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Obesity increases insulin resistance and disregulation of glucose homeostasis. This study investigated low glycemic index starch
(LGIS)/diacylglycerol (DAG) diet on plasma insulin and circulating incretin hormones during canine weight loss. Obese Beagle
dogs were fed one of four starch/oil combination diets (LGIS/DAG; LGIS/triacylglycerol (TAG); high glycemic index starch
(HGIS)/DAG; and HGIS/TAG) for 9 weeks during the weight loss period. At weeks 1 and 8, fasting plasma insulin, glucose,
nonesterified fatty acid (NEFA), glucose-dependent insulinotropic polypeptide (GIP), and glucagon-like peptide-1 (GLP-1) were
determined. Weight loss did not affect fasting insulin, glucose, and NEFA, but fasting GIP increased and GLP-1 decreased. LGIS
affected postprandial insulin at both times and glucose was similar to insulin, except 60 min postprandially with DAG at week 8.
NEFA lowering was less with the LGIS diets initially but not thereafter. At 60 min postprandially on week 8, GIP was significantly
elevated by DAG, while GLP-1 was increased only with the HD diet. LGIS suppressed insulin and glucose responses up to 180 min
postprandially at both sample times. DAG increased incretin hormones as did the DAG/HGIS combination but only at week 8.
This latter finding appeared to be related to the glucose response but not to insulin at 60 min.

1. Introduction

Obesity is a common nutritional disorder both in human
and companion animals. The incidence of obesity in humans
and dogs is considered to be 33.2% in the USA [1] and
between 22 and 40% in Western countries [2–5], respectively.
Obesity is associated with metabolic abnormalities including
the ablation of regular glucose homeostasis and insulin
resistance [6, 7]. Weight reduction coupled with exercise has
been shown to improve insulin resistance and delayed onset
of diabetes in humans [8–10]. In addition, careful choice
of dietary nutrients, such as diacylglycerol (DAG) and low
glycemic index starch (LGIS), may have the potential to
improve such abnormalities.

In order to elucidate possible effects of DAG and
LGIS on hyperinsulinemic responses in dogs, we previ-
ously investigated the postprandial effects of a single meal
containing 20 g of DAG oil and 25 g of either LGIS or
high glycemic index starch (HGIS) mixed with 60 g of
boiled boneless chicken breast fed to healthy intact female
adult Beagles [11]. Results indicated that the LGIS diet
groups significantly lowered plasma insulin concentrations
during a 6 h postprandial period while maintaining glucose
concentrations. The LGIS diets also increased nonesterified
fatty acid (NEFA) mobilization in the systemic circulation.
Although this preliminary study found the potential to
improve insulin sensitivity by starch type, several researchers
reported that DAG, specifically the 1,3-DAG isomer, also
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elicits a positive effect on insulin sensitivity in addition to
obesity reduction [12, 13]. It was, therefore, hypothesized
that postprandial insulin concentrations would be lowered
using a dietary combination of LGIS and DAG during canine
weight loss. Specifically, the objective of this study was to
evaluate the extent to which postprandial plasma insulin
concentrations may be lowered by longer term (i.e., 9 weeks)
feeding of DAG when combined with either LGIS or HGIS.

Weight loss is commonly used as one strategy for
improving insulin sensitivity. Therefore, weight loss was
induced during this study via energy restriction using
the above oil- and starch-containing diets. Furthermore,
in humans, glucose-dependent insulinotropic polypeptide
(GIP) and glucagon-like polypeptide-1 (GLP-1) have been
identified as incretin hormones that potentially play a role
in the glucose-dependent insulin response [14]. GIP and
GLP-1 have been shown to be secreted from K and L cells
of the intestinal wall, respectively, within a few minutes
after food ingestion [15, 16]. A second hypothesis was that
these incretin hormones would be decreased during the early
postprandial period along with plasma insulin and glucose
concentrations in obese dogs fed LGIS/DAG diet for weight
loss. Here the objective was to compare diets containing
HGIS and either DAG or TAG under similar weight loss
conditions.

