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The precise role of fat in postprandial glycemia and insulinemia has not been thoroughly re-
searched because postprandial blood glucose and concurrent insulin secretion are largely assumed
to be proportional to carbohydrate intake. Recent studies have suggested that dietary fat differ-
entially regulates the postprandial insulin response. To explore this, we examined the effects of
coadministered fat on glucose-induced glycemia and insulinemia in C57BL/6J mice. The insulin
response to glucose was augmented by the addition of glycerol trioleate (TO) in a dose-dependent
manner, which was associated with enhanced glucose transport from the circulation to muscle and
adipose tissues. To investigate the mechanism underlying fat-induced hyperinsulinemia, we ex-
amined the release of the incretin hormones glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide-1. TO increased GIP secretion, whereas glucagon-like peptide-1 secre-
tion was unaffected. TO-induced hyperinsulinemia was significantly attenuated by the pretreat-
ment of mice with a specific GIP antagonist. Diacylglycerol (DAG) promoted lower postprandial GIP
and triglyceride responses and, when ingested with glucose, a lower insulin response compared
with triacylglycerol of a similar fatty acid composition. Pluronic L-81, an inhibitor of chylomicron
formation, reduced not only the triglyceride response but also TO-induced GIP secretion, indicating
that the lower GIP response after DAG ingestion may be associated with retarded chylomicron
formation in the small intestine. We conclude that dietary fat augments glucose-induced insu-
linemia via gut-derived GIP and, thereby, influences postprandial nutrient metabolism in mice.
DAG promotes a lower GIP and thereby reduced insulin responses compared with triacylglyc-
erol, which may differentially influence postprandial energy homeostasis. (Endocrinology 150:
2118-2126, 2009)

ostprandial hyperglycemia has recently been recognized as
Pan important risk factor for cardiovascular disease not only
among persons with diabetes but also among the general pop-
ulation (1). Recent studies have shown that high-level postpran-
dial glucose and insulin responses, resulting from carbohydrate-
rich diets, are associated with undesirable lipid profiles (2),
increased body fat (3, 4), and the development of insulin resis-
tance in rodents (5) and humans (6). Prolonged or high levels of
postprandial insulinemia are also thought to contribute to the
development of insulin resistance and associated diseases (7-14).
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Although the standardized measurement of the glycemic index
and insulinemic response to the diet is of both theoretical and
practical significance, the clinical relevance of the glycemic index
remains a subject of debate, mostly because the glycemic re-
sponse to individual foods is not maintained in mixed meals due
to the confounding effects of dietary factors other than carbo-
hydrate, i.e. protein and fat (15-19).

The precise role of fat and protein in postprandial glycemia
and insulinemia has not been thoroughly investigated because
postprandial blood glucose and concurrent insulin secretion are

Abbreviations: ANTGIP, GIP receptor antagonist; AUC, area under the curve; BW, body
weight; DAG, diacylglycerol; GIP, glucose-dependent insulinotropic polypeptide; GLP-1,
glucagon-like peptide-1; K¢, glucose elimination constant; PL, Pluronic L-81; PLSD, pro-
tected least significant difference; TAG, triacylglycerol; TG, triglycerides; TO, glyceryl
trioleate.
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largely assumed to be proportional to carbohydrate intake (20).
One of the aims of this study was to clarify how the co-ingestion
of fat affects the increase in blood glucose and insulin levels after
carbohydrate intake. We examined the effects of coadministered
fat on glucose-induced glycemia and insulinemia in C57BL/6]
mice. Because intragastrically administered fat increased the
postprandial insulin response, we examined gut-derived incre-
tins, the two most important being glucose-dependent insulino-
tropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1)
(21). We herein report that fat ingestion potentiates glucose-
induced insulinemia via gut-derived GIP and, thereby, results in
the increased incorporation of dietary nutrients into muscle and
adipose tissues.

Prior studies in animals and humans have shown that dietary
diacylglycerol (DAG) oil leads to the suppression of body fat
accumulation, body weight loss, improved glucose tolerance,
and lower postprandial lipemia compared with triacylglycerol
(TAG), of a similar fatty acid composition (22-25). The struc-
tural and metabolic characteristics of DAG compared with TAG
are believed to be responsible for these beneficial effects.

More recently, studies have shown that the ingestion of a
DAG oil-rich diet results in a lower postprandial insulin response
compared with TAG oil in humans (26, 27). These findings sug-
gest a differential regulation of the postprandial insulin response
and a possible mechanism for a postprandial increase in energy
expenditure mediated by DAG. However, the underlying mech-
anisms for this action still remain to be elucidated.

For the above reasons, this study was also designed to clarify
the underlying mechanism of DAG action which lowers the post-
prandial insulin response. We investigated the effect of DAG on
blood glucose, insulin, and GIP. We also report that DAG in-
gestion results in lower GIP and insulin responses, and that this
may be related to the characteristic metabolism of DAG in the
small intestine and a possible mechanism explaining the anti-
obesity effect of DAG.

Materials and Methods

Materials

All reagents for experiments, as well as for analytical procedures, were
from Sigma-Aldrich Japan K.K. (Tokyo, Japan) unless otherwise stated.

Animals

Male C57BL/6] mice (7-8 wk old; CLEA Japan, Inc., Tokyo, Japan)
were housed five per cage in a temperature- and a relative humidity-
controlled (23 = 2.0 C, 55 = 10%) room with a 12-h light, 12-h dark
cycle with lights on at 0700 h. Mice were fed a standard chow consisting
of 3.47 kcal/g, with 4.6 % fat, 51.4% carbohydrate, and 24.9% protein
(CE-2; CLEA Japan). Food and water were provided ad libitum. All
animals were housed for 1-2 wk before use. All animal experiments were
conducted in the Experimental Animal Facility of Kao Tochigi Institute.
The Animal Care Committee of Kao Tochigi Institute approved the
present study. All experiments strictly followed the guidelines of that
committee.

Oral glucose and fat load study

Overnight-fasted mice were anesthetized through the inhalation of
diethyl ether, and administered D-(+)-glucose [2 mg/g body weight
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(BW)] through a gastric tube with or without the addition of glyceryl
trioleate (TO, 0.5-2 mg/g BW). Lecithin (from egg yolk, 0.08 mg/g BW;
Kanto Chemical Co., Inc., Tokyo, Japan) was included in all test solu-
tions containing oil, and these were subsequently sonicated three times
for 60 sec with a 1-min interval of cooling on ice to obtain stable emul-
sions (Sonifier 450; Branson Ultrasonics Co., Danbury, CT). The ad-
ministration volume was adjusted to 40 ul/g BW. We preliminarily con-
firmed that the minimal amount of lecithin did not affect blood glucose
and insulin responses after gastric glucose gavage. Accordingly, we used
the glucose solution as a control sample. Blood samples (~50 ul) were
collected from the orbital sinus under anesthesia with diethyl ether in-
halation immediately before and at indicated times after gastric gavage
using a heparinized capillary tube (75 mm length; Drummond scientific
Co., Broomall, PA). Blood samples were kept on ice until plasma prep-
aration. After centrifugation at 11,000 rpm for 5 min (Micro Hematocrit
Centrifuge model 32005 Kubota Co., Tokyo, Japan), plasma was stored
at —80 C until analysis.

