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Abstract

Background Glucagon-like peptide-1 (GLP-1), an incre-
tin hormone, is released in response to food intake. It is
unclear how meals high in protein (HP) and monounsatu-
rated fat (HMF) affect GLP-1 response.

Purpose To examine the effect of a HP versus a HMF
meal on GLP-1 response.

Methods Twenty-four overweight/obese participants con-
sumed two meals (HP: 31.9 % energy from protein; HMF:
35.2 % fat and 20.7 % monounsaturated fat) in a random
order. Both meals contained the same energy and carbo-
hydrate content. GLP-1, insulin, glucagon, C-peptide, and
glucose were assessed from blood drawn in the fasting
and postprandial states. The effect of meal condition on
hormone and glucose responses and appetite ratings were
assessed by repeated measures analysis.

Results  Statistically significant (p < 0.01) time by meal
condition effect was observed on active GLP-1, total
GLP-1, insulin, C-peptide, and glucagon, but not glu-
cose (p = 0.83). Area under the curve was significantly
higher during the HP versus the HMF meal conditions for
active GLP-1 (23.7 %; p = 0.0007), total GLP-1 (12.2 %;
p < 0.0001), insulin (54.4 %; p < 0.0001), C-peptide
(14.8 %; p < 0.0001), and glucagon (40.7 %; p < 0.0001).
Blood glucose was not different between the HP versus
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HMF conditions (—4.8 %; p = 0.11). Insulin sensitivity
was higher during the HMF versus HP conditions (Matsuda
index mean difference: 16.3 %; p = 0.007). Appetite rat-
ings were not different by meal condition.

Conclusions GLP-1 and insulin responses were higher
during the HP condition. However, no difference was found
in blood glucose between conditions, and insulin sensitiv-
ity was higher during the HMF condition, indicating that a
HMF meal may be optimal at regulating blood glucose in
overweight/obese individuals without type 2 diabetes.

Keywords High-monounsaturated fat meal -
High-protein meal - Meal composition -
Glucagon-like peptide-1 - Insulin - Obesity

Introduction

Glucagon-like peptide-1 (GLP-1) is an incretin hor-
mone secreted by the L cells in the intestine in response
to food consumption [1, 2]. GLP-1 plays a major role in
insulin secretion [3]. GLP-1 secretion following a meal
may be suppressed in healthy overweight compared to
normal-weight individuals [4] and in patients with type 2
diabetes [5]. Medications such as GLP-1 receptor agonists
and dipeptidyl peptidase-4 inhibitors are used to enhance
GLP-1 levels and insulin secretion in patients with type
2 diabetes [6], and GLP-1 agonists may be used in obese
patients to induce satiety [6].

There is some evidence that protein and monounsatu-
rated fat may influence postprandial GLP-1 and insulin
responses. Lejeune et al. [7] have shown that a high-protein
diet resulted in a greater postprandial GLP-1 response after
dinner compared to an adequate-protein diet in healthy
participants. Belza et al. [8] reported that protein dose
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dependently increased the postprandial GLP-1 response,
but not the insulin response in normal and overweight par-
ticipants. Beysen et al. [9] have reported that fat feeding
with heparin infusion led to higher postprandial GLP-1 and
insulin responses following a test meal rich in monounsatu-
rated fatty acids compared with meals rich in saturated or
polyunsaturated fatty acids in healthy individuals.

Only three studies have directly compared the effect of
test meals varying in fat and protein content on postpran-
dial GLP-1 and insulin release [10—12]. Ryan et al. [10]
reported that postprandial GLP-1 response was lipid-load
dependent, whereas insulin was protein-load dependent in
lean men. Batterham et al. [11], on the other hand, found no
difference in GLP-1 or insulin responses following a high-
protein or high-fat meal, in either lean or obese individuals,
whereas van der Klaauw et al. [12] reported a greater post-
prandial concentration of GLP-1, but a lower concentration
of insulin after a high-protein meal compared to a high-fat
meal in healthy men. The above studies had several limi-
tations including a small sample size [12], test meals that
were infused into the duodenum rather than oral ingestion
[10], and subjects who were largely normal weight [10,
12]. In addition, all three studies administered test meals
that were very rich in protein or fat and unsuitable to con-
sume on a regular basis. Also, none of the studies reported
how much of the fat in the test meals was in the form of
monounsaturated fat.