2. Materials and Methods

2.1. Animals. Twelve obese, sexually intact adult female
beagles, 2 to 6 yr of age, with body condition scores (BCS)
of 8.4 ± 0.1 (SEM) on a 9 point scale and 48.9 ± 3.3% body
fat were used (Table 1). Dogs were individually housed in
kennels which were 2.4 m long, 2.7 m high, and 1.2 m wide
with 12 h light cycles at the Laboratory Animal Research
and Resources facility, Texas A&M University, according to
the American Physiological Society Guidelines for Animal
Research and according to guidelines set forth by Texas A&M
University Care and Use Committee.

The dogs were allowed free access to water and exercise
during the study. Prior to entering the study, all dogs had
complete blood counts and serum biochemistry profiles
performed to assure normal clinical status.

2.2. Diets and Feeding. Four experimental diets were pre-
pared using a mixture of starch (LGIS versus HGIS) and
oil (DAG versus triacylglycerol (TAG)) types: LGIS/DAG
(LD diet), LGIS/TAG (LT diet), HGIS/DAG (HD diet), and
HGIS/TAG (HT diet). These diets were formulated in our
laboratory using a mixture of 430 g/kg of chicken byproduct
meal (Tyson Foods), 135 g/kg of DAG or TAG enriched
dietary oil (Kao Corporation), and 430 g/kg of LGIS or
HGIS to provide the same amount of macronutrients in
each diet (crude protein, 33.0%; fat, 23.0%; carbohydrate,
38.7%; crude fiber, <2.0%; Ash, 5.3%). Five g/kg of a
vitamin/mineral premix for dogs (Akey Industries) was
also added. Gelatinized high amylose corn starch and waxy
corn starch were used as the LGIS and HGIS sources,
respectively (Nihon Shokuhin Kako). The DAG and TAG oils

in combination with the other diet ingredients contained
similar fatty acid compositions whose data were shown in an
earlier publication [17]. In order to eliminate composition
alterations by batch differences, all ingredients except oils
were homogenized together using a mixer (Hobart Indus-
tries) at Texas A&M University and stored in a dark ambient
temperature-controlled storage room in our laboratory
before the study started and were used throughout the
study. The homogenized ingredients had a powdered texture,
to which 2-3 volumes of water (approximately 2500 g/kg
homogenized powder diet) and oils were added before
feeding. After mixing these homogenized powders with oil
and water, all diets had a gruel-like appearance due to the
presence of the gelatinized starches.

Prior to entering the weight loss study, obesity had been
induced in all dogs. During this induction period, the dogs
were fed a high-fat diet containing dry food (Science Diet
Adult Original, Hill’s Pet Nutrition) and a mixture of canola
and soy bean oils (40 g). Pecan shortbread cookies (Keebler
Sandies, Kellog Co.) were also added daily to increase calorie
intake overall. Once the dogs reached obese body weights
based on BCS and body fat%, the pecan shortbread cookies
were removed and their obese body weights were maintained
for an additional 2 months. These additional months allowed
the dogs to establish a more metabolically stable form of obe-
sity. Four weeks prior to the weight loss study, all dogs were
fed a diet containing a combination of a 50/50 (v/v) blend of
canola and soybean TAG oils, a 50/50 (w/w) mixture of the
HGIS and LGIS, chicken byproduct meal, vitamin/mineral
premix, and 2-3 volumes of water as an acclimation diet in
amounts calculated to maintain their obese body weights
(MER, kJ/d = 523 × (obese body weight)kg

0.75). This diet
provided similar macronutrient and fatty acid compositions
as the experimental diets and with a similar texture. During
this acclimation period, it was discovered that the dogs only
consumed approximately 70% of the amount fed. Therefore,
in the study period, the same obese MER amount of the
experimental diets was offered to the dogs in order to
achieve body weight loss due to negative energy balance.
Indeed, it was found that the dogs voluntarily consumed
68 ± 4% (mean ± SEM) of food offered per day overall
independent of starch and oil types. This low consumption
may have occurred due to lower palatability because no
additional palatability enhancer or flavors was added to the
diets.