For GLP-1 analysis, we collected whole blood samples via the ab-
dominal vein for single blood time points (0, 10, 30, or 60 min) because
200-ul plasma samples were necessary to determine active GLP-1. Thir-
ty-five overnight-fasted mice were divided into seven groups. One group
was designated the 0-min group, and blood samples (~400 ul) were
taken from the abdominal vein under anesthesia with diethyl ether in-
halation immediately before gastric gavage. Three groups were admin-
istered glucose alone (2 mg/g BW), and the remaining three were admin-
istered glucose plus TO (2 mg/g BW) in the same manner as described
above. Blood samples were taken from the glucose- and glucose plus
TO-administered groups (one group each) at 10, 30, and 60 min after
gastric gavage via the abdominal vein under anesthesia. Blood samples
were collected into capillary blood collection tubes (CAPIJECT with
EDTA-2Na; Terumo Medical Co., Tokyo, Japan) containing dipeptidyl
peptidase IV inhibitor (Millipore, Tokyo, Japan) and maintained on ice
until plasma preparation. After centrifugation, plasma was stored at —80
C until GLP-1 analysis.

Tissue distribution of radiolabeled glucose

Overnight-fasted mice were administered glucose (2 mg/g BW) con-
taining D-[U-'*C]glucose (4 nCi/g BW; GE Healthcare Bio-Sciences KK,
Tokyo, Japan) with (2 mg/g BW) or without TO. Mice were placed in
individual, airtight metabolic cages (Metabolica type MM-CO,; Sug-
iyama-gen, Tokyo, Japan) and maintained for 2 h at 22 = 2 C. Air was
drawn through the cages at 150 ml/min. The air entering the cage was
first passed through 5 N sodium hydroxide solution to remove atmo-
spheric carbon dioxide and then passed through silica gel blue (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) to remove water vapor.
The gas expired by the mice was trapped in a trough gas collection
chamber containing 5 N sodium hydroxide solution (40 ml). A 2-ml
aliquot of the expired *CO, was collected at 10, 30, 60, and 120 min
after administration of the tracer. Blood time points were also collected
at the same time in the same manner as described above. The mice were
euthanized by collecting whole blood (~ 500 ul) from the abdominal
vein under anesthesia with diethyl ether inhalation; then, the liver, gas-
trocnemius muscle, and epididymal fat were collected for radioactivity
measurement.

GIP receptor antagonist (ANTGIP)

Synthetic peptide corresponding to mouse ANTGIP [7-30GIP(NH,)],
a GIP fragment identified as a specific ANTGIP (28), was obtained from
the Oriental Yeast Co., Ltd. (Tokyo, Japan). We preliminarily confirmed
that ANTGIP reduced GIP-promoted insulin secretion from isolated
mouse pancreatic islets.

Overnight-fasted mice were sc administered saline or ANTGIP (100
pmol/g BW). After 30 min, either saline- or ANTGIP-administered mice
were administered glucose with or without TO through a gastric tube,
and blood samples were collected in the same manner as described above.
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Oral administration of DAG oil

DAG or TAG oil was prepared by the esterification of oleic acid
(purity >85%, NOF Co., Tokyo, Japan) with glycerol in the presence of
immobilized lipase (29, 30) and purified further with open column liquid
chromatography (31). The ester distributions of acylglycerols and the
fatty acid compositions of TAG and DAG (by weight) were determined
by gas chromatography. The fatty acid composition of the DAG oil was
very similar to that of the TAG oil (oleic/stearic/linoleic acid = 85.2/
3.3/6.9% vs. 84.9/3.4/5.8%,DAG vs. TAG). The DAG concentration of
the DAG oil was 94.2/100 g, and the ratio of 1(3),2- to 1,3-DAG was
30.0:64.2.

Albumin (from bovine serum, 0.04 mg/g BW) was included in addi-
tion to lecithin (0.04 mg/g BW) in all test solutions containing oil, and
these were subsequently sonicated in the same manner as described
above. The addition of a minimal amount of albumin was necessary to
obtain stable emulsions with DAG oil. After being determined by laser
light-scattering spectrometry (SALD-2100; Shimadzu, Kyoto, Japan),
the particle size distributions of the two emulsions were found to be
identical, with mean diameters of 1.45 *= 0.25 um in TAG and 1.23 *
0.21 pum in DAG oil. We used the glucose solution as a control sample
because the minimal amount of lecithin and albumin did not affect blood
glucose and insulin responses after gastric glucose gavage in a prelimi-
nary experiment.

Overnight-fasted mice were administered either TAG or DAG oil (2
mg/g BW) alone or together with glucose (2 mg/g BW), and blood time
points were collected in the same manner as described above. Blood
samples were kept on ice until plasma preparation. After centrifugation,
plasma was stored at —80 C until analysis.

Effect of Pluronic L-81 on fat-induced GIP secretion
Overnight-fasted mice were administered TO (2 mg/g BW) emulsified
using lecithin with or without Pluronic L-81 (PL, 0.31 mg/g BW; BASF,
Tokyo, Japan), and blood samples were collected in the same manner as
described above. Blood samples were kept on ice until plasma prepara-
tion. After centrifugation, plasma was stored at —80 C until analysis.

Plasma analysis

Blood glucose was determined by a blood glucose self-monitoring
device (Accu-Chek Comfort; Roche Diagnostics Co., Tokyo, Japan) im-
mediately after blood collection. Plasma insulin was determined using a
rat/mouse insulin ELISA kit and rat insulin as standard (Morinaga In-
stitute of Biological Science, Inc., Yokohama, Japan). Triglycerides (TG)
were assessed with the Triglyceride E-test Wako (Wako Pure Chemical
Industries, Ltd., Osaka, Japan). Total GIP and active GLP-1 were mea-
sured using an ELISA kit for total GIP and a GLP-1 active ELISA kit
(Linco Research Inc., St. Charles, MO), respectively.

Statistical analysis

Values are means = sEM. Glycemic, insulinemic, and GIP responses
were assessed by calculating the incremental area under the curve (AUC)
using the trapezoid rule from 0-120 min for plasma glucose, from 0-30
min for insulin, and from 0-60 min for GIP. The glucose elimination
constant (K;) was estimated as the glucose elimination rate between 10
and 30 min: K¢, (percent per minute) = ([glucose]10 min — [glucose]30
min)/[glucose]10 min/20 min.

