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Abstract

Background—Ghrelin and glucagon-like peptide-1 (GLP-1) are gut hormones known to induce
hunger and satiety, respectively. Current knowledge about the effects of different macronutrients
on circulating ghrelin and GLP-1 comes mainly from acute test meals, whereas little is known
about the effects of chronic dietary intake on gut hormone secretion. This study was designed to
examine whether 8-week habituation to diets with different percentages of carbohydrate and fat
would affect serum ghrelin, GLP-1, and subjective hunger in a postabsorptive state and in
response to a standard liquid mixed meal.

Methods—Sixty-one overweight men and women were provided all food for 8 weeks of either a
higher-carbohydrate/lower-fat diet (High-CHO/Low-FAT; 55% CHO, 18% PRO, 27% FAT) or a
lower-carbohydrate/higher-fat diet (Low-CHO/High-FAT; 43% CHO, 18% PRO, 39% FAT).
After overnight fasts at baseline and week 8, participants consumed a standard liquid meal (7
kcals/kg, 58.6% CHO, 17.4% PRO, 24% FAT). Blood was sampled before the meal and at 15, 60,
90, 120, 180, and 240 minutes to determine total serum ghrelin and active GLP-1. Hunger was
assessed by a visual analog scale. Mixed models were used to evaluate whether the temporal
patterns of total serum ghrelin and active GLP-1 differed with diet.

Results—Although both diet groups reported greater hunger after 8 weeks (p=0.03), circulating
ghrelin and GLP-1 were not affected by acclimation to different macronutrients.

Conclusion—Habituation to different diets does not appear to influence fasting ghrelin, fasting
GLP-1, or responses of these gut hormones to a standard meal.
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1. Introduction

With rising obesity rates worldwide, research over the past decade has generated much
interest about how gut hormones influence food intake and satiety, and in turn, how food
intake influences gut hormones. If manipulating macronutrients of one's diet can influence
food intake via gut hormones among overweight individuals, this may offer a novel strategy
for diet interventions to enhance satiety and facilitate weight loss.

Ghrelin is one such gut hormone. Numerous reports have confirmed ghrelin as an
“orexigen,” acting on the hypothalamus to stimulate food intake [1-3]. Circulating
concentrations of total ghrelin increase prior to meals and decline within 15-20 minutes of
initiating food consumption [4, 5]. Cross-sectional data from single test meals indicate that
carbohydrate acutely suppresses ghrelin most potently while dietary fat has the least impact
on ghrelin suppression [6-10]. However, longitudinal effects of chronic macronutrient intake
on ghrelin are less clear.

Glucagon-like peptide-1 (GLP-1) is a satiety hormone that is secreted from L-cells of the
distal small intestine in response to food intake [11, 12]. Studies have demonstrated that
GLP-1 acts at the brainstem and hypothalamus to decrease food intake and increase
subjective satiety [13, 14]. Although little is known about the effects of specific
macronutrients on GLP-1 secretion, limited data suggest that dietary fat may induce the
greatest increase in acute GLP-1 secretion [15, 16]. Like ghrelin, longitudinal effects of
chronic macronutrient intake on GLP-1 are unclear.

Thus, the first primary aim of this study was to determine whether 8-week habituation to
diets differing in carbohydrate and fat would affect fasting concentrations of total ghrelin
and active GLP-1. Another primary aim was to determine whether diet habituation would
affect gut hormone responses to a standard liquid mixed meal. A secondary aim was to
determine whether subjective hunger would change with diet habituation and gut hormone
concentrations.

2. Methods

2.1 Participants

Sixty-one sedentary, overweight men and women, ages 21-49 yr, completed the study. By
self-report, 49% were African American (AA) and 51% were European American (EA).
Inclusion required body mass index (BMI) >25 kg/m? and body weight <136.3kg, with
stable weight within 2.3kg over the previous 6 months. Exclusion criteria included diabetes,
polycystic ovary syndrome, any disorder or medication known to affect body composition or
glucose metabolism (including oral contraceptives, cholesterol medications, or blood
pressure medications), regular exercise >2 hours per week, tobacco use, and irregular
menstrual cycles. All participants provided written consent, and the study was approved by
the Institutional Review Board for Human Use at the University of Alabama at Birmingham
(UAB).