At week 1, the dogs were randomly assigned into 4
groups (n = 3/group) according to age, body weight, and
BCS to minimize bias and fed one of the experimental diets
(LD, LT, HD, or HT) as described above for 9 weeks. The
diets were prepared each morning during the acclimation
and experimental feeding periods. All food was removed
from the kennels 5 h after feeding and weighed. Body weight
was monitored weekly. Body fat was measured at weeks 1
and 9 using a body fat analyzer (Kao Corporation). This
study utilized a partial cross-over design (total n = 6/diet
group). Thus, each dog was fed two of the four diets after
an appropriate wash out period as described by Nagaoka et
al. [18]. Briefly, after the first 9-week regimen (period 1),
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Table 1: Average body weight, body fat, and daily food consumption of experimental diets during the feeding period.

Diet P value

LD LT HD HT Oil Starch Oil by starch

Body Wt, kg
week 1 15.5± 1.1 15.0± 1.5 14.3± 1.2 14.9± 0.7 ns ns ns

week 8 13.1± 0.8 12.6± 1.2 13.2± 1.4 14.1± 1.1 ns ns ns

Δ −14.7± 2.2 −15.8± 1.4 −8.1± 3.0 −6.1± 3.8 ns 0.008 ns

Body fat, %
week 1 46.4± 3.2 43.7± 2.1 43.8± 2.2 48.9± 3.1 ns ns ns

week 8 37.9± 3.0 32.1± 2.7 36.3± 1.7 39.4± 4.5 ns ns ns

Δ −18.4± 2.2 −26.3± 5.7 −16.2± 5.6 −20.5± 4.9 ns ns ns

Food intake, g 115.0± 9.4 111.8± 13.8 125.8± 21.4 143.1± 14.7 ns ns ns

Food intake, kJ 2065.4± 187.8 1973.5± 254.0 2587.9± 429.8 2929.2± 396.0 ns 0.038 ns

Mean ± SEM, n = 6.; ns denotes no statistical difference. Δ denotes % change, (week 1–week 8) × 100. P values are for two-way ANOVA with starch and oil
as fixed factors. P < 0.05 is considered significant.

obesity was reinduced. This process required 10 weeks to
achieve the same degree of obesity and was maintained as
noted above. Dogs were then again fed the acclimation diet
for 4 weeks followed by assignment to a treatment diet for 9
weeks exactly opposite in starch and oil type to the one that
they had been fed during period 1 of the study (i.e., if fed LD
in period 1, they were then fed HT in period 2).

2.3. Blood Samples. At weeks 1 and 8, jugular catheters were
placed in order to conduct postprandial blood collections.
A preliminary study found that the starch effect was more
dynamically changed during the first 3 h postprandial period.
Therefore, blood was collected 3 h postprandially in the
present study. Feed had been withheld from the dogs
overnight prior to time 0 min blood sample collections.
Meals for postprandial sample collections were prepared
with a mixture of either 8 g TAG or DAG enriched oil, 25 g
LGIS or HGIS, and 80 g boiled chicken breast meat for better
palatability and rapid consumption. These four meals had
similar macronutrient compositions. Because it was critical
that the dogs consumed these meals quickly, approximately
30% of the obese, daily MER amount was prepared for
this meal (i.e., ca. 1150 kJ). All dogs consumed their meals
within 5 min. Blood samples were then collected at 15, 30,
60, 120, and 180 min after the dogs completed the meals.
Samples were placed into EDTA-containing tubes for plasma
separation by low speed centrifugation. A protease inhibitor
(0.6 TIU/mL blood of aprotinin, Sigma-Aldrich) was added
to blood samples for insulin analysis to prevent proteolysis
prior to centrifugation. For GIP and GLP-1 analyses, 10 μL
of dipeptidyl peptidase IV inhibitor (DPP-IV inhibitor, Linco
Research) was added per mL of blood in order to avoid
degradation of these incretin hormones [19]. All plasma
samples were stored frozen at −80◦C until the time of
analysis.