Pearson’s correlation coefficients were obtained to estimate the linear
correlation between glucose and insulin levels. Student’s # tests after a
preliminary F test of the homogeneity of within-group variance were
used when comparing values between the groups. When more than two
groups were compared, statistical analysis was conducted using a one-
way ANOVA and subsequently employing Fisher’s protected least sig-
nificant difference (PLSD) multiple comparison (STATVIEW for Win-
dows version 5.0; SAS Institute Inc., Cary, NC).

Dietary Fat Regulates GIP and Insulin in Mice
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FIG. 1. Plasma concentrations of glucose (A) and insulin (C) and AUC
immediately before and 10, 30, 60, and 120 min after the administration of
glucose alone (2 mg/g BW, @, G), triolein alone (2 mg/g BW, A, TO), or both
together with glucose (2 mg/g BW each, B, G+TO) through gastric gavage in
overnight-fasted anesthetized male C57BL/6J mice. AUC are calculated from
0-120 min for glucose (B) and from 0-30 min for insulin (D). Data are expressed
as means * sem; n = 6 in each group. Statistical analysis of the AUC was
conducted using a one-way ANOVA and subsequently Fisher's PLSD multiple
comparison. a—c, Means not sharing a given letter differ significantly (P < 0.05).

Results

Glucose and insulin responses

Glucose administration increased plasma glucose levels at 10
min, and thereafter, the levels declined (Fig. 1A). Insulin levels
peaked at 10 min after glucose administration and thereafter
declined, reaching the baseline after 30 min (Fig. 1C). After fat
(TO) administration, plasma levels of glucose and insulin re-
mained stable throughout the study period (Fig. 1, A and C).
When TO was administered together with glucose, the insulin
level was significantly increased at 10 min, followed by a marked
decline of blood glucose at 30 min (Fig. 1, A and C). The peak TG
level (at 60 min) was also decreased after the administration of
TO with glucose compared with TO alone (182.2 = 21.9 vs.
235.4 = 10.6 mg/dl, respectively). Both the glucose and TG re-
sponses were significantly decreased after glucose plus TO com-
pared with glucose (~30% decrease in AUC,,,c0s.120 min, Fig.
1B) or TO alone (>40% decrease in AUC;120 min).

The coadministration of TO with glucose increased peak in-
sulin levels and decreased blood glucose at 30 min in a dose-
dependent manner (Fig. 2, C and A, respectively). The coadmin-
istration of TO with glucose did not affect peak blood glucose
levels. Blood glucose at 30 min was negatively (r = —0.782; P <
0.001; Fig. 2E) and K (the glucose elimination rate between 10
and 30 min) was positively (r = 0.675; P < 0.001; Fig. 2F)
associated with the peak insulin level at 10 min. The glucose-
induced insulin response (AUC) for 30 min was augmented dose-
dependently upon TO administration (~2-fold increase at max-
imum; P < 0.01; Fig. 2D), which was associated with a decreased
glucose response (AUC) for 120 min (~30% decrease at the
maximum; P < 0.001) (Fig. 2B).

Tissue distribution of orally administered glucose
Table 1 shows the tissue distribution of radioactivity derived
from orally administered glucose after 120 min. Glucose-derived
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FIG. 2. Plasma concentrations of glucose (A), insulin (C), and the relationship
between plasma insulin and plasma glucose (E) or K¢ (F) after the administration
of glucose alone (O, 2 mg/g BW, G) or together with 0.5 (A), 1 (), or 2 (®) mg/
g BW of TO in fasted anesthetized male C57BL/6J mice. AUC are calculated from
0-120 min for glucose (B) and from 0-30 min for insulin (D). Data are expressed
as means = sem; n = 10 in each group. Pearson'’s correlation coefficients were
obtained to estimate the linear correlation between glucose and insulin levels.
Student’s t tests after a preliminary F test of the homogeneity of within-group
variance were used when comparing values between the glucose-only group and
the experimental group. Asterisks indicate the probability level of random
differences between the groups: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

radioactivity in plasma peaked at 10 min after glucose admin-
istration and thereafter declined. When TO was administered
together with glucose, the radioactivity of plasma was signifi-
cantly lower at 30 min compared with glucose alone. Glucose-
derived radioactivity in plasma during 120 min (AUC) was sig-
nificantly decreased by the addition of TO (~15%, P < 0.05).
The addition of TO also reduced the glucose-derived radioac-
tivity in the liver by approximately 25% (P < 0.05), whereas it
increased both in the gastrocnemius muscle (~27%, P < 0.01)
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and white adipose tissue (~33%, P < 0.05). Expired radioac-
tivity was unaffected by the addition of TO.

Incretin responses

Figure 3 shows the plasma concentrations of total GIP (Fig.
3A) and active GLP-1 (Fig. 3C) after the administration of glu-
cose alone or glucose together with TO. Both oral glucose and
TO increased plasma GIP levels at 10 min, and thereafter, GIP
levels declined, reaching the baseline after 60 min. The plasma
GIP response for 60 min tended to be higher after TO than glu-
cose administration (~2-fold; P = 0.053 for AUCp60 min; Fig.
3B). When TO was added to glucose, the GIP level was signifi-
cantly increased at either 10 or 30 min compared with glucose
alone (P < 0.01). The plasma GIP response for 60 min (AUC-
60 min) was additively increased when glucose and TO were
administered together. The active GLP-1 concentration tended
to be increased after 30 min by the addition of TO, but this was
not significant (Fig. 3C).

Effect of ANTGIP on fat-induced increase in insulin
secretion

Figure 3, D and E, shows the effect of ANTGIP on blood
glucose and insulin responses after the administration of glucose
with or without TO. Blood glucose and insulin responses after
glucose administration did not differ between saline- and ANT-
GIP-pretreated mice. In contrast, the insulin response after gas-
tric gavage with glucose plus TO was significantly lower in ANT-
GIP-pretreated than in saline-treated mice (P < 0.05). Peak
insulin levels of saline-pretreated mice were significantly higher
in the glucose- plus TO-administered group compared with the
glucose-administered group. In contrast, peak insulin levels of
ANTGIP-pretreated mice were similar between the glucose- and
the glucose- plus TO-administered groups. Blood glucose levels
at 30 min in saline-pretreated mice were significantly lower in the
glucose- plus TO-administered group compared with the glu-
cose-administered group (P < 0.05). In contrast, those of ANT-
GIP- pretreated mice were similar between glucose- and glucose-
plus TO-administered groups.