2.2 Diet Habituation

After a 3-day run-in phase on a standard diet (55% CHO, 18% PRO, 27% FAT), subjects
were assigned to either continue this higher-carbohydrate/lower-fat diet (High-CHO/Low-
FAT; 55% CHO, 18% PRO, 27% FAT) or begin a lower-carbohydrate/higher-fat diet (Low-
CHO/High-FAT; 43% CHO, 18% PRO, 39% FAT) for 8 weeks as previously described
[17]. Because other studies have shown protein to be the most satiating macronutrient [1, 7,
18], protein content of both diets was held constant in order to tease apart effects of
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moderate carbohydrate reduction concomitant with increased dietary fat. All food was
provided by the UAB General Clinical Research Center (GCRC) with energy calculated for
weight maintenance using the Harris Benedict formula [19] with an activity factor of 1.35
for females and 1.5 for males. Each weekday morning, participants reported to the GCRC to
pick up food and obtain body weight measurements.

2.3 Liquid Meal Test

2.4 Assays

At baseline and week 8, each participant completed a liquid meal test following a 12-hour
overnight fast. Blood samples collected at -15 and -5 minutes prior to the test meal were
averaged to determine fasting concentrations of ghrelin and GLP-1. Participants consumed a
standard liquid meal [Carnation Instant Breakfast (Nestle; Vevey, Switzerland) and whole
milk; 7 kcals/kg, 58.6% CHO, 17.4% PRO, 24% FAT] within a 5-minute period, and blood
was sampled at 15, 60, 90, 120, 180, and 240 minutes. At each blood sample, participants
were asked to rate subjective hunger by marking a visual analog scale (VAS). The VAS
consisted of a 100mm line anchored at both ends with the statements “I am not hungry at
all” and “I am as hungry as | have ever felt.” Hunger was quantified by measuring the
distance in mm from the left anchor to the mark [20].

All analyses were conducted in the Core Laboratory of UAB's Nutrition Obesity Research
Center, Diabetes Research and Training Center, and GCRC. Total ghrelin was measured in
duplicate 20 pl aliquots by enzyme-linked immunoabsorbent assay (ELISA; Millipore
Corporation; Billerica, MA). In the Core laboratory, mean intra-assay c.v. was 7.10%, and
mean interassay c.v. was 5.98%. GLP-1 was measured in duplicate 100-p.L aliquots by
ELISA (Millipore Corporation; Billerica, MA). This ELISA is highly specific for the
immunologic measurement of the active form of GLP-1 (7-36 amide). In the Core
laboratory, mean intra-assay c.v. was 7.32% and mean interassay c.v. was 6.25%.

2.5 Statistical Analysis

3. Results

Continuous variables with non-normal distributions were log transformed for analyses.
Differences between diet groups with respect to demographic characteristics and body
habitus were evaluated using t- and chi-square tests for continuous and categorical variables,
respectively. The Mann-Whitney Utest was used to identify differences in age as this
variable was non-normally distributed after log transformation. Because each meal test
included multiple observations per participant, mixed models were used to test whether the
patterns of the 4-hour postprandial meal responses differed according to pre- vs. post-
intervention and the type of diet. Incremental area under the curve (AUC) was calculated by
the trapezoidal method [21] for ghrelin, GLP-1, insulin, and hunger. Paired t-tests were used
to examine changes within diet groups from week 0 to week 8 for each AUC composite.
Spearman correlation coefficients were calculated for the relationship between subjective
hunger and gut hormones. All analyses were two-sided with a Type | error rate of 0.05 and
were performed using SAS version 9.2 (SAS Institute, Cary, NC), SPSS version 19.0
(Chicago, IL), and GraphPad Prism version 5.0 (La Jolla, CA).

Participant characteristics are displayed in Table 1. Despite provision of eucaloric diets,
mild weight change was observed over the 8-week study period (-1.04 £ 1.51kg). Weight
change did not differ between diet groups nor was weight change correlated with any
variable of interest.
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Table 2 shows average values of ghrelin and GLP-1 across the meal test. AUC within each
diet group did not significantly differ from week 0 to week 8 for either hormone.

Figure 1 displays time courses for total serum ghrelin. Although ghrelin concentrations
changed over the 4 hours of testing (p<0.001 for both meal tests), both diet groups showed
similar patterns at both meal tests (p = 0.664 for diet x week). On average, the Higher-CHO/
Lower-FAT diet group had lower circulating ghrelin (p<0.001) prior to the intervention, and
this group difference persisted despite diet habituation.