2.4. Analyses. Postprandial plasma samples were analyzed
for glucose and nonesterified fatty acids (NEFA) using
enzymatic and colorimetric assays. Mercodia Porcine Insulin
ELISA (Mercodia AB) was used for insulin analyses accord-
ing to Bennet et al. and Sato et al. [20, 21]. GIP (Human)

EIA Kit (Phoenix Pharmaceuticals) was appropriately vali-
dated by spiking with standard GIP and by serial dilution
techniques, and used for GIP analysis. GLP-1 (Active) ELISA
Kit (Linco Research) was used for GLP-1 analysis [22].
A microplate spectrofluorometer (Gemini EM, Molecular
Devices Corporation) and its software (Softmax Pro ver.
5.0, Molecular Devices Corporation) were used to deter-
mine GLP-1 concentrations and a kinetic microplate reader
(Molecular Devices Corporation) was used for the other
parameters.

2.5. Statistical Analyses. Data were expressed as means ±
SEM and SPSS 15.0 for Windows was used exclusively
for the statistical analyses. Repeated measures ANOVA was
performed using a general linear model for fasting samples
with oil types (DAG versus TAG) and starch types (HGIS
versus LGIS) as between-subjects factors, and week as a
within-subject factor with blocking periods (periods 1 and
2) in order to avoid confounding any treatment effect due to
the two separate study periods employed. When significance
was observed in this model, further pairwise comparison
analyses were conducted to obtain simple effects at each
treatment level or interactions using Bonferroni corrections.
For postprandial samples, the data was converted to area
under the curve (AUC) and a two-way ANOVA blocking
on period model was used. During the study, all dogs lost
body weight (P < 0.001). Therefore, for those data obtained
at week 8, body weight loss% (based on week 1 body
weights) was included in the above-mentioned models for
determining possible starch, oil, and oil × starch interaction
effects independent of body weight. Normality of depen-
dent variables and homogeneity of population variances
were analyzed before all tests were conducted. If data was
nonnormally distributed, appropriate non parametric tests
were performed. Where variances were not homogeneous,
data was transformed as log10. Differences were considered
significant at P < 0.05.

3. Results

3.1. Body Weight and Body Fat. All dogs lost significant
amounts of body weight and body fat during the study
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Table 2: Fasting plasma glucose, insulin, NEFA, and incretin hormones during the feeding period.

Diet P value

LD LT HD HT SEM Time Oil Starch Oil by starch

Glucose, mmol/L
week 1 5.2 6.0 5.9 6.0 0.2

ns
ns ns ns

week 8 6.0 5.9 5.8 5.6 0.2 ns ns ns

Insulin, pmol/L
week 1 13.0 9.1 8.7 20.6 2.9

ns
ns ns ns

week 8 17.0 9.2 8.5 9.5 1.8 ns ns ns

NEFA, mmol/L
week 1 0.8 0.8 0.9 1.0 0.1

ns
ns ns ns

week 8 1.0 0.9 1.0 1.2 0.1 ns ns ns

GIP, pmol/L
week 1 5.2 8.9 8.7 9.5 1.0

0.013
ns ns ns

week 8 16.1 10.7 12.1 12.1 1.3 ns ns ns

GLP-1, pmol/L
week 1 6.7 7.1 6.6 6.8 0.2

0.001
ns ns ns

week 8 5.6 6.4 6.3 6.0 0.2 ns ns ns

Mean ± SEM, n = 6.; ns denotes no statistical difference. P values for oil, starch, and oil × starch are for two-way ANOVA with starch and oil as fixed factors.
P value for time effect is for repeated measures ANOVA. P < 0.05 is considered significant.

(Table 1). However, the degree of weight loss was higher in
the LGIS diet groups than the HGIS diet groups (P = 0.008).
The percentage of body fat lost, however, was not altered by
starch and oil types.

3.2. Plasma Glucose, Insulin, NEFA, GIP, and GLP-1
Responses. Fasting plasma glucose, insulin, and NEFA con-
centrations were not significantly different by time, starch
and oil types, or interactions (Table 2). Similarly, fasting GIP
and GLP-1 were not altered by starch and oil types. However,
a time effect was observed for both fasting plasma GIP and
GLP-1 concentrations between weeks 1 and 8. Fasting GIP
concentrations were significantly increased at week 8 versus
week 1 (P = 0.013), while fasting GLP-1 concentrations were
significantly decreased at week 8 versus week 1 (P = 0.001).