TABLE 1. Tissue distribution of orally administered ['*C]glucose after the administration of glucose (G) alone or together with

TO through gastric gavage in anesthetized C57BL/6J) mice

Radioactivity (['*C] DPM/g sample)

Relative radioactivity (%)

Time

Tissues (min) G G+TO G G+TO P

Plasma 10 13,170 = 509 12,680 = 252 100.0 £ 3.9 96.3+ 19 NS
30 11,738 = 779 7,187 = 449 100.0 = 6.6 61.2 +3.8 <0.01

60 7,638 = 685 6,885 * 483 100.0 = 9.0 90.1 £ 6.3 NS

120 3,210 £ 291 3,722 £ 227 100.0 £ 9.1 116.0 = 7.1 NS
Plasma AUC 120 min (X103) 931 + 50 791 + 28 100.0 = 5.3 85.0 + 3.0 <0.05
Liver 120 48,479 * 4,166 36,178 + 3,218 100.0 = 8.6 746 £ 6.6 <0.05
Gastrocnemius muscle 120 1,173 £ 52 1,491 =18 100.0 = 4.4 127115 <0.01
Epididymal fat 120 737 £ 18 984 + 71 100.0 = 2.4 133.4+9.7 <0.05

Expired CO, 120 1,633 =6 1,712 =198 100.0 = 0.4 1049 =122 NS

Results are means =+ sem (n = 4). Unpaired Student’s t tests after a preliminary F test of the homogeneity of within-group variance were conducted between G and

G+TO groups. DPM, Disintegrations per minute; NS, not significant.
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FIG. 3. Plasma concentrations of total GIP (A) and active GLP-1 (C) after the
administration of glucose alone (@, G), triolein alone (A, TO), or both together
(M, G+TO) in overnight fasted anesthetized male C57BL/6J mice. AUC are
calculated from 0—60 min for GIP (B). Plasma concentrations of glucose (D) and
insulin (E) after the administration of glucose alone (O and [J) or TO together
with glucose (@ and W) in C57BL/6J mice previously administered saline (O and
@) or ANTGIP (100 pmol/g BW, [J and M). Data are expressed as means =+ sem;
n = 5-7 in each group. Statistical analysis was conducted using a one-way
ANOVA and subsequently Fisher’s PLSD multiple comparison. a and b, Means not
sharing a given letter differ significantly (P < 0.05).

Blood glucose and insulin responses to DAG

The coadministration of DAG oil with glucose significantly
increased the insulin level at 10 min, followed by a marked de-
cline in the blood glucose at 30 min compared with glucose alone
(Fig. 4, A and C). However, the peak insulin level after DAG was
significantly lower than that after TAG administration (Fig. 4C).
The insulin response for 30 min (AUC,,,,;,30 min) was also
significantly lower after DAG compared with TAG administra-
tion (Fig. 4D). The blood glucose response after DAG did not
significantly differ from that after TAG administration (Fig. 4, A
and B).

GIP and TG responses after DAG ingestion

The administration of DAG oil stimulated a postprandial GIP
response either with or without glucose. However, the peak GIP
level was significantly lower after DAG administration com-
pared with that of TAG either with (Fig. 4E) or without glucose
(Fig. 5A). The GIP response for 60 min (AUC5p60 min) was
significantly lower after DAG administration (~20%, P < 0.05)
compared with that of TAG either with or without glucose (Figs.
4F and 5B). The plasma TG response was also significantly lower
after DAG administration compared with that of TAG either
with or without glucose (Figs. 4G and 5C).

Dietary Fat Regulates GIP and Insulin in Mice
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FIG. 4. Plasma concentrations of glucose (A), insulin (C), total GIP (E), and TG
(G) after the administration of glucose alone (O) or with TAG (@) or DAG (M)
through gastric gavage in anesthetized male C57BL/6J mice. AUC are calculated
from 0-120 min for glucose (B), from 0-30 min for insulin (D), and from 0—60
min for GIP (F). Data are expressed as means = sem; n = 7-9 in each group.
Student’s t tests after a preliminary F test of the homogeneity of within-group
variance were used when comparing TG values between TAG and DAG groups.
Asterisks indicate the probability level of random differences between groups:
** P < 0.01. Statistical analysis was conducted using a one-way ANOVA and
subsequently Fisher’s PLSD multiple comparison. a—c, Means not sharing a given
letter differ significantly (P < 0.05).

Effect of PL on fat-induced GIP secretion

Figure 6 shows the effect of PL on plasma GIP (Fig. 6, A and
B) and the TG response (Fig. 6C) after TO administration. Either
the peak GIP level (Fig. 6A) or GIP response for 60 min (~40%
in AUCp60 min, Fig. 6B) was significantly decreased by the
addition of PL. The plasma TG response was completely inhib-
ited by PL (Fig. 6C).

Discussion

The first finding in this study was that the co-ingestion of fat with
glucose reduced the postprandial glycemic response. Even
though the co-ingestion of fat did not affect peak blood glucose
levels, itincreased peak insulin levels and subsequently decreased
blood glucose to lower levels. Blood glucose after 30 min was
lower in the presence of fat and was negatively associated with
the peak insulin level. There are several possible factors that
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FIG. 5. Plasma concentrations of total GIP (A) and TG (C) after the
administration of TAG (@) or DAG (M) (without glucose) through gastric gavage
in anesthetized male C57BL/6J mice. AUC are calculated from 0—-60 min for GIP
(B). Data are expressed as means =+ sem; n = 10 in each group. Student’s t tests
after a preliminary F test of the homogeneity of within-group variance were used
when comparing values between the groups. Asterisks indicate the probability
level of random differences between groups: *, P < 0.05; **, P < 0.01;
**% P <0.001.

could have contributed to the lower glycemic response to glucose
in the presence of fat. Although we cannot exclude the possibility
that fat ingestion may alter the hepatic extraction of insulin, the
most likely explanation is that dietary fat augments glucose-
induced insulin secretion and thereby stimulates glucose uptake
by insulin-targeted tissues. Consistent with this, the co-ingestion
of fatincreased glucose distribution in adipose tissue and skeletal
muscle. An increased hepatic uptake of glucose was not observed
after the co-ingestion of fat in this study.

We calculated total radioactivity in each tissue including ex-
pired gas at 120 min by taking account of the tissue weight. Total
radioactivity was estimated to be approximately 7% less after
glucose plus triolein than after glucose alone. More radioactivity
was incorporated into the gastrocnemius muscle and epididymal
fat tissues when glucose was administered with fat. Accordingly,
the missing radioactivity after glucose plus triolein might be in-
corporated into other muscle and adipose tissues. However, we
cannot exclude the possibility that more radioactivity remains in
other tissues, e.g. the intestine.
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The peak insulin levels after gastric glucose gavage varied
markedly between experiments (ranging from 1.75-3.84 ng/ml),
whereas the blood glucose response and the magnitude of stim-
ulation of the insulin response by triolein appeared to be con-
sistent. The mechanism responsible for generating the interex-
perimental variation in peak insulin levels remains unknown.
Accordingly, fat-induced stimulation of the insulin response should
be evaluated by comparison with a control (glucose alone).

It is known that gastric emptying contributes to postprandial
glucose concentrations in healthy subjects and in patients with
type 2 diabetes (32, 33). In this study, we did not study gastric
emptying. However, it is unlikely that delayed gastric emptying
is responsible for the acute changes in insulin secretion after the
ingestion of fat observed in this study, because the peak blood
glucose level did not differ between the experimental groups. The
AUC for glucose and insulin may be affected by the reduced
gastric emptying in the later phase of the study period.

One possible mechanism by which the potentiation of the
insulin response to glucose could occur is via gut-derived incre-
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tins, GIP and GLP-1 (21). The addition of fat to glucose gave rise
to a greatly increased GIP response at 10 min when fat-induced
hyperinsulinemia was observed. In addition, the GIP-specific an-
tagonist ANTGIP reduced fat-promoted insulin secretion but did
not affect insulin secretion after the administration of glucose
alone. Previous studies have shown that fat is a potent stimulus
of GIP release, and GIP has been shown to potentiate glucose-
induced insulin secretion (34-38). These results together indi-
cate that fat-induced GIP secretion plays a significant role in the
promotion of hyperinsulinemia after the co-ingestion of glucose
and fat. However, the involvement of another mechanism cannot
be excluded because GIP antagonism inhibited only half of the
fat-promoted insulin secretion.

Tseng et al. (39) reported that ANTGIP treatment decreased
insulin secretion after a glucose meal in rats. In this study, post-
prandial insulin secretion after glucose alone was not affected by
ANTGIP treatment in mice. A few studies have reported the
physiological concentration of GIP that stimulates glucose-in-
duced insulin release. Siegel and Creutzfeldt (40) reported that
GIP of 1-100 ng/ml (0.196-19.6 nm) enhanced glucose-induced
insulin release by isolated rat pancreatic islets. Tseng et al. (28)
showed that the glucose-induced insulin response was enhanced
by iv GIP infusion (0.5-1.5 nmol/kg) in rats. In this study, the
peak plasma GIP was approximately 0.270 ng/ml (0.054 nm)
after glucose alone, whereas glucose plus triolein raised the peak
GIP level up to 0.660 ng/ml (0.132 nm). Even though the phys-
iological threshold of the GIP level still remains to be clarified,
the lower GIP level after the administration of glucose alone did
not appear to exhibit an insulinotropic effect in this study. The
contribution of GIP to glucose-induced insulin secretion remains
to be further studied.

GIP has been shown to stimulate glucose uptake via Akt ac-
tivation (41) in adipocytes as well as insulin. Therefore, fat-in-
duced GIP secretion may also contribute to rapid blood glucose
elimination. The postprandial TG response was also signifi-
cantly reduced in the presence of glucose compared with fat
alone. A recent study also demonstrated that GIP, like insulin,
activates lipoprotein lipase in adipocytes (42). One possibility to
explain the reduced lipidemia after the co-ingestion of glucose
and fat is increased TG uptake from the circulation by adipose
tissues. However, the reduction of hepatic very-low-density li-
poproteins output cannot be excluded.

In contrast to the immediate and marked increase in GIP after
the ingestion of fat in combination with glucose, the adminis-
tration of fat with glucose did not affect the active GLP-1 re-
sponse at 10 min, and tended to increase the plasma GLP-1 level
only at 30 min compared with that achieved by glucose alone. It
is likely that GIP does but GLP-1 does not contribute to the
fat-induced hyperinsulinemia observed at 10 min in this study.
Ingested nutrients may have reached GIP-producing K cells in the
upper small intestine within the 10-min study period, whereas a
longer period of time is required to affect GLP-1-producing L
cells in the distal intestine. The increased GLP-1 levels observed
after 30 min in this study are consistent with previous studies
demonstrating increased GLP-1 after fat-rich meal ingestion
(43-45). Gunnarsson et al. (46) showed that active GLP-1 was
increased by fatty acids at 15 min after gastric gavage. Similarly,
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previous in vitro studies have shown that fatty acids stimulate
GLP-1 release in primary rat L cells and in a mouse L-cell line (47,
48), and the stimulation of GLP-1 secretion by fatty acids is
mediated via the activation of G protein-coupled receptor 120
(49). Our inability to detect fat-mediated active GLP-1 release at
10 min iz vivo may be because of a low concentration of fatty
acids at the location of L cells after fat administration. It is also
possible that fat-induced GLP-1 secretion is a slow phenomenon
in vivo, possibly because the secretion of GLP-1 fromileal L cells
is regulated by a complex proximal-distal loop that involves both
GIP and neural factors (50). Another possible explanation for the
lack of active GLP-1 stimulation in this study may be the low dose
of glucose or triolein (2 mg/g BW each). Recently, Althage et al.
(51) reported thatactive GLP-1 levels were very low after the oral
administration of 3 mg glucose/g BW. Therefore, they adminis-
tered a high dose of glucose (6 mg/g BW) or 3 mg/g glucose plus
intralipid when active GLP-1 was to be measured. Finally, the
rapid degradation of intact GLP-1 by the ubiquitous enzyme
dipeptidyl peptidase IV cannot be excluded because we did not
examine total GLP-1.

In this study, fat administration in combination with glucose
augmented insulin levels and enhanced glucose elimination com-
pared with glucose alone. This is consistent with a previous re-
port showing that the fat content of the diet was negatively as-
sociated with the postprandial glycemic response in healthy
volunteers (52). The lower glycemic response in the presence of
fat may appear beneficial for the glycemic control of diabetics.
However, the changes found after the co-ingestion of fat indicate
at least a potentiation of insulin secretion that could form the
basis of the insulin resistance associated with the chronic con-
sumption of high-fat diets. The possibility that GIP plays a role
in fat assimilation and the pathogenesis of obesity also cannot be
excluded. Previous studies have shown that GIP increases li-
poprotein lipase activity in preadipocytes (53), and the inhibition
of GIP signaling prevents the onset of obesity and consequent
insulin resistance induced by a high-fat diet (54). Thus, despite the
apparent improvement in blood glucose levels that occurs when
carbohydrate is ingested together with fat, the observation that the
insulin levels were promoted suggests that increasing the fat content
of meals would not be beneficial for obesity and diabetics.

Recent studies have shown that DAG-rich diets attenuate
weight gain and improve glucose tolerance compared with a TAG-
rich diet of a similar fatty acid composition in animals (55-58) and
humans (59-61). In addition, DAG ingestion reduced postprandial
lipidemia in humans (62, 63). These effects of dietary DAG are
probably caused by the different metabolic fates due to the variation
in the structures of the lipids. However, the effect of DAG on post-
prandial GIP secretion has not been elucidated.

