (UCP-2), fatty acid
translocase (FAT), and L-fatty acid binding protein (L-FABP) were also significantly
increased, suggesting that increased small intestinal β-oxidation activity is caused by
increased gene expression of lipid metabolism–related molecules. Such activation of
the small intestinal lipid metabolism by DAG was also confirmed in C57BL/KsJdb/db mice fed diets with α-linolenic acid (ALA) as the major fatty acid component
(9), i.e., ALA-DAG and ALA-TAG. When mice were fed ALA-DAG for 1 mo, the
intestinal β-oxidation activity and mRNA levels of the related genes (ACO, MCAD,
UCP-2) were significantly higher than those in the ALA-TAG–fed mice.
These findings indicate that ingestion of DAG activates the small intestinal lipid
metabolism at a relatively early stage. Generally, it is considered that the contributions
of muscle and the liver to energy consumption are relatively large, although the small
intestine is one of the largest organs and is active in β-oxidation of fatty acids (10,11).
Accordingly, it is possible that the small intestine contributes to energy expenditure,
particularly postprandial energy expenditure, to a certain extent, and that activation of
the small intestinal lipid metabolism by DAG may exert various influences on energy
balance and the fate of ingested lipids.
We investigated activation of small intestinal β-oxidation by TAG and DAG,
respectively, with various fatty acid compositions. Although the degree of activation
varied with the molecular species of composite fatty acids, DAG activated small
intestinal β-oxidation (data not shown), suggesting that its structural characteristics are
the key issue to the activity of DAG. On the basis of the finding that on d 10 of ingestion there were no differences between the high-TAG and the high-DAG groups in
blood component concentrations such as insulin and leptin, and that there were also no
differences in the expression of genes related to lipid metabolism in tissues other than
the small intestine, the activation of small intestinal lipid metabolism by DAG may
have resulted from the direct influence of DAG or DAG metabolites, rather than being
mediated by humoral factors.
To clarify the mechanism of activation of the small intestinal lipid metabolism by
DAG, we compared the metabolic pathway of lipids in the small intestine using 14CTAG and -DAG, respectively as shown in Figure 4.3 (5). The details are described in
Chapter 2. In brief, TAG was hydrolyzed to 2-MAG via 1,2(2,3)-DAG and absorbed
by the small intestinal epithelium. In contrast, DAG was likely hydrolyzed mainly to
fatty acids via 1(3)-MAG and absorbed. Accordingly, the ratio of fatty acids present in
the small intestinal lumen was significantly higher after DAG administration than
after TAG administration (Fig. 4.3A). The pattern of 14C-labeled lipids in the small
intestinal mucosa was also analyzed in the above experiment, and the ratios of 1(3)MAG, 1,3-DAG, and free fatty acids (FFA) were significantly higher in the DAG
treatment group (Fig. 4.3B).
The FFA increased by ingestion of DAG in the small intestinal mucosa may be
involved in the DAG-induced activation of the small intestinal lipid metabolism. The
gene expression of many lipid metabolism–related molecules such as ACO, MCAD,
and L-FABP is regulated by peroxisome proliferator-activated receptors (PPAR) (12).
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FIG. 4.3. (A) Analysis of digestion products of 1,3-[carboxyl-14C] diolein or [carboxyl14C] triolein in the intestinal lumen (5). (B) Analysis of 14C-labeled lipids in the intestinal
mucosa (5). *P < 0.05, **P < 0.01, ***P < 0.001.