The purpose of this study was to compare the effect of
a high-monounsaturated fat (HMF) meal with a high-pro-
tein (HP) meal on postprandial GLP-1, insulin, C-peptide,
glucagon, and glucose responses, and appetite ratings in
overweight/obese subjects.

Materials and methods
Participants

Twenty-four overweight/obese (OW/O) men and women
between the ages of 18 and 65 years were recruited for the
study. To be classified as OW/O, the participants had to
meet two of the following three criteria: body mass index
(BMI) >25 kg/m? (>23 kg/m? in Asians), percent body
fat of >25 % in men and >35 % in women, and waist cir-
cumference >102 cm in men (>90 cm in Asian men) and
>88 cm in women (>80 cm in Asian women) [13, 14].
Exclusion criteria included use of weight loss or hypogly-
cemic agents, liver, kidney, or untreated thyroid disease,
consumption of >14 alcoholic drinks per week in men and
>7 per week in women, smoking, pregnancy, lactation, pre-
vious bowel surgery, documented malabsorption, and diet-
ing to lose weight.
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Participants were recruited from Texas Christian Univer-
sity (TCU) and the surrounding community. This study was
approved by the TCU Institutional Review Board (IRB)
and performed in accordance with the ethical standards
laid down in the Declaration of Helsinki guidelines and by
the Office for Human Research Protection, US Department
of Health and Human Services. All participants signed an
informed consent document approved by the TCU IRB
before participation. The study was conducted in the Meta-
bolic and Exercise Physiology Laboratories at TCU.

Experimental design

A randomized cross-over design was used to investi-
gate the effect of meal composition (HMF versus HP) on
postprandial concentrations of GLP-1, insulin, C-peptide,
glucagon, and glucose, and appetite ratings. Eligible par-
ticipants reported to the laboratories on two separate days
for a meal. On the first study day, the participants were
randomized to consume either a HMF or HP test meal.
On the second study day, the participants consumed the
remaining test meal. The two study days were separated
by a wash-out period of at least 4 days. Blood samples and
appetite ratings were collected in the fasting state imme-
diately prior to meal consumption and for 3 h in the post-
prandial state.

Test meals

The test meals were in the form of a beverage. The HMF
meal was made with plain low-fat yogurt, avocado, and
sugar, and contained 35.2 % from total fat, 20.7 % from
monounsaturated fat, 12.6 % energy from protein, and
52.3 % from carbohydrates. The HP meal was made with
plain nonfat Greek yogurt, plain whole milk yogurt, and
sugar and contained 31.9 % energy from protein, 15.5 %
energy from total fat, 4.3 % from monounsaturated fat, and
52.6 % energy from carbohydrates. Energy content and vol-
ume of the meals were kept constant across the two meals.
Men received 840 kcal and women received 700 kcal dur-
ing each meal. The calorie content was approximately
35 % of the daily needs for men and women, respectively.
The macronutrient composition of the meals was calculated
using the Food Processor software program (SQL edition,
Salem, OR).

Study protocol

The meals were scheduled between 6 and 10 a.m. Each
participant consumed the test meals on the two study
days at approximately the same time within a window of
30 min. Because GLP-1 response may be influenced by the
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menstrual cycle, the two study days were scheduled dur-
ing the follicular phase of the cycle in menstruating women
[15].

The participants were instructed to fast for 12 h prior to
test meal consumption. They were instructed not to exer-
cise and to keep their diet as similar as possible on the
day before each study day. This was verified by asking
the participants to recall the amount of exercise that they
had performed and the quantity and type of food and drink
that they had consumed during the previous day imme-
diately prior to administering the test meals. Participant
weight was also measured before the test meals that were
consumed.

The participants were randomly assigned to consume
one of the two meals on the first study day and consumed
the remaining meal on the second study day. The partici-
pants were instructed to consume their meals within 20 min
and to match the time taken to eat the meal on the second
study day with the time taken to eat the meal on the first
study day.

Participants received water during the postprandial
period. Amount and rate of water consumption were stand-
ardized. The participants were asked to consume 40 % of
their water allowance during the 1st hour (men: 426 mL;
women: 295 mL) and 30 % each during the 2nd (men:
319 mL; women: 221 mL) and 3rd (men: 319 mL; women:
221 mL) hour of the postprandial period. No other food or
drink was allowed during the postprandial period.

A venous catheter was inserted into the participant’s
antecubital vein, and blood samples were collected in the
fasting (0) and postprandial (30, 60, 120, and 180 min from
when meal ingestion began) states with the participant
lying in a supine position. To keep the catheter clean and
viable, a saline solution was flushed through the catheter
after each blood draw and every 30 min in between the
blood draws. The participants were instructed to stay sed-
entary in between the blood draws.

Ratings of hunger, fullness, and desire to eat were col-
lected in the fasting state immediately before the meal, and
at 30, 60, 120, and 180 min from when the meal inges-
tion began. The palatability of the meal was assessed at
1 min after the meal began and immediately after meal
consumption.

Measures

Demographics and anthropometry

All participants completed a demographics questionnaire.
BMI was calculated by dividing measured weight (kg) by

measured height (m) squared (kg/m?). Waist circumference
was measured in centimeter at the level of the umbilicus.

Percent body fat was assessed using dual-energy x-ray
absorptiometry (DEXA).

Exercise and diet recall

The participants were asked to recall how much exercise
they had performed on the day before the study days to
ensure that they had followed the instructions to not exer-
cise on the day before each study day.

The participants were asked to recall the amount and
type of food and drink they had consumed during the day
before the study days to ensure that the energy intake was
similar on the day before each study day. The 24-h diet
recall is a valid tool to assess energy intake [16]. The diet
recalls were analyzed using the Food Processor software
program (SQL edition, Salem, OR).

Appetite and meal palatability ratings

Hunger, fullness, desire to eat, and meal palatability ratings
were assessed using validated 100-mm visual analogue
scales [17]. Each scale had a question (e.g., “How hungry
do you feel?”) and opposite evaluative labels (“Not at all”
and “Extremely”) at either end of the scale. A higher score
on these scales reflected greater hunger, fullness, and desire
to eat, and better meal palatability, respectively.

Blood sampling and biochemical assays

Whole blood samples were immediately treated with
dipeptidyl peptidase-4 inhibitor and aprotinin to prevent
breakdown of active GLP-1 and glucagon, respectively.
Whole blood was then centrifuged, and plasma was
stored at —80 °C until analysis. The blood samples were
assessed, in duplicate, for active GLP-1, total GLP-1,
insulin, glucagon, and C-peptide using the MILLIPLEX®
MAP Human Metabolic Hormone Magnetic Bead Panel
kits (EMD Millipore Corporation, Billerica, MA). All
samples from each participant were assessed in one assay
run. The minimum detectable concentrations for active
GLP-1, total GLP-1, insulin, C-peptide, and glucagon are
1.2, 2.5, 87, 9.5, and 13 pg/mL, respectively. The intra-
assay CV for active GLP-1, total GLP-1, insulin, C-pep-
tide, glucagon, and glucose was 6.9, 12.8, 7.97, 4.3, 8.7,
and 2.0 %, respectively.

Insulin resistance and insulin sensitivity
Homeostasis model assessment (HOMA) of insulin resist-
ance (IR) or HOMA-IR was determined using the Oxford

calculator [18] and insulin sensitivity using the C-peptide-
based Matsuda method [19].
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Table 1 Participant characteristics (n = 24)

Variables
Age (year) 38.7+15.3
Gender (%)

Females 50

Males 50
Ethnicity (%)

Hispanic or Latino 41.7

Not Hispanic 583
Race (%)

Black 4.2

Asian 12.5

White 75

Other 8.3
BMI (kg/m?) 31.6 £ 4.0
Body Fat (%)

Females 47.7+£45

Males 33.2+59
Waist circumference (cm)

Females 106.8 £ 9.8

Males 1069 £ 11.3
Fasting blood glucose (mg/dL) 959+ 7.6
Prevalence of prediabetes (%)* 29.2

All values are means and standard deviations unless otherwise indi-
cated

* Prediabetes was defined as fasting glucose values of 100-125.9 mg/
dL

Statistical analysis

A 2 by 5 mixed-model repeated measures analysis with
doubly repeated measures was used to evaluate the effect
of the meal conditions (HMF and HP), time (0, 30, 60, 120,
and 180 min), and the interaction between meal condition
and time on active GLP-1, total GLP-1, insulin, C-pep-
tide, glucagon, and glucose concentrations. Differences in
the outcome variables by meal condition and time were
analyzed by least square mean contrasts. Active GLP-1,
insulin, C-peptide, and glucagon concentrations were log-
transformed before analysis. Area under the curve (AUC)
was computed for each variable using the trapezoidal rule,
and the difference in AUC by meal condition was analyzed
using a paired 7 test. A paired  test was also used to analyze
HOMA-IR and insulin sensitivity by meal condition. The
effect of the meal sequence in this cross-over design study
was also modeled in our analysis, and no effect of meal
sequence was observed.

A 2 by 5 mixed-model repeated measures analysis
with doubly repeated measures was also used to examine
the effect of the meal condition, time, and the interaction
between these factors on ratings of hunger, fullness, and
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desire to eat. Differences in the appetite ratings by meal
condition and time were analyzed by least square mean
contrasts. Difference in meal palatability by meal condition
was examined by paired ¢ test.

The difference in body weight on the study days and
energy intake on the day before the study days was ana-
lyzed by paired ¢ test. The amount of exercise performed
on the day before the two study days was compared with
the Wilcoxon signed-rank test. All analyses were conducted
using SAS software, version 9.4 (SAS Institute, Cary, NC).

Results
Participant characteristics

Participant characteristics are shown in Table 1. The par-
ticipants were 38.7 £ 15.3 (mean £+ SD) years of age.
The male/female ratio was 50:50. Forty-two percent of
the participants were Hispanic or Latino, and 75 % were
white. Mean BMI was 31.6 & 4.0 kg/m?. Percent body fat
was 47.7 £ 4.5 % in females and 33.2 £ 5.9 % in males.
Waist circumference was 106.8 & 9.8 cm in females and
106.9 £+ 11.3 cm in males. Fasting blood glucose was
95.9 £ 7.6 mg/dL, and 29.2 % of the subjects were predia-
betic (fasting blood glucose: >100 and <126 mg/dL).

Energy intake and amount of exercise on the day
before the study days and body weight on the study
days

There was no difference in the reported energy intake
(HMF: 1973 + 668 kcal; HP: 1941 +£ 693 kcal; p = 0.62)
or minutes of exercise performed (HMF and HP: both
median 0 min and range 0—60 min; p = 1.0) on the day
before the two study days. Body weight was similar on the
two study days (HMF: 91.7 &+ 15.5 kg; HP: 91.8 £ 14.8 kg;
p=0.71).

Active GLP-1, total GLP-1, insulin, C-peptide,
glucagon, and glucose

The postprandial active GLP-1, total GLP-1, insulin,
C-peptide, glucagon, and glucose responses by meal con-
dition are shown in Fig. 1. The line graphs show changes
over time as geometric means and 95 % confidence inter-
vals for active GLP-1, insulin, C-peptide, and glucagon and
arithmetic means and 95 % confidence intervals for total
GLP-1 and glucose. AUC for these variables is shown in
Table 2. AUC is expressed as medians and 25th and 75th
percentiles.

There was a statistically significant meal condition by
time interaction (p = 0.004) effect on plasma active GLP-1
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Fig. 1 Postprandial active glucagon-like peptide-1 (GLP-1) (a), total
GLP-1 (b), insulin (c), C-peptide (d), glucagon (e), and glucose (f)
responses by meal condition in 24 participants. The data are shown
as geometric means and 95 % confidence intervals for active GLP-
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repeated measures analysis showed a significant meal condition by
time interaction effect for active GLP-1 (p = 0.004), total GLP-1
(p <0.0001), insulin (p < 0.0001), C-peptide (p < 0.0001), and gluca-
gon (p < 0.0001) but not glucose (p = 0.83). Differences between the
high-protein (HP) and high-monounsaturated fat (HMF) meal condi-
tion: *p < 0.05; #p < 0.01; p < 0.001
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Table 2 Area under the curve
(AUC) for active GLP-1, total

Variable

GLP-1, insulin, C-peptide,
glucagon, and glucose by meal
composition

Active GLP-1 (pg/mL min)
Total GLP-1 (pg/mL min)
Insulin (WU/mL min)
C-peptide (ng/mL min)
Glucagon (pg/mL min)
Glucose (mg/dL min)

HP meal HMF meal p*

6006 (4314, 9288) 4854 (3354, 6438) 0.0007
37,920 (32,256, 47,058) 33,792 (29,028, 37,932) <0.0001
11,370 (7548, 15,546) 7362 (5310, 11,916) <0.0001

558 (444, 648) 486 (396, 558) <0.0001
10,434 (6996, 14,472) 7416 (4668, 10,014) <0.0001
17,730 (15,408, 19,872) 18,624 (16,632, 20,646) 0.11

All values are medians and 25th and 75th percentiles

HP high protein, HMF high-monounsaturated fat

* AUC was compared by meal condition using a paired ¢ test

response, indicating different responses over time among
the two meal conditions. The concentration of active GLP-1
increased following consumption of both the HMF and HP
meals and remained significantly elevated throughout the
postprandial period compared to the respective fasting con-
centration (p < 0.0001). Active GLP-1 concentration was
significantly higher during the HP compared to the HMF
meal conditions at 120 and 180 min (Fig. 1a). The AUC on
active GLP-1 was significantly higher during the HP com-
pared to the HMF conditions (p = 0.0007).

A statistically significant time by meal condition interac-
tion (p < 0.0001) on total GLP-1 response was observed.
In both the meal conditions, total GLP-1 was significantly
higher during all the postprandial time points compared to
respective fasting value (p < 0.0001). Total GLP-1 concen-
tration was significantly higher during the HP versus the
HMF meal conditions at 120 and 180 min (Fig. 1b). AUC
on total GLP-1 response was significantly higher during the
HP compared to the HMF conditions (p < 0.0001).

Also, observed was a significant time by meal condition
interaction (p < 0.0001) effect on insulin response. Insulin
concentrations increased after the two meals and remained
elevated throughout the postprandial period compared
to the corresponding fasting concentration (p < 0.0001).
Insulin concentration was significantly greater during the
HP compared to the HMF meal conditions at 60, 120, and
180 min (Fig. 1¢). AUC on insulin response was also sig-
nificantly higher during the HP condition compared to that
during the HMF condition (p < 0.0001).

There was also a statistically significant interaction
between time and meal condition (p < 0.0001) on C-pep-
tide response. The concentration of C-peptide increased
following consumption of both the HMF and HP meals and
remained significantly elevated at all the postprandial time
points compared to the respective fasting concentration
(p < 0.0001). C-peptide response was significantly higher
at 120 and 180 min in the HP compared to the HMF condi-
tions (Fig. 1d). AUC on C-peptide response was also sig-
nificantly higher during the HP versus the HMF conditions
(p <0.0001).
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A statistically significant time by meal composi-
tion interaction (p < 0.0001) on glucagon response was
observed. During both meal conditions, glucagon concen-
trations were significantly elevated at each postprandial
time point compared to the corresponding fasting value
(p < 0.05). Glucagon concentration was significantly higher
at 30, 60, 120, and 180 min in the HP compared to the
HMF conditions (Fig. le). AUC on glucagon response was
also significantly higher during the HP versus the HMF
conditions (p < 0.0001).

There was a statistically significant effect of time
(p < 0.0001) on plasma glucose concentration. Glucose
concentration was higher at 30 min following both the HMF
and HP meals compared to the respective fasting concen-
tration (Fig. 1f). There was no meal condition (p = 0.14)
or meal condition by time interaction (p = 0.83) effect on
plasma glucose, however. AUC on glucose response was
also not different by meal condition (p = 0.11).