Of greater importance is the novel finding that DAG stimu-
lated less GIP secretion either with or without glucose compared
with TAG of a similar fatty acid composition. DAG also stim-
ulated a lower insulin response compared with TAG in combi-
nation with glucose. These results support the previous studies
indicating that the postprandial insulin response was lower in
DAG than TAG when dietary oil was ingested in combination
with carbohydrate (26, 27). Despite the lack of a change in the
activity of GIP or active GIP secretion, this study suggests the
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intriguing possibility that dietary DAG stimulates a lower GIP re-
lease in the postprandial state and thereby a reduced insulin re-
sponse compared with TAG of a similar fatty acid composition.

Because very little is known about the apparent mechanism of
fat-induced GIP secretion, it is still unclear how DAG stimulates
reduced GIP secretion compared with TAG. A previous study
showed that the intragastric infusion of an emulsion containing
DAG significantly inhibited the lymphatic transport of TG as
chylomicrons in rats (64). To investigate whether fat-induced
GIP secretion is associated with chylomicron formation, we stud-
ied the effect of PL, an inhibitor of chylomicron formation, on
GIP secretion after TO administration. Previous reports indi-
cated that PL inhibits chylomicron secretion into the lymph (65,
66) without affecting the intestinal digestion, absorption, and
re-esterification of TG (67, 68). Tso et al. (66) suggested that PL
blocked either the formation of chylomicrons or the movement
of these particles out of the endoplasmic reticulum. In this study,
PL significantly attenuated the fat-induced plasma TG and GIP
response throughout the study period. This suggests that fat-in-
duced GIP secretion is associated with chylomicron formation in
the intestinal mucosa. Decreased GIP secretion after DAG in-
gestion may be attributed to retarded chylomicron formation.
Morita et al. (69) proposed that PL inhibited the secretion of
chylomicrons by leading the excess core expansion of the pri-
mordial lipoproteins and the conformational modification of
apolipoprotein B. However, the molecular mechanism behind
the relationship between GIP secretion and the intracellular me-
tabolism of fat in K cells still remains to be elucidated.

In conclusion, we present evidence that fat ingestion in com-
bination with glucose increases GIP secretion compared with
glucose alone. This conclusion is limited by the fact that GIP
release has been shown to be directly proportional to calorie
intake. Thus, the higher calorie content of test meals containing
both carbohydrate and fat compared with test meals containing
carbohydrate alone may contribute to superior GIP release. This
results in augmented insulinemia, stimulated glucose, and lipid
storage in adipose tissues and possibly inhibits lipolysis. The
results of the present study suggest that nutrients may serve as
exogenous physiological regulators of hormone secretion with
influences on glucose and lipid homeostasis. The results also
suggest that oral fat ingestion differentially affects postprandial
GIP secretion while still leading to a different insulin level, possibly
indicating that dietary fat may differentially regulate postprandial
energy metabolism via hormones. This would be of importance for
the further development of incretin-based therapy for the treatment
of obesity and related diseases. Therefore, more detailed studies of
incretin hormone kinetics should be undertaken in relation to en-
ergy homeostasis in larger animals and humans.

Acknowledgments

Address all correspondence and requests for reprints to: Akira
Shimotoyodome, Ph.D., 2606 Akabane, Ichikai-machi, Haga-gun, Tochigi
321-3497, Japan. E-mail: shimotoyodome.akira@kao.co.jp.

Disclosure Summary: The authors have nothing to disclose.

endo.endojournals.org 2125

References

1. Coutinho M, Gerstein HC, Wang Y, Yusuf S 1999 The relationship between
glucose and incident cardiovascular events. A metaregression analysis of pub-
lished data from 20 studies of 95,783 individuals followed for 12.4 years.
Diabetes Care 22:233-240

2. Jenkins DJ, Wolever TM, Kalmusky J, Giudici S, Giordano C, Wong GS, Bird
JN, Patten R, Hall M, Buckley G, Little JA 1985 Low glycemic index
carbohydrate foods in the management of hyperlipidemia. Am J Clin Nutr
42:604-617

3. Slabber M, Barnard HC, Kuyl JM, Dannhauser A, Schall R 1994 Effects of a
low-insulin-response, energy-restricted diet on weight loss and plasma insulin
concentrations in hyperinsulinemic obese females. Am ] Clin Nutr 60:48-53

4. Lerer-Metzger M, Rizkalla SW, Luo J, Champ M, Kabir M, Bruzzo F, Bornet
F, Slama G 1996 Effects of long-term low-glycaemic index starchy food on
plasma glucose and lipid concentrations and adipose tissue cellularity in nor-
mal and diabetic rats. Br J Nutr 75:723-732

5. Byrnes SE, Miller JC, Denyer GS 1995 Amylopectin starch promotes the de-
velopment of insulin resistance in rats. ] Nutr 125:1430-1437

6. Salmerdn J, Ascherio A, Rimm EB, Colditz GA, Spiegelman D, Jenkins DJ,
Stampfer MJ, Wing AL, Willett WC 1997 Dietary fiber, glycemic load, and risk
of NIDDM in men. Diabetes Care 20:545-550

7. Modan M, Halkin H, Almog S, Lusky A, Eshkol A, Shefi M, Shitrit A, Fuchs
Z 1985 Hyperinsulinemia. A link between hypertension obesity and glucose
intolerance. J Clin Invest 75:809-817

8. Zavaroni I, Bonora E, Pagliara M, Dall’Aglio E, Luchetti L, Buonanno G,
Bonati PA, Bergonzani M, Gnudi L, Passeri M, Reaven, G 1989 Risk factors
for coronary artery disease in healthy persons with hyperinsulinemia and nor-
mal glucose tolerance. N Engl ] Med 320:702-706

9. DeFronzo RA, Ferrannini E 1991 Insulin resistance. A multifaceted syndrome
responsible for NIDDM, obesity, hypertension, dyslipidemia, and atheroscle-
rotic cardiovascular disease. Diabetes Care 14:173-194

10. Colditz GA, Manson JE, Stampfer MJ, Rosner B, Willett WC, Speizer FE 1992
Diet and risk of clinical diabetes in women. Am J Clin Nutr 55:1018-1023

11. Haffner SM, Valdez RA, Hazuda HP, Mitchell BD, Morales PA, Stern MP
1992 Prospective analysis of the insulin-resistance syndrome (syndrome X).
Diabetes 41:715-722

12. Lillioja S, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E, Knowler WC,
Bennett PH, Bogardus C 1993 Insulin resistance and insulin secretory dys-
function as precursors of non-insulin-dependent diabetes mellitus. Prospective
studies of Pima Indians. N Engl ] Med 329:1988-1992

13. StoutR 1994 Hyperinsulinemia as a risk factor for cardiovascular diseases. Int
Diabetes Fed Bull 39:18-19

14. Zavaroni I, Bonini L, Fantuzzi M, Dall’Aglio E, Passeri M, Reaven GM 1994
Hyperinsulinaemia, obesity, and syndrome X. J Intern Med 235:51-56

15. Coulston AM, Hollenbeck CB, Reaven GM 1984 Utility of studies measuring
glucose and insulin responses to various carbohydrate-containing foods. Am J
Clin Nutr 39:163-167

16. American Diabetes Association 1984 Policy statement: glycemic effects of car-
bohydrates. Diabetes Care 7:607-608

17. American Diabetes Association 1994 Nutrition recommendations and prin-
ciples for people with diabetes mellitus (position statement). Diabetes Care
17:519-522

18. Pi-Sunyer FX 2002 Glycemic index and disease. Am J Clin Nutr 76:2905-298S

19. Franz MJ, Bantle JP, Beebe CA, Brunzell JD, Chiasson JL, Garg A, Holzmeister
LA, Hoogwerf B, Mayer-Davis E, Mooradian AD, Purnell JQ, Wheeler M
2002 Evidence-based nutrition principles and recommendations for the treat-
ment and prevention of diabetes and related complications. Diabetes Care
25:148-198

20. Holt SH, Miller JC, Petocz P 1997 An insulin index of foods: the insulin
demand generated by 1000-kJ portions of common foods. Am J Clin Nutr
66:1264-1276

21. EfendicS,Portwood N 2004 Overview of incretin hormones. Horm Metab Res
36:742-746

22. Yanai H, Tomono Y, Ito K, Furutani N, Yoshida H, Tada N 2007 Diacyl-
glycerol oil for the metabolic syndrome. Nutr J 6:43

23. Rudkowska I, Roynette CE, Demonty I, Vanstone CA, Jew S, Jones PJ 2005
Diacylglycerol: efficacy and mechanism of action of an anti-obesity agent.
Obes Res 13:1864-1876

24. TadaN 2004 Physiological actions of diacylglycerol outcome. Curr Opin Clin
Nutr Metab Care 7:145-149

25. Tada N, Yoshida H 2003 Diacylglycerol on lipid metabolism. Curr Opin
Lipidol 14:29-33

26. Yanai H, Yoshida H, Tomono Y, Hirowatari Y, Kurosawa H, Matsumoto A,

20z Iudy £Z uo 1sonb Aq $£8GGHZ/811.Z/S/0G L /SI0IME/OPUS/LI0D"dNO"0ILISPEDE//:SARY W) PAPEOUMOQ



2126

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Shimotoyodome et al.

Tada N 2008 Effects of diacylglycerol on glucose, lipid metabolism, and
plasma serotonin levels in lean Japanese. Obesity 16:47-51

Saito S, Tomonobu K, Hase T, Tokimitsu I 2006 Effects of diacylglycerol on
postprandial energy expenditure and respiratory quotient in healthy subjects.
Nutrition 22:30-35

Tseng CC, Kieffer TJ, Jarboe LA, Usdin TB, Wolfe MM 1996 Postprandial
stimulation of insulin release by glucose-dependent insulinotropic polypeptide
(GIP). Effect of a specific glucose-dependent insulinotropic polypeptide recep-
tor antagonist in the rat. J Clin Invest 98:2440-2445

Huge-Jensen B, Galluzo DR, Jensen RR 1988 Studies on free and immobilized
lipase from Mucor miebei. ] Am Oil Chem Soc 65:906-910

Watanabe T, Shimizu M, Sugiura M, Sato M, Kohori J, Yamada N, Nakanishi
K 2003 Optimization of reaction conditions for the production of DAG using
immobilized 1,3-regiospecific lipase lipozyme IM. J Am Oil Chem Soc 80:
1201-1207

NakajimaY 2004 Water-retaining ability of diacylglycerol. ] Am Oil Chem Soc
81:907-912

Horowitz M, Edelbroek MA, Wishart JM, Straathof JW 1993 Relationship
between oral glucose tolerance and gastric emptying in normal healthy sub-
jects. Diabetologia 36:857-862

Jones KL, Horowitz M, Carney BI, Wishart JM, Guha S, Green L 1996 Gastric
emptying in early noninsulin-dependent diabetes mellitus. J Nucl Med 37:
1643-1648

Brown JC, Dryburg JR, Rosi SA, Dupré J 1975 Identification and actions of
gastric inhibitory polypeptide. Recent Prog Horm Res 31:487-532

Falko JM, Crockett SE, Cataland S, Mazzaferri EL 1975 Gastric inhibitory
polypeptide stimulated by fat ingestion. J Clin Endocrinol Metab 41:260-265
Dupre J, Ross SA, Watson D, Brown JC 1973 The stimulation of insulin
secretion by gastric inhibitory polypeptide in man. J Clin Endocrinol Metab
37:826-828

Pederson RA, Schubert HE, Brown JC 1975 Gastric inhibitory polypeptide.
Its physiological release and insulinotropic action in the dog. Diabetes
24:1050-1056

Pederson RA, Brown JC 1976 The insulinotropic action of gastric inhibitory
polypeptide in the perfused isolated rat pancreas. Endocrinology 99:780-785
Tseng CC, Zhang XY, Wolfe MM 1999 Effect of GIP and GLP-1 antagonists
on insulin release in the rat. Am J Physiol 276:E1049-E1054

Siegel EG, Creutzfeldt W 1985 Stimulation of insulin release in isolated rat
islets by GIP in physiological concentrations and its relation to islet cyclic AMP
content. Diabetologia 28:857-861

Song DH, Getty-Kaushik L, Tseng E, Simon J, Corkey BE, Wolfe MM 2007
Glucose-dependent insulinotropic polypeptide enhances adipocyte develop-
ment and glucose uptake in part through Akt activation. Gastroenterology
133:1796-1805

Kim SJ, Nian C, McIntosh CH 2007 Activation of lipoprotein lipase by glu-
cose-dependent insulinotropic polypeptide in adipocytes. A role for a protein
kinase B, LKB1, and AMP-activated protein kinase cascade. J Biol Chem 282:
8557-8567

Elliott RM, Morgan LM, Tredger JA, Deacon S, Wright J, Marks V 1993
Glucagon-like peptide-1 (7-36)amide and glucose-dependent insulinotropic
polypeptide secretion in response to nutrient ingestion in man: acute post-
prandial and 24-h secretion patterns. ] Endocrinol 138:159-166

Herrmann C, Goéke R, Richter G, Fehmann HC, Arnold R, Goke B 1995
Glucagon-like peptide-1 and glucose-dependent insulin-releasing polypeptide
plasma levels in response to nutrients. Digestion 56:117-126

Deacon CF 2005 What do we know about the secretion and degradation of
incretin hormones? Regul Pept 128:117-124