Varied postprandial plasma responses based on AUC
were observed (Table 3). At week 1, a prominent statis-
tically significant starch effect was seen. The LGIS diets
resulted in significantly lower AUCs between 0 and 60 min
(AUCinsulin, 0–60) (P = 0.004) than the HGIS diet group.
This starch effect was also observed at 180 min post-
prandially (AUCinsulin, 0–180) (P = 0.001). AUC of both
insulin and glucose between 0 and 180 min (AUCinsulin, 0–180,
AUCglucose, 0–180) were significantly (P < 0.001) and nearly
significantly (P = 0.052) decreased in the LGIS diet groups
compared to the HGIS diet groups while that of NEFA
(AUCNEFA, 0–180) was significantly higher than the LGIS diet
groups (P = 0.004). No significant starch, oil, or interaction
effects of early postprandial GIP and GLP-1 responses
(AUCGIP, 0–60, AUCGLP-1, 0–60) were observed at week 1.

At week 8, a prominent starch effect was consistently
found and specifically at 180 min postprandially. Results
of AUCinsulin, 0–180 and AUCglucose, 0–180 showed significantly
lower responses with the LGIS diets than the HGIS diets
(P = 0.046 and P = 0.041). Similarly, the early postprandial
(i.e., between 0 and 60 min) insulin responses were also
significantly lower in the LGIS diets than in the HGIS diets
(P = 0.039). In contrast, the early postprandial glucose
(P = 0.006) and GIP (P = 0.045) responses were signifi-
cantly increased in the DAG diets compared with the TAG

diets. In addition, only the HD diet significantly increased
AUCGLP-1, 0–60 compared with the other diets (P = 0.005).
Although the postprandial NEFA response was significantly
altered by starch types at week 1, these effects were abolished
at week 8.

4. Discussion

The aim of the present study was to determine the effects
of DAG, LGIS, and combination of DAG and LGIS on
postprandial plasma insulin response in adult obese Beagles
when fed for a 9-week weight loss period. As expected,
the dogs lost body weight during this study. Additionally,
the LGIS diet group lost a greater amount of body weight.
The rate of weight loss of LGIS and HGIS diet groups
was 1.9 ± 0.2% and 1.0 ± 0.4% per week, respectively, the
range of which is within normal limits of that generally
recommended for weight loss [17, 23]. Body weight loss
did not alter fasting plasma glucose, insulin, and NEFA
concentrations but a significant time effect was seen during
the study resulting in increased fasting plasma GIP and
decreased GLP-1. It is unknown whether this increased
plasma fasting GIP and decreased GLP-1 is physiologically
relevant because these incretin hormone concentrations are
typically low during fasting and rapidly increase following
food intake [14, 24, 25]. However, it should be noted that
these hormones possess several other functions beyond their
incretin effects. For example, GLP-1 has an inhibitory effect
on gastric emptying and therefore slows glucose absorption
[26]. Moreover, GLP-1 reportedly has an effect on satiety
and on reducing food intake [27–30]. Further study will be
needed to understand the effect of weight loss on fasting
incretin hormone concentrations.

The first objective of this study was to evaluate the
long-term effect of DAG and LGIS on postprandial insulin
response. In agreement with our preliminary single meal
DAG/LGIS feeding study [11], the LGIS diet groups resulted
in decreased plasma postprandial insulin concentrations at
both weeks 1 and 8. Moreover, in the present study, glucose
response was also suppressed by the LGIS diets followed by
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Table 3: Fasting and postprandial areas under the curves of plasma glucose, insulin, NEFA, and incretin hormones at weeks 1 and 8
determined at 60 and 180 minutes.