P P A Rα is highly expressed in the small intestine; fatty acids act as ligands and activate PPARα, inducing the expression of lipid metabolism–related genes. Fatty acids
increased by ingestion of DAG may act as signal molecules and activate the lipid
metabolism in a PPAR-mediated manner. However, further investigation is required
to elucidate the detailed mechanism of activation of the small intestinal lipid metabolism, the involvement of PPAR in the mechanism, and the contribution of the small
intestine to systemic energy metabolism.
In addition to the hypothesis that an increase in FFA in the small intestinal
mucosa reflects the amount of fatty acids produced in the small intestinal lumen, the
increase might be explained by the metabolic pathway of DAG in the intestinal
epithelium. In addition to the ratio of FFA, the ratio of 1,3-DAG was also increased in
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the small intestinal mucosa. It was reported that the substrate specificity of diacylglycerol acyltransferase (DGAT) for 1,3-DAG was low, and that 1,3-DAG was not
readily resynthesized to TAG in vitro (13). It was also found that its precursor, 1(3)MAG, was also less likely to be used as a substrate for monoacylglycerol acyltransferase (MGAT) (14,15). We hypothesized that these characteristic metabolites of
DAG produced in the intestinal mucosa, along with differences in their levels and substrate specificity for the enzymes related to their metabolism, transiently increase the
fatty acid concentration in the small intestinal mucosa. Figure 4.4 showed the possible
metabolic fate of DAG in the small intestine.
Given that 2-MAG is not produced directly after ingestion of DAG, and DAG
metabolites are less likely to be used as the substrates of MGAT and DGAT responsible for the 2-MAG pathway, the contribution of the α-glycerophosphate (GP) pathway may be higher after ingestion of DAG than after ingestion of TAG. TAG synthesized by the 2-MAG pathway is rapidly used for chylomicron synthesis. In contrast,
TAG synthesized via the αGP pathway is stored in the cytoplasm, which is a pool
with slow turnover (16). TAG is subsequently hydrolyzed and reesterified to produce
TAG in microsomes, and is then incorporated into chylomicrons. Accordingly, fatty
acids at positions 1 and 3 are likely to be hydrolyzed by lipase after ingestion of DAG,
thus increasing fatty acid production. Simultaneously, DAG metabolites do not readily
enter the 2-MAG pathway because of the absence of 2-MAG, increasing the relative
ratio of the αGP pathway; this may result in slower and possibly lower secretion of
chylomicron-TAG into lymph and in the activation of the small intestinal lipid-metabolizing system.

FIG. 4.4. Possible metabolic fate of dietary diacylglycerol in the small intestine.
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Effect of Diacylglycerol on Hepatic Lipid Metabolism
Activation of the hepatic lipid metabolism by DAG was also reported. Murata et al.
(17) extensively analyzed fat accumulation in the liver, the activity of hepatic lipidmetabolizing enzymes, and the fatty acid composition of lipids in the liver of rats fed
diets containing 0–9.4% DAG for 2–3 wk. Ingestion of DAG decreased the serum
TAG concentration and significantly decreased the liver TAG content. At the same
time, the activities of enzymes involved in fatty acid synthesis, such as glucose-6phosphate dehydrogenase (G6PD), malic enzyme (ME), and fatty acid synthase
(FAS), were significantly decreased (Fig. 4.5). In contrast, the oxidation activity of
palmitoyl-CoA in the mitochondria and peroxisomes was significantly increased, by
~25–40% of the control value, in the DAG ingestion group (Fig. 4.6). The activities of
enzymes related to β-oxidation of the fatty acids acyl-CoA dehydrogenase, acyl-CoA
oxidase, enoyl-CoA hydratase, and 3-hydroxyacyl-CoA dehydrogenase also increased
dose dependently with DAG (Fig. 4.7).
The activities of the enzymes related to the metabolism of unsaturated fatty acids
containing c i s-double bonds, i.e., 2,4-dienoyl-CoA reductase and Δ3, Δ2-enoyl-CoA
isomerase, were also increased with increases in the dose of DAG. There were no significant differences in the activities of the marker enzyme of mitochondria, succinate
dehydrogenase, the marker enzyme of peroxisome, catalase, microsomal NADPHcytochrome C reductase, and the cytosol marker enzyme, lactate dehydrogenase,
between the TAG and DAG groups. The absence of changes in marker enzyme activities suggested that DAG induced β-oxidation–related enzymes without proliferation
of cell organelles. Watanabe et al. (18) speculated that increased release of FFA into
the portal circulation by DAG feeding enhanced β-oxidation in the liver.

FIG. 4.5. Activities of enzymes involved in fatty acid synthesis in the liver of rats fed
diets containing different proportions of DAG and TAG. DAG/TAG shows the amount of
dietary fatty acids as DAG and TAG (g/kg diet) (17). Abbreviations: G6PD, glucose-6phosphate dehydrogenase; ME, malic enzyme; FAS, fatty acid synthase.
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FIG. 4.6. Rate of oxidation of palmitoyl-CoA substrate in rat liver homogenate from rats
fed diets containing different proportions of DAG and TAG. DAG/TAG shows the
amount of dietary fatty acids as DAG and TAG (g/kg diet) (17).

FIG. 4.7. Activities of enzymes of fatty acid oxidation [nmol/(min·mg protein)] in the
liver of rats fed diets containing different proportions of DAG and TAG (17).

Murata et al. (17) analyzed the fatty acid composition of lipids in the liver in rats
fed TAG and DAG diets with similar fatty acid composition and found differences
between the two groups. Substitution of TAG with DAG decreased the ratio of oleic
acid in liver TAG and increased the ratio of dietary linoleic acid. The ratios of docosapentaenoic acid and docosahexaenoic acid to liver phospholipids were slightly but
significantly increased by ingestion of DAG. In contrast, the ratios of saturated
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fatty acids and oleic acid to liver phospholipids were decreased by the ingestion of
DAG. These phenomena may be closely related to lipid metabolism in the liver.
Lowering of the hepatic fatty acid synthesis by DAG may have increased the relative
use of dietary linoleic acid for the substrate of lipid synthesis, thus increasing linoleic
acid in liver TAG. The increase in relative use of α-linolenic acid may also have
increased the activities of 2,4-dienoyl-CoA reductase and Δ3, Δ2-enoyl-CoA isomerase, which are related to the metabolism of α-linolenic acid (Fig. 4.7). It was also
found that high-fat diet–induced mRNA expression and enzyme activity of microsomal triacylglycerol transfer protein (MTP) in the liver were suppressed by the ingestion of DAG (19).
Activation of the hepatic β-oxidation system and decreases in activities of fatty
acid synthesizing enzymes caused by ingestion of DAG would contribute to a reduction in body fat accumulation and hepatic lipid. A decrease in MTP activity by ingestion of DAG may be related to a reduction in blood TAG concentration through regulation of VLDL production in the liver.
Effect of Diacylglycerol on Whole Body Energy Expenditure
On the basis of findings that energy value and bioavailability do not differ between
DAG and TAG (see Chapter 3) and the amount of food consumption during the
experiments did not differ significantly between treatment groups, it is natural to consider that the difference in fat accumulation observed in both animal and human
experiments is attributable to different energy expenditure after the intake of these
respective fats. The increase in mRNA for energy metabolism–related molecules and
the stimulation of enzyme activities responsible for β-oxidation are obviously conducive to stimulation of energy expenditure, which results in the suppression of dietinduced obesity.
As mentioned above, DAG rich in α-linolenic acid as the constituent fatty acid
has a potent stimulatory effect on lipid metabolism (9). Watanabe et al. (20) investigated the effects of ALA-DAG ingestion on the oxidation of dietary fat. Male SD rats
(4 wk old) with a mean body weight of 92 ± 3 g were fed an ALA-DAG diet for 3 wk.
They were food-deprived for 6 h and then administered lipids containing [1-13C] tripalmitin. All of the gas exhaled by the rats was collected at 2-h intervals up to 6 h
postadministration of [1-13C] tripalmitin. As a control study, they conducted the same
experiment using rats fed TAG for 3 wk. The 13C content in the carbon dioxide
expired from the ALA-DAG-fed rats was significantly greater (P < 0.05) than that
from the TAG-fed rats up to 4 h after [1-13C] tripalmitin administration (Fig. 4.8).
This result indicates that the long-term ingestion of DAG, compared with that of
TAG, enhances oxidation of dietary fat in rats.
Some reports showed that DAG not only stimulates energy expenditure after
long-term ingestion, but also is readily metabolized after a single ingestion. Watanabe
et al. (18) fed 6-wk-old rats a food containing 10% TAG for 7 d; they were then food
deprived for 18 h while they were housed in expiratory air metabolism cages. Their
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FIG. 4.8. Changes in 13C in carbon dioxide exhaled by rats after a single dose of lipid.
Data are means ± SD (n = 8). *Different from TAG group (Student’s t -test; P < 0.05).
###Different from DAG (repeated-measures ANOVA; P treatment = 0.036, P time <
0.001) (20).