HOMA-IR and insulin sensitivity

HOMA-IR was not different in the HMF compared to the
HP meal conditions (mean difference (95 % confidence
interval): —0.16 (—0.39 to 0.07); p = 0.17). Insulin sensi-
tivity (Matsuda index) was significantly higher on the HMF
compared to the HP meal conditions (mean difference
(95 % confidence interval): 0.8 (0.2-1.3); p = 0.007).

Ratings of hunger, fullness, desire to eat,
and palatability

Ratings of hunger, fullness, and desire to eat by meal con-
dition are shown in Fig. 2. The data are presented as medi-
ans and 25th and 75th percentiles.

There was a statistically significant main effect of time
(p < 0.0001) on hunger, fullness, and desire to eat. Hunger
ratings and desire to eat ratings were lower, and fullness
ratings were significantly higher at all the postprandial time
points, during both the meal conditions, compared with the
respective fasting ratings (p < 0.0001). There was no meal
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Fig. 2 Hunger, fullness, and desire to eat ratings by meal condition.
The data are presented as medians and 25th and 75th percentiles.
Mixed-model repeated measures analysis showed no meal condition

condition or meal condition by time interaction effect on
hunger (p = 0.67 and p = 0.11, respectively), desire to eat
(p = 0.18 and p = 0.67, respectively), or fullness (p = 0.21
and p = 0.10, respectively), however.

Palatability ratings (average of the ratings at 1 min from
when the meal began and when the meal ended) were not
different by meal conditions (HMF: median (25th, 75th
percentile): 47.8 (33.8, 70.1) mm; HP: 60.5 (32.1, 77.0)
mm; p = 0.51).

Discussion

This is the first study to compare the effect of a high-mon-
ounsaturated fat versus a high-protein meal on GLP-1 and
other hormones that regulate blood glucose in overweight/
obese participants. The HP meal resulted in significantly
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or meal condition by time interaction effect on hunger (p = 0.67 and
p = 0.11, respectively), desire to eat (p = 0.18 and p = 0.67, respec-
tively), or fullness (p = 0.21 and p = 0.10, respectively)

greater postprandial GLP-1 (total and active), insulin,
C-peptide, glucagon responses, and AUC compared to the
HMF meal. There was no difference in postprandial blood
glucose response and appetite ratings by meal condition,
however. In addition, insulin sensitivity was greater in the
HMF compared to the HP conditions.

Only three studies have compared the effect of meals
varying in fat and protein content on GLP-1 release [10—
12]. Ryan et al. [10] evaluated the effect of intraduodenal
infusion of lipid and protein alone or in combination with
postprandial hormone and glycemic responses in lean par-
ticipants and found that GLP-1 response was lipid-load
dependent, whereas insulin and glucagon responses were
protein-load dependent and there was no difference in
blood glucose response by the composition of the infusion.
van der Klaauw et al. [12] evaluated the effect of meals var-
ying in macronutrient composition on postprandial GLP-1
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release in healthy subjects and reported that a high-protein
meal resulted in greater concentrations of GLP-1, but a
lower concentration of insulin than a high-fat meal. Bat-
terham et al. [11], on the other hand, found no difference
in GLP-1 or insulin responses following a high-protein or
high-fat meal, in either lean or obese participants. How
much of the fat was in the form of monounsaturated fat was
not reported by any of the above studies, however.

A possible reason for the higher GLP-1 and insulin
response during the HP compared to the HMF conditions
may be partly due to the fact that the HP meal had higher
yogurt content than the HMF meal. Yogurt is rich in casein,
whey protein, and branched chain amino acids. Casein has
been shown to increase GLP-1 response in vitro in a dose-
dependent manner [20] and insulin response in patients
with type 2 diabetes [21]. Casein coagulates when exposed
to gastric acid and delays gastric emptying [22]. Delayed
absorption of casein may stimulate GLP-1 release from
the L cells of colon and distal small intestine. Whey pro-
tein has also been shown to stimulate the release of GLP-1
and insulin [23] possibly due to the bioactive peptides [24]
that are released when whey protein is digested. Branched
chain amino acids such as leucine and isoleucine have
been shown to induce a dose-dependent increase in GLP-1
in vitro [20].