Figure 2 shows time courses for serum GLP-1. Changes from fasting values across 4 hours
of testing were greater after 8 weeks compared to pre-intervention (p=0.03). However, both
diet groups showed similar patterns at both meal tests (p = 0.174 for diet x week).

Figure 3 shows time courses for subjective hunger. At both meal tests, hunger changed
across the test period (p<0.001), but the patterns of change were similar for both diet groups
with lack of significance for the diet x week interaction (p = 0.244) indicating no effect of
the diet intervention on hunger response to the test meal. Although there were no significant
differences between diet groups, participants reported greater hunger at week 8 compared to
week 0 (p=0.03). Fasting GLP-1, postprandial GLP-1, and fasting ghrelin were not related to
subjective hunger at either meal test. Postprandial ghrelin was significantly correlated with
hunger during minutes 15-120 of the baseline meal test (r-values ranged from 0.355 to
0.447; p-values ranged from <0.001 to 0.005). However, these associations were no longer
significant at week 8.

4. Discussion

Whereas most studies have considered only acute effects of macronutrients on gut
hormones, this study was designed to examine whether chronic changes in dietary
macronutrient profile would affect fasting ghrelin and GLP-1 as well as gut hormone
responses to a standard mixed meal. Our results indicated that 8-week habituation to Higher-
CHO/Lower-FAT vs. Lower-CHO/Higher-FAT diets did not appreciably affect
postabsorptive or postprandial ghrelin or GLP-1.

The first major finding of this study is that habituation to diets of different macronutrient
profiles did not influence fasting ghrelin or ghrelin response to a standard liquid mixed meal.
Two earlier studies concluded that the previous day's dietary intake had no effect on fasting
ghrelin [22, 23]. The current study expands those findings by demonstrating that 8-week diet
acclimation likewise showed no effect on fasting ghrelin. Patterns for postprandial ghrelin
response to the test meal were similar for both diet groups at both 0 and 8-weeks. Ghrelin
concentrations declined within 15 minutes and continued to decline until 1 hour after
ingestion of the meal. Current knowledge of how dietary carbohydrate and fat affect
circulating ghrelin comes mainly from cross-sectional studies with test diets of differing
macronutrients. Three such studies [7, 15, 24] provide evidence that lipids have the mildest
effect on ghrelin suppression, while carbohydrate ingestion results in the most rapid
suppression of ghrelin, with carbohydrate also inducing a sharper and more rapid rebound of
ghrelin back to basal levels. Taken together, our findings indicate that although
macronutrient composition of one's diet may affect circulating ghrelin on an acute basis,
these responses are not conditioned over time, and chronic macronutrient intake has little
influence over acute responses of ghrelin to individual meals.

Likewise, fasting GLP-1 and GLP-1 response to the test meal were not significantly affected
by the different macronutrient profiles. Patterns of GLP-1 response were similar for both
groups at both meal tests, with GLP-1 increasing within 15 minutes and declining thereafter.
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Although previous studies have noted a positive association between caloric content of a
meal and change in GLP-1 [25], little is known about how specific macronutrients affect
GLP-1 secretion. One previous study among healthy men and women reported that GLP-1
increased dramatically after ingestion of fat alone, but the GLP-1 response was greatly
reduced with the addition of carbohydrate [15]. Similarly, in a crossover study investigating
different macronutrient preloads in dogs, dietary fat produced the greatest increase in
circulating GLP-1 [16]. Our results suggest that while dietary lipid may increase GLP-1
concentrations on an acute basis, acclimation to a higher-fat diet over an 8-week period did
not appear to affect GLP-1 response to a standard test meal. Although GLP-1 concentrations
showed considerable variance, and GLP-1 response did not significantly differ by diet
group, the total cohort demonstrated greater increases in GLP-1 at week 8 compared to
baseline. Both diet groups experienced a similar, slight weight loss across the intervention
period despite careful efforts to provide appropriate energy for weight maintenance. Though
weight change was not correlated with changes in gut hormone concentrations, it is plausible
that the mild weight loss influenced GLP-1 response, as previous studies have demonstrated
increases in postprandial GLP-1 following weight reduction by gastric bypass surgery [26,
27].

Profiles of subjective hunger were similