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ABSTRACT: It was previously reported that compared to triacylglycerol (TAG) oil, diacylglycerol (DAG) oil improves
postprandial lipid response. However, the effects of DAG oil on postprandial hyperglycemia and incretin response have not yet
been determined. In this study, the effects of DAG oil on both postprandial hyperlipidemia and hyperglycemia and the response
to the glucose-dependent insulinotropic polypeptide (GIP) were studied. This randomized, double-blind, crossover study
analyzed data for 41 individuals with high fasting triacylglycerol concentrations. The subjects ingested test meals (30.3 g of
protein, 18.6 g of fat, and 50.1 g of carbohydrate) containing 10 g of DAG oil (DAG meal) or TAG oil (TAG meal) after fasting
for at least 12 h. Blood samples were collected prior to and 0.5, 2, 3, 4, and 6 h after ingestion of the test meal. Postprandial TAG
concentrations were significantly lower after the DAG meal compared with the TAG meal. Postprandial TAG, insulin, and GIP
concentrations were significantly lower after the DAG meal compared with the TAG meal in 26 subjects with fasting serum TAG
levels between1.36 and 2.83 mmol/L. DAG-oil-based meals, as a replacement for TAG oil, may provide cardiovascular benefits in

high-risk individuals by limiting lipid and insulin excursions.
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B INTRODUCTION

It has been suggested that atherogenesis might represent a
postprandial phenomenon,’ and both postprandial hyper-
lipidemia and hyperglycemia have been identified as risk
markers for coronary artery disease.” A recent study reported
that insulin resistance mi§ht be involved with the acute
metabolism of dietary fats.” Exaggerated nonfasting concen-
trations of triacylglycerols (TAG), via higher peak concen-
trations or delayed clearance, are frequently found even in
diabetic patients with normal fasting TAG levels.* However,
few countermeasures have been devoted to nonfasting
hypertriglyceridemia, despite growing recognition that post-
prandial TAG concentrations may be more significant than
fasting concentrations in the assessment of cardiovascular
disease risk.’

Postprandial TAG concentrations and insulin secretion are
highly influenced by fasting TAG concentrations® and by the
nature of the dietary fats in the meal.” Diacylglycerol (DAG)
oil, which is an edible oil, was reported to suppress postprandial
hyperlipidemia. Postprandial levels of serum TAG were less
elevated after the ingestion of DAG oil in animals, compared
with the ingestion of triacylglycerol (TAG) oil with the same
fatty acid composition.*” DAG oil consumption in humans
suppressed increases not only in postprandial TAG but also in
remnant lipoproteins (RLP), compared with TAG oil.'*~"

However, the focus of these studies was on the effects of
DAG oil on postprandial lipid metabolism and not glucose
metabolism.

The objectives of the current study were therefore to
investigate the effects of DAG oil on postprandial lipemia,
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glycemia, and incretin response with high fasting TAG
concentrations.

B MATERIALS AND METHODS

Ethics. This study was carried out in accordance with the
Declaration of Helsinki and approved by the ethical Committee of
Saitama Souka Hospital (Saitama, Japan). All participants received a
full explanation of the study and provided written informed consent,
under the supervision of the physicians in charge.

Subjects. Women and men, 35—60 years old, with a fasting serum
TAG level of 1.36 (120 mg/dL) to 2.83 mmol/L were recruited from
the Kanto region of Japan. These inclusion criteria were based on the
onset point of increased risk of coronary heart disease according to the
results of a Japanese cohort study."*

Subjects were excluded if they had underlying disorders that affect
lipid metabolism, including cardiorespiratory dysfunction, renal
damage, hepatic disease, or diabetes mellitus, as judged by blood
and urine data collected at the time of a screening visit or from medical
histories. Subjects taking antihyperlipidemic or antihyperglycemic
agents, or using food products that affected lipid or glucose
metabolism, were also excluded. In addition, premenopausal women
were excluded to avoid alterations in metabolism that might be caused
by the hormonal cycle. A total of 11 females and 31 males participated
in the study.