Gunnarsson PT, Winzell MS, Deacon CF, Larsen MO, JelicK, Carr RD, Ahrén
B 2006 Glucose-induced incretin hormone release and inactivation are
differently modulated by oral fat and protein in mice. Endocrinology 147:
3173-3180

Rocca AS, LaGreca J, Kalitsky J, Brubaker PL 2001 Monounsaturated fatty
acid diets improve glycemic tolerance through increased secretion of glucagon-
like peptide-1. Endocrinology 142:1148-1155

Rocca AS, Brubaker PL 1995 Stereospecific effects of fatty acids on proglu-
cagon-derived peptide secretion in fetal rat intestinal cultures. Endocrinology
136:5593-5599

Hirasawa A, Tsumaya K, Awaji T, Katsuma S, Adachi T, Yamada M, Sugi-
moto Y, Miyazaki S, Tsujimoto G 2005 Free fatty acids regulate gut incretin
glucagon-like peptide-1 secretion through GPR120. Nat Med 11:90-94

Dietary Fat Regulates GIP and Insulin in Mice

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.
67.

68.

69.

Endocrinology, May 2009, 150(5):2118-2126

Rocca AS, Brubaker PL 1999 Role of the vagus nerve in mediating proximal
nutrient-induced glucagon-like peptide-1 secretion. Endocrinology 140:
1687-1694

Althage MC, Ford EL, Wang S, Tso P, Polonsky KS, Wice BM 2008 Targeted
ablation of glucose-dependent insulinotropic polypeptide-producing cells in
transgenic mice reduces obesity and insulin resistance induced by a high fat
diet. J Biol Chem 283:18365-18376

Jenkins DJ, Wolever TM, Taylor RH, Barker H, Fielden H, Baldwin JM,
Bowling AC, Newman HC, Jenkins AL, Goff DV 1981 Glycemic index of
foods: a physiological basis for carbohydrate exchange. Am J Clin Nutr 34:
362-366

Eckel RH, Fujimoto WY, Brunzell JD 1979 Gastric inhibitory polypeptide
enhanced lipoprotein lipase activity in cultured pre-adipocytes. Diabetes 28:
1141-1142

Miyawaki K, Yamada Y, Ban N, Thara Y, Tsukiyama K, Zhou H, Fujimoto S,
Oku A, Tsuda K, Toyokuni S, Hiai H, Mizunoya W, Fushiki T, Holst JJ,
Makino M, Tashita A, Kobara Y, Tsubamoto Y, Jinnouchi T, Jomori T, Seino
Y 2002 Inhibition of gastric inhibitory polypeptide signaling prevents obesity.
Nat Med 8:738-742

Murase T, Aoki M, Wakisaka T, Hase T, Tokimitsu 12002 Anti-obesity effect
of dietary diacylglycerol in C57BL/6] mice: dietary diacylglycerol stimulates
intestinal lipid metabolism. J Lipid Res 43:1312-1319

Murase T, Mizuno T, Omachi T, Onizawa K, Komine Y, Kondo H, Hase T,
Tokimitsu I 2001 Dietary diacylglycerol suppresses high fat and high sucrose
diet-induced body fat accumulation in C57BL/6] mice. J Lipid Res 42:372-378
Meguro S, Osaki N, Matsuo N, Tokimitsu I 2006 Effect of diacylglycerol on
the development of impaired glucose tolerance in sucrose-fed rats. Lipids 41:
347-355

Mori Y, Nakagiri H, Kondo H, Murase T, Tokimitsu I, Tajima N 2005 Dietary
diacylglycerol reduces postprandial hyperlipidemia and ameliorates glucose
intolerance in Otsuka Long-Evans Tokushima Fatty (OLETF) rats. Nutrition
21:933-939

Nagao T, Watanabe H, Goto N, Onizawa K, Taguchi H, Matsuo N,
Yasukawa T, Tsushima R, Shimasaki H, Itakura H 2000 Dietary diacylglyc-
erol suppresses accumulation of body fat compared to triacylglycerol in men
in a double-blind controlled trial. ] Nutr 130:792-797

Maki KC, Davidson MH, Tsushima R, Matsuo N, Tokimitsu I, Umporowicz
DM, Dicklin MR, Foster GS, Ingram KA, Anderson BD, Frost SD, Bell M 2002
Consumption of diacylglycerol oil as part of a reduced-energy diet enhances
loss of body weight and fat in comparison with consumption of a triacylglyc-
erol control oil. Am J Clin Nutr 76:1230-1236

Kawashima H, Takase H, Yasunaga K, Wakaki Y, Katsuragi Y, Mori K,
Yamaguchi T, Hase T, Matsuo N, Yasukawa T, Tokimitsu I, Koyama W 2008
One-year ad libitum consumption of diacylglycerol oil as part of a regular diet
results in modest weight loss in comparison with consumption of a triacyl-
glycerol control oil in overweight Japanese subjects. ] Am Diet Assoc 108:
57-66

Takase H, Shoji K, Hase T, Tokimitsu I 2005 Effect of diacylglycerol on
postprandial lipid metabolism in non-diabetic subjects with and without in-
sulin resistance. Atherosclerosis 180:197-204

Tomonobu K, Hase T, Tokimitsu I 2006 Dietary diacylglycerol in a typical
meal suppresses postprandial increases in serum lipid levels compared with
dietary triacylglycerol. Nutrition 22:128-135

Murata M, Hara K, Ide T 1994 Alteration by diacylglycerols of the transport
and fatty acid composition of lymph chylomicrons in rats. Biosci Biotech Bio-
chem 58:1416-1419

Tso P, Balint JA, Rodgers JB 1980 Effect of hydrophobic surfactant (Pluronic
L-81) on lymphatic lipid transport in the rat. Am J Physiol 239:G348-G353
Tso P, Balint JA, Bishop MB, Rodgers JB 1981 Acute inhibition of intestinal
lipid transport by Pluronic L-81 in the rat. Am J Physiol 241:G487-G497
Halpern J, Tso P, Mansbach CM 2nd 1988 Mechanism of lipid mobilization
by the small intestine after transport blockade. J Clin Invest 82:74-81
Hayashi H, Nutting DF, Fujimoto K, Cardelli JA, Black D, Tso P 1990 Trans-
port of lipid and apolipoproteins A-I and A-IV in intestinal lymph of the rat.
J Lipid Res 31:1613-1625

Morita SY, Kawabe M, Nakano M, Handa T 2003 Pluronic L81 affects the
lipid particle sizes and apolipoprotein B conformation. Chem Phys Lipids
126:39-48

20z Iudy £Z uo 1sonb Aq $£8GGHZ/811.Z/S/0G L /SI0IME/OPUS/LI0D"dNO"0ILISPEDE//:SARY W) PAPEOUMOQ