oxygen consumption was measured twice with a 5-min interval. Next, the rats were
orally administered 0.73 mL of a 10% lipid emulsion containing either 10% diolein or
triolein/100 g body weight, and the oxygen level in the expired air was measured with
a small animal expired air metabolism measuring apparatus (Eco-Oxymax; Columbus
Instruments International Corporation, OH) at 5-min intervals for 85 min. The difference between the mean value of the two oxygen consumption measurements before
the administration of either lipid emulsion and each of the oxygen consumption measurements at 5-min intervals after the administration was obtained, and expressed as
an increase in oxygen consumption. Oxygen consumption increased after oral administration of the 10% diolein or triolein emulsion (Fig. 4.9). The oxygen consumption
increased up to 20 min after administration of either emulsion. Thereafter, the oxygen
consumption in the diolein group increased more than that in the triolein group.
Although it is not known whether fat or carbohydrate is responsible for these increases
in oxygen consumption, these effects may explain, at least in part, the suppression of
diet-induced obesity by DAG.
In a more recent study, Kimura et al. (21) investigated the difference in energy
metabolism of rats after the administration of emulsions prepared with DAG or TAG
by monitoring oxygen consumption and respiratory quotients (RQ). They used male
Wistar rats (n = 6/group) weighing 250–280 g; rats were subjected to stomach cannulation. A fat emulsion prepared with either DAG or TAG was infused into the stomach (10 g oil/kg body weight) through the stomach cannula when the RQ value
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FIG. 4.9. Changes in oxygen consumption after lipid administration in rats. Data are
means ± SD, (n = 5) (21).

decreased to ~0.8 after stomach infusion of a glucose solution (3 g/kg body weight).
These experiments were started after 24 h of food deprivation. Oxygen consumption,
or energy expenditure, was enhanced after DAG infusion, with increased combustion
of fatty acids as determined by the respiratory gas analysis. Oxygen consumption in
the DAG group gradually increased after fat loading and reached a level significantly
higher than that of the TAG group 3 h after fat loading. There was no such increase in
the TAG group. RQ values gradually decreased in both groups after fat loading. The
reduction of RQ values in the DAG group, however, was more pronounced than that
in the TAG group. They concluded that these results were consistent with findings in
the previous report that the DAG oil is less likely to become body fat, and may help to
explain the antiobesity effect of DAG.

Summary and Conclusions
Continuous ingestion of DAG activates intestinal lipid metabolism (β-oxidation) relatively early, followed by activation of the hepatic β-oxidation system and lowering of
the lipid synthesis system. Kamphuis et al. (22) reported that the RQ was significantly
decreased and lipid oxidation was increased after ingestion of DAG compared with
ingestion of TAG in an expiration analysis in humans, indicating that DAG itself is
readily metabolized. The ease of DAG metabolism coupled with the activation of the
lipid-metabolizing system by continuous ingestion of DAG may lead to a reduction in
body fat accumulation over a long-term period at the individual level.
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