Test Diets. Diaclyglycerol oil was prepared by esterifying glycerol
with fatty acids from soybean and rapeseed oil according to
Watanabe’s method."”® The final product was then refined by
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deodorization and bleaching. The levels of glycidol fatty acid esters
and 3-monochloro-1, 2-propanediol fatty acid esters, which have been
currently demonstrated to be contaminants derived from food
processing,16 were undetectable in the refined DAG oil, using the
method developed by Shiro et al.'” and DGF Standard Methods,'®
respectively. The product contained 1,3-DAG and 1,2-DAG isomers in
a ratio of 7:3 with a minimum total DAG content of approximately
80%. TAG oil was prepared by mixing rapeseed, safflower, and perilla
oils to give a final fatty acid composition similar to that of the DAG oil.
The fatty acid compositions of the DAG and TAG oils are shown in

Table 1. Composition of DAG and TAG Oils

DAG oil TAG oil

glyceride® (%)

TAG 13.1 98.4

DAG 86.4 1.6

MAG 0.5 0.0
fatty acid (%)

C16:0 2.6 §5.3

C18:0 1.0 2.1

C18:1 38.0 374

C18:2 48.7 46.4

C18:3 8.8 7.0

others 0.9 1.8

“DAG, diacylglycerol; TAG, triacylglycerol; MAG, monoacylglycerol.

Table 1. The oils were processed to produce mayonnaise-like food
products and added to the test meals (DAG or TAG meal). The
content of DAG oil (DAG meal) or TAG oil (TAG meal) in the test
meal was 10 g.11 The meals consisted of a sandwich, shrimp salad,
consommé soup, and barley tea. The average total energy was 2089 k],
with a macronutrient profile of 30.3 g of protein, 18.6 g of fat and 50.1
g of carbohydrate."!

Study Protocol. The study had a randomized, double-blind,
crossover design. The following measurements were conducted at the
screening visit, after overnight fasting for at least 12 h: anthropometric
parameters (height, weight, temperature), blood pressure, serum lipids
(TAG, nonesterified fatty acid (NEFA), total cholesterol, low-density
lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)
cholesterol), plasma glucose, hemoglobin Alc, hepatic function
(serum alanine aminotransferase, aspartate aminotransferase, Y-
glutamyl transpeptidase, alkaline phosphatase, lactate dehydrogenase,
and total protein), serum albumin, serum uric acid, serum creatinine,
serum total bilirubin, serum urea nitrogen, and urine analysis by urine
test strip. The test meals were given in random order after overnight
fasting for at least 12 h, with an interval of 2 weeks between meals.
Subjects were instructed to maintain their habitual diet and physical
activity during the study period and to record their meal contents for 3
days before each visit. Alcohol intake was prohibited for 1 day before
each visit.

Blood samples were collected before the ingestion of the meals. to
provide baseline values, and at 0.5, 2, 3, 4, and 6 h after the ingestion of
the meals. Blood was centrifuged at 1500¢ for 15 min at 4 °C to
separate the serum and plasma. The concentrations of serum TAG,
apoB-48, insulin, and lipids in lipoproteins (very low density
lipoprotein (VLDL), LDL, HDL), plasma glucose, and glucose-
dependent insulinotropic polypeptide (GIP) were analyzed. Triacyl-
glycerols were measured using a standard enzymatic colorimetric assay
(Sekisui Medical Co., Ltd., Tokyo, Japan). The lipoprotein fractions
were separated by ultracentrifugation according to the method
reported by Hatch et al.'” Plasma glucose was measured by a glucose
hexokinase method (Shino-Test Corp., Tokyo, Japan). Enzyme-linked
immunosorbent assay (ELISA) kits were used for serum insulin
(Fujirebio Inc., Tokyo, Japan) with an intraassay CV of 2.54% and an
interassay CV of 1.87%, serum apoB-48 (Fujirebio Inc., Tokyo, Japan)
with an intraassay CV of 5.80—9.31% and an interassay CV of 3.58—
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8.28%, and plasma total GIP (Millipore Corp., Bedford, MA, USA)
with an intraassay CV of 4.79—6.30% and an interassay CV of 2.20—
4.97%. The samples were analyzed by SRL Inc. (Tokyo, Japan).

Statistical Analysis. All results are presented as the mean + SD
unless otherwise stated. Areas under the curves were calculated using
the trapezoidal rule and are presented as postprandial responses.
Fasting values were compared using paired ¢ tests. Differences in blood
parameter responses were compared using mixed linear models with
repeated measures. Time, treatment, and interaction time X treatment
were considered as fixed factors, and subjects were considered as a
random effect. Data were analyzed using SPSS 15.0 (SPSS Inc,
Chicago, IL, USA). A p value of <0.0S was considered to be significant
in all analyses.

B RESULTS

Except for one subject who was not able to participate in the
ingestion test for personal reasons, all 11 females and 30 males
completed the study. Data for these 41 subjects were therefore
used for the full analysis set (FAS). The subjects satisfied the
inclusion criteria of fasting serum TAG levels of 1.36—2.83
mmol/L at the screening visit, whereas 15 subjects did not
satisfy the TAG levels at the ingestion test. Twenty-six subjects
were therefore included in the per protocol set (PPS).

The characteristics of the subjects in the FAS and PPS are
shown in Table 2. By gender, although height and weight were

Table 2. Characteristics of Subjects

full analysis set® (N = 41) per protocol set® (N = 26)

male/female 30/11 18/8

age (years) 482 + 7.8 492 + 7.7
height (cm) 165.5 + 9.2 165.2 + 9.4
weight (kg) 70.0 + 11.7 702 + 12.4
BMI® (kg/m?) 254 +29 25.6 + 3.1

“Values are the mean + SD. “BM], body mass index.

significantly smaller in females than in males, there was no
significant difference in BMI. Also, there were no significant
differences between the groups in terms of daily intake of
energy, protein, fat, or carbohydrates for 3 days before each
visit.

Table 3 shows the concentrations of TAG, apoB-48, VLDL-
TAG, LDL-TAG, HDL-TAG, glucose, insulin, and GIP before
and 0.5, 2, 3, 4, and 6 h after the ingestion of the meals in the
FAS. The concentrations of TAG were significantly lower after
the DAG meal compared with the TAG meal. On the
incremental areas under the curves (IAUCs) after the meals,
the concentrations of not only TAG but also VLDL-TAG and
LDL-TAG were significantly lower after the DAG meal
compared with the TAG meal. The suppressive effect of
DAG oil on postprandial TAG in the PPS was remarkable
(IAUCs; p < 0.001). Furthermore, the IAUCs of apoB-48,
HDL-TAG, insulin, and GIP after ingestion of the DAG meal
were significantly lower than those after the TAG meal (Table
4).

B DISCUSSION

The main finding of the present study was that DAG oil could
reduce not only postprandial lipid but also insulin and GIP
secretions in subjects with high fasting TAG concentrations.
DAG oil suppressed postprandial serum lipid levels, compared
with TAG oil, when administered in the form of an emulsion in
prior studies.'®'>'® This study used a test meal designed by
Tomonobu et al." to examine the effects of DAG oil on both
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postprandial lipid and glucose metabolism, thereby reducing
postprandial TAG as well as insulin and GIP levels compared
with TAG oil.

Previous studies have demonstrated that TAG resynthesis is
reduced in the small intestinal epithelium after the intake of
DAG intake, compared with after TAG intake, indicating a
possible mechanism for the suppressive effect of DAG oil on
postprandial TAG.>® The lymphatic transport of chylomicrons
has also been shown to be significantly delayed and reduced
after 1,3-DAG, a major constituent of DAG oil, ingestion,21
presumably as a result of poor re-esterification of fatty acids
with 1-monoacylglycerol in the intestinal mucosa.”” The
concentration of apoB-48 in chylomicrons in the current
study was significantly lower after the DAG meal, compared
with the TAG meal.

Furthermore, the TAG concentrations of VLDL and LDL in
lipoprotein fractions were also lower after the DAG meal
compared with the TAG meal. The deposition of oxidatively
modified LDL in the intima is an important initial event in
atherogenesis,”> and oxidized VLDL may also be involved.”*
Some studies have suggested that postprandial LDL particles
are more easily oxidized than fasting LDL.*> Similarly,
postprandial VLDL particles may be more prone to oxidation
than fasting VLDL. This could be partially attributed to
elevated postprandial TAG levels, which would result in
competition for lipolysis between chylomicrons and VLDL.
This in turn could cause increased plasma residence time of
VLDL, thereby increasing the risk of interactions with the
cardiac wall. However, relationships between the suppressive
effect of DAG oil on postprandial VLDL and the concentration
of oxidized VLDL have not been reported. Clearly, additional
studies designed to clarify these relationships need to be
conducted.

Shimotoyodome et al. reported that fat administration, in
combination with glucose, augmented the concentrations of
insulin and GIP in animals compared with glucose alone and
that those concentrations were lowered by replacing fat with
DAG oil from TAG oil.>® Meanwhile, they reported that
pluronic L-81, an inhibitor of chylomicron formation,
significantly attenuates fat-induced plasma TAG, as well as
GIP response.”® This suggests that fat-induced GIP secretion is
associated with chylomicron formation in the intestinal mucosa.
In this study, the concentrations of both insulin and GIP were
lower after the DAG meal, compared with the TAG meal, and
the concentration of apoB-48 in chylomicrons was also
significantly lower after the DAG, compared with the TAG
meal. The lowering of GIP after the ingestion of DAG oil in
this study may be attributed to retarded chylomicron formation.
It is possible that DAG oil decreased postprandial GIP
secretion, thereby reducing insulin secretion compared with
TAG oil.

A number of earlier studies reported that hypertriglyceri-
demic subjects had peripheral hyperinsulinemia and increased
peripheral insulin resistance.”’ "> Gama et al. reported that
postprandial GIP concentrations were greater in hyper-
triglyceridemic subjects than in normotriglyceridemic subjects.’
This suggests that the postprandial elevation in GIP
concentrations in the hypertriglyceridemic patients might be
related to their hypertriglyceridemia and/or hyperinsulinemia.
In the current study, the concentrations of GIP and insulin
were lower after the ingestion of the DAG meal compared with
after the ingestion of the TAG meal. The suppressive effects of
DAG meal on postprandial GIP and insulin may contribute to

41). Statistical differences are based on repeated-measures ANOVA. Significantly different from the TAG meal: *, p < 0.0S; **, p < 0.01. Participants ingested either a

triacylglycerol meal (TAG meal) or a diacylglycerol meal (DAG meal). TAG, triacylglycerols; VLDL, very low density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein; GIP,

glucose-dependent insulinotropic polypeptide; IAUCs, incremental areas under the curves.

“Values are the mean + SD (N

Table 3. continued

2493 dx.doi.org/10.1021/jf204825p | J. Agric. Food Chem. 2012, 60, 2490—2496



Journal of Agricultural and Food Chemistry

0°L0T F 8'81¢ I8 ¥+ TET+ THC ¥¥e F 1°CS 6'6€ F 9'86
¥ LTT F €867 09%'0 0000 7200 671 F 9€ 8'ST F ¥'€T THE F T'Lb L'STF 1’88
€6 F T91 ¥'ST F 09¢€ €LEF 6€9 9TH F 01T
6700 0000 997°0 YT F LT 6'ST F L9€ 0'SE F #09 78T F S10T
$'88T F TELS €L F 0TC— ¥7€ F 0b— 619 F T T'LET F 6'SST
+€'T61 F 68 L1T0 0000 £50°0 70T F LT1T— TSE F 1'8— 979 F €8¢ TSL F el
SLI F 6S€ T8€ F 67 8L F 606 0LYT F LTIT
SST0 0000 1500 YL F T9€ €8¢ F L6¥ 978 F 196 898 F 6081
ITTF 9T 6v'0 F £7°0— wo F 670 LE0 F TI0— 80 F ST
060 F90°C LLTO 0000 L1S0 L¥'0 F 8€0— o¥'0 F TT0— 6£0 F S00— LSO F LTO
PEO F 1LY IH0 F S84 €5°0 F 70°S 01 F 6¢
670 0000 91¢°0 0 F Lt 6€°0 F 88F Y0 F S0'S 08°0 F LTS
€10 F LT0 S0'0 F 200 90'0 F ¥0'0 $00 F €00 £0°0 F 200
«ITOF 0T'0 ¥9+°0 0000 7110 $0'0 F 000 $0'0 F 700 €00 F 200 €0°0 F 100
S0'0 F STO L00 F LTO $0'0 F 970 SO0 F ST0
¥95°0 0000 w80 S0'0 F ¥T°0 S0'0 F 970 S0'0 F 970 S0'0 F ST0
YTOFH1°0 L0°0 F T0°0— 600 F €00 90°0 F 000 L00 F 100
#%80°0 F LOO L1T0 0000 £6£°0 S0'0 F 00— S0'0 F 200 90'0 F 100~ ¥0'0 F T0'0—
010 F €40 710 F 850 10 F S0 IT0 F S0
Y670 0000 SEL0 10 F 0 710 F 8%°0 710 F S0 0 F 0
YTT F 69T €0 F €10 9€'0 F 650 0v'0 F ¥L0 670 F 190
#x5CET F 08T LLEO 0000 9000 €60 F 100 6€°0 F 8€0 0 F €50 ¥€0 F 140
LSO F €€T L0 F 8LT PLOF €61 850 F 181
6100 0000 69%°0 SY0 F LTT 850 F ¥9'1 090 F 64T YO F 9T
8€0°0 F $60°0 7100 F 1100 0100 F 0200 6000 F €200 £00°0 F 1200
3 P00 F ¥20°0 9780 0000 +00°0 T10°0 F 800°0 7100 F S10°0 1100 + 8100 0100 F LI00
910'0 F 8£0°0 9100 F LF00 L10'0 F 0500 9100 F 8500
990'0 0000 0180 910'0 F 8€0°0 L10°0 F 9400 9100 F 6400 9100 F 8400
1 F 80°€ 6€°0 F 9T°0 Y0 F 1L0 S¥'0 F 18°0 £€°0 F 99°0
w1 CST F T6T 9070 0000 S00°0 6£0 F 100 S¥'0 F ¥#0 SH'0 F SS°0 8€0 F €40
€90 F S0'T 180 F 09T 9L'0 F 0L'T 09'0 F $ST
LY0'0 0000 €790 0S'0 + 10T €90 F +¥'C 790 + SS° 0S0 F ¢+'C
DNVI sum X dnoid  oum dnoi3 99 9+t qe€ qc

VAONY jo onfea d

7€ F L'T0T
S'LY F 966
0€ F vEIT
8% F 0°¢CIT
6'IST + ¥'0€€
Y'orT F T98C
9'8ST F ¢'L8€
9'LST F 6°¢hE
8L0 F 181
850 F 6¥'1
0T F S69
€L0 F 659
200 ¥ 100—
700 F 100—
S0'0 + TT0
00 F €70
00 + €0°0—
+0°0 F €00—
o + o
110 F €40
910 + 800
910 + T00—
wWo F 8T1
o F T
9000 F+ €000
9000 + 0000
ST0°0 + 0£0°0
T10°0 ¥ 1€0°0
81°0 + SO0
LT'0 F 90°0—
LY0 F €61
SE0 F ¥6'1
qso

89 F 811

SSF

'8 +
€8T F

650 F
or0 F

900 ¥
SO0 F

P10 F
€10 F

LYo F
o+

€100 +
100 F

60 F
S0 F

qo0

143!