Diet P value

LD LT HD HT SEM Oil Starch Oil by starch

Week 1

Glucose
Fasting, mmol/L 5.2 6.0 5.9 6.0 0.2 ns ns ns

AUC, 60 min 373.7 332.3 355.4 400.0 14.7 ns ns ns

AUC, 180 min 1117.1 1046.8 1130.5 1261.2 42.1 ns 0.052 ns

Insulin
Fasting, pmol/L 13.0 9.1 8.7 20.6 2.9 ns ns ns

AUC, 60 min 2074.6 1392.2 3521.0 5548.6 593.0 ns 0.004 ns

AUC 180 min 15469.2 21485.0 16328.6 18047.4 1986.9 ns <0.001 0.032

NEFA
Fasting, mmol/L 0.8 0.8 0.9 1.0 0.1 ns ns ns

AUC, 60 min 34.3 30.4 26.0 31.8 1.7 ns ns ns

AUC, 180 min 91.7 91.3 55.4 61.8 5.8 ns 0.004 ns

GIP Fasting, pmol/L 5.2 8.9 8.7 9.5 1.0 ns ns ns

AUC, 60 min 545.2 673.3 839.1 982.5 119.4 ns ns ns

GLP-1 Fasting, pmol/L 6.7 7.1 6.6 6.8 0.2 ns ns ns

AUC, 60 min 453.2 502.2 508.9 494.7 13.9 ns ns ns

Week 8

Glucose
Fasting, mmol/L 6.0 5.9 5.8 5.6 0.2 ns ns ns

AUC, 60 min 388.0 373.5 438.7 379.5 13.7 0.006 0.029 ns

AUC, 180 min 1182.2 1140.1 1308.8 1211.5 41.5 ns 0.041 ns

Insulin
Fasting, pmol/L 17.0 9.2 8.5 9.5 1.8 ns ns ns

AUC, 60 min 2424.4 1746.2 3922.6 3470.6 375.4 ns 0.039 ns

AUC, 180 min 18906.8 14180.1 14609.8 18047.4 1429.2 ns 0.041 ns

NEFA
Fasting, mmol/L 1.0 0.9 1.0 1.2 0.1 ns ns ns

AUC, 60 min 41.1 31.7 29.5 38.3 2.6 ns ns ns

AUC, 180 min 105.7 89.2 75.2 73.6 6.6 ns ns ns

GIP Fasting, pmol/L 16.1 10.7 12.1 12.1 1.3 ns ns ns

AUC, 60 min 1221.0 1047.6 1736.3 1047.6 124.4 0.045 ns ns

GLP-1 Fasting, pmol/L 5.6 6.4 6.3 6.0 0.2 ns ns ns

AUC, 60 min 435.5a 618.1a 670.8b 444.2a 35.9 ns ns 0.005

Mean ± SEM, n = 6.; ns denotes no statistical difference. P values are for two-way ANOVA with starch and oil as fixed factors.
Letters not in common in a row denote significant differences among diets by two-way ANOVA, P < 0.05.

the insulin response. The slower digestion of a starch type
such as amylose which was the LGIS source in the present
study would have expectedly provided less glucose flux into
the circulation, leading to decreased insulin concentrations
[31]. The interesting finding observed in the present study
was that although HGIS has been reported to increase
insulin concentrations in relevant studies, in combination
with DAG, its postprandial concentration was suppressed at
week 1 compared with the HGIS/TAG combination. Meguro
et al. evaluated the DAG effect on insulin response in
rats using a high-fat (DAG or TAG oil) and high-sucrose-
containing diet. They found that DAG oil decreased plasma
postprandial insulin concentrations compared to TAG oil
[32]. Several researchers also reported that DAG possesses a
suppressive effect on postprandial insulin, possibly resulting
in increased insulin sensitivity [12, 33]. In the present study, a
novel finding was that DAG suppressed postprandial insulin
only in combination with a highly digestible starch type.
However, this DAG effect was attenuated after feeding for 8
weeks and with weight loss. Therefore, it appears that the
starch effect was a more dominant factor regarding insulin
responsiveness and possibly sensitivity than the dietary oil

structure. It should also be noted that the composition of the
present experimental diets was considerably higher in starch
(43 g/100 g) than in oil (13.5 g/100 g). These higher amounts
of starch may therefore have been responsible for a more
dramatic primary effect compared to oil type when fed over
time.