In the present study, the C-peptide response by meal
condition was similar to the insulin response. C-peptide
is co-secreted with insulin from the proinsulin molecule
following meal ingestion and may be a better indicator of
overall insulin secretion since it has a longer half-life com-
pared to insulin [25]. The rise in C-peptide along with the
insulin response suggests that the insulin response to the
meals was related to insulin secretion rather than insulin
clearance.

Despite the higher insulin response to the HP meal, post-
prandial blood glucose concentration was not different by
meal condition. This may be partly due to higher insulin
sensitivity during the HMF compared to the HP conditions.
This indicates that a HFM meal may attenuate the insulin
requirement for glucose uptake compared to a HP meal and
may be optimal for blood glucose control in overweight/
obese individuals without type 2 diabetes. Another reason
for the similar glucose response during the two meal con-
ditions, despite a higher insulin response in the HP condi-
tion, may be due to the higher glucagon response to the HP
meal. The higher glucagon response during HP meal con-
dition may have been a homeostatic response to offset the
glucose-lowering effect of the higher insulin response dur-
ing that condition. A higher glucagon response along with
a higher insulin response to protein intake has also been
noted by other studies [10, 26]. Lastly, the high-protein
content of the HP meal may have stimulated gluconeogen-
esis. Linn et al. [27] have reported that a high-protein diet
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is associated with increased stimulation of gluconeogenesis
compared to a normal protein diet.

There were no differences in postprandial hunger, desire
to eat, and fullness ratings by meal condition despite the
fact that GLP-1 is known to be a hormone that induces
satiety [6] and was higher during the HP compared to the
HMF condition. This may be partly explained by the fact
that a high-fat intake also induces satiety by slowing gastric
emptying [28]. The results on appetite ratings in the pre-
sent study are similar to the findings on hunger and full-
ness responses reported by van der Klaauw [12] and hunger
responses by Ryan et al. [10]. These studies found no dif-
ference in appetite ratings following a high-protein or high-
fat intake.

The present study had several limitations. Glucose-
dependent insulinotropic polypeptide (GIP), an incretin
hormone, was not assessed. Alterations in diet composition
may also influence GIP [8, 29]. In addition, the participants
were fed the meals only once. The effect of chronic feed-
ing of these meals on GLP-1, GIP, insulin, and glucose
responses needs to be investigated. The test meals were
served as a beverage instead of solid meals. However,
GLP-1 secretion has been shown to be greater with liquid
meals compared to solid meals [30]. Another limitation is
that insulin sensitivity was calculated rather than measured.

The present study had several strengths. It was a ran-
domized cross-over design. A number of variables that
could potentially confound the results were controlled: The
HP and HMF meals had the same energy content, percent
energy from carbohydrates, and added sugar content; water
intake and the rate of water consumption and body weight
were the same during the two study days; there were no dif-
ferences in energy intake and the amount of exercise per-
formed on the pre-study days; and females with a menstrual
cycle were scheduled during the follicular phase to reduce
the potential influence of the menstrual cycle on GLP-1
[15]. Another advantage was that the meal composition for
both the test meals was within the range recommended by
the Institute of Medicine. The previous three studies com-
paring high-fat to high-protein intakes administered test
meals that were very rich in protein or fat and unsuitable
to consume on a regular basis [10-12]. Lastly, the find-
ings from this study are more generalizable because of the
diverse group of participants including an equal number of
males and females and a relatively high percentage of His-
panics and non-whites.

In conclusion, a HP meal resulted in greater GLP-1,
insulin, C-peptide, and glucagon responses compared
to a HMF meal. Blood glucose was not different during
the two conditions, however, and insulin sensitivity was
higher during the HMF condition, suggesting that a HMF
meal reduces the insulin requirement for glucose uptake
compared to a HP meal. These results imply that a HMF
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meal may optimally regulate blood glucose despite having
lower GLP-1 and insulin responses compared to a HP meal
in overweight/obese individuals without type 2 diabetes.
These conclusions may not be generalized to patients with
type 2 diabetes since they may have a delayed incretin and
impaired insulin response which could affect blood glucose
control. Future studies need to be conducted in patients
with type 2 diabetes and over a longer period of time.
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