0
0
89S
L'LS

0
0
148
or's

0
0
€70
+YT0

0
0
St'o
90

0
0
0T'1
9Tl

0
0

LT0°0
1€0°0

0
0
68'T
00T

[eoW DV.LV
[eew HYAV
[eoW DV.I,
[eew HYa
(1/10wd) d15
[eoW DV.LV
[eaw DYAV
[eoW DV.I,
[eew HYA
(1 \ﬂoEmv urnsur
[eoW DV.LV
W DHYAV

[eW DV,

[eW DYA

(7/10wur) asoony3
[ew DY.LV
[eoW DVAV

[ew DV,

[ePW HYA

(1/1oww) HY.I-TAH
[ew DY.LV
[eoW DVAV
[eW DV,
[eow DYVA

(T/1owwr) HYI-IAT
[eWw DV.LV
[eoW DVAV
[eW DV,
[eow DVA

(1/10Www) HY.I-TATA
[ HY.LV
W HYAV

[ew DV,

[eow HVA
(7/10wrur) gpg-ode
[eWw DV.LV
[eew HYAV

[eoW DV.L

[eow HYA

(T/1owwr) HYL

yuonemdod 39§ [050301g 19 :(T/[OWW ¢8'T > DT, > T/[OWW 9¢'T)
S[edAT 359,L, Jo uonsaduy 1aye spndadLjog srdonournsuy juspuads-9sodn[n pue ‘dsodn|s) ewse[] ‘urmsuy ‘spidr] wmnidg jo uonenudaduo) [erpuerdiso ur saSuey) ‘p d[qe,

dx.doi.org/10.1021/jf204825p | J. Agric. Food Chem. 2012, 60, 2490—2496

2494



Journal of Agricultural and Food Chemistry

the amelioration of hyperinsulinemia in hypertriglyceridemic
patients.

Previous postprandial studies showed that high-fat meals
have the potential to induce f-cell dysfunction and insulin
resistance in healthy individuals®®*' and in subjects with type 2
diabetes®* or metabolic syndrome.*® Lopez et al. hypothesized
that the transition from normal to impaired glucose tolerance,
and then to overt diabetes, hinges on the nature of the
postprandial lipid excursions.>® The authors reported that
postprandial TAG and insulin concentrations were lower after
the ingestion of a monounsaturated fatty acid meal than after
the ingestion of a saturated fatty acid meal in subjects with high
fasting TAG concentrations, but there was no effect on glucose
responses.” In the current study, the concentrations of TAG
and insulin were lower after the ingestion of a DAG meal
compared with after the ingestion of a TAG meal.

The present study demonstrated the efficacy of DAG oil by
single-dose oral test. A further study in the evaluation of
postprandial metabolism by long-term intake of DAG oil
should be conducted in the future.

In conclusion, the results of the present study confirm that
DAG oil is superior to TAG oil in terms of reducing
postprandial lipid and insulin secretion in subjects with high
fasting triacylglycerol concentrations. These data also suggest
that DAG-oil-based meals, as a replacement for TAG oil, may
provide cardiovascular benefits in high-risk individuals by
limiting lipid and insulin excursions.
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DAG, diacylglycerol; TAG, triacylglycerol; VLDL, very low-
density lipoprotein; LDL, low-density lipoprotein; HDL, high-
density lipoprotein; MAG, monoacylglycerol; SD, standard
deviation; ANOVA, analysis of variance; IAUCs, incremental
areas under the curves; GIP, glucose-dependent insulinotropic
polypeptide; RLP, remnant lipoproteins; ELISA, enzyme-linked
immunosorbent assay; FAS, full analysis set; PPS, per protocol
set
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