In addition to the predominant effect of starch type on
circulating insulin response, NEFA response was similarly
affected and specifically at week 1. Less suppression of
postprandial NEFA concentrations with LGIS intake may
have been the result of increased hormone sensitive lipase
(HSL) activity. The reason for this possibility is that ingestion
of LGIS resulted in decreased insulin levels which promote
HSL activity and lipolysis [34]. Consequently, if glucose
flux into cells had been decreased with LGIS as a result
of a decreased insulin response, then relatively more tissue
lipolysis from storage sites would be favored, resulting in
relatively more fatty acid mobilization and less postprandial
NEFA depression. Interestingly, these starch effects on NEFA
were abolished by week 8. Although the insulin response
was still prominent at week 8 due to starch types, the
response per se, based on AUC, was lower at week 8
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versus week 1. These results suggest that dogs show some
adaptation to these two starch types when fed for a longer
period.

The second objective of this study was to elucidate
the relationship among postprandial incretin hormone
responses, insulin, and glucose when DAG and LGIS were
fed to obese dogs during weight loss. Incretin hormones are
likely to be induced within minutes after food ingestion and
their half-life in the circulation is 5–7 min for GIP and 1-
2 min for GLP-1 [14, 15]. For this reason we investigated the
effects of dietary DAG and LGIS on GIP and GLP-1 in the
first 60 min postprandial period. At week 1, the postprandial
GIP and GLP-1 response was of small magnitude and no
starch or oil effect was observed even though starch types
markedly affected the early postprandial insulin response
(0–60 min). GLP-1 has been reported to be attenuated
by obesity [24, 35] while the effect of obesity on GIP
is more equivocal [24, 36–39]. These inconsistent reports
regarding GIP are, however, likely affected by study design.
For example, Verdich et al. found decreased postprandial
GIP response after weight loss compared to before weight
loss [24]. In that study, the GIP response was measured
before weight loss (obese state) and 6 months after weight
loss after feeding a low-fat diet. Although all individuals had
consumed the same test meal prior to the blood sample
collection, the low-fat, high-carbohydrate, and fiber diet
fed likely affected the gastrointestinal steady state over the
longer term. Creutzfeldt et al. [38] also found an increased
postprandial GIP response in obese subjects, however, this
finding was not due to obesity but overeating [36, 40]. Taken
together, these results suggest that the lower response of GIP
and GLP-1 at week 1 likely occurred due to obesity.

Indeed, after weight loss, postprandial GIP and GLP-
1 responses were increased approximately 66% and 11%,
respectively, and oil and oil × starch interaction effects
were observed. Dietary DAG increased the postprandial GIP
and GLP-1 responses but the increased GLP-1 response
occurred only in combination with HGIS during the early
postprandial period. Moreover, this increase of incretin
hormones by DAG was observed along with the plasma
glucose response, but not insulin. Shimotoyodome et al.
reported that 2 mg/g body weight of DAG administered via
gastric gavage significantly decreased area under the GIP
response curve during the first 60 min postprandial period
[41]. In that study, the lowered GIP response was observed
when mice were administered a combination of glucose
and DAG oil versus TAG oil. In addition, that study found
that plasma GIP concentrations were rapidly increased and
reached a peak value within the first 15 min postprandially
while this same parameter in the present study appeared
to continuously increase after 60 min postprandially. It is
noteworthy that the diet composition and carbohydrate
sources between their study and the present study were
distinctly different. Shimotoyodome et al. used fat alone or
a 50/50 glucose/fat combination in their experimental diets,
while our experimental diets contained 43.0% starch, 19.7%
fat, and 30.0% protein. Therefore, varying diet compositions
and the combination of several nutrients may have accounted
for the differences observed.

In summary, weight loss did not affect postprandial
insulin, glucose, and fat mobilization, while it increased
GIP and GLP-1 responses. Starch types were a more dom-
inant stimulus for postprandial insulin, glucose, and NEFA
responses than oil types. In the early postprandial period,
incretin hormones were increased by DAG which appeared to
be associated with glucose concentrations. However, after the
first 60 min postprandial period, the DAG effect on glucose
response was attenuated and starch types became significant
at 180 min postprandially. It is unknown whether this DAG
effect on GIP and GLP-1 may be attenuated at 180 min
postprandially as well. In conclusion, LGIS improved hyper-
insulinemia and hyperglycemia during the 8-week feeding
period. Furthermore, fat structure may be one component
that alters incretin hormone response during the early post-
prandial period. However, it remains to be determined
whether DAG oil alters incretin hormone concentrations
over a longer postprandial period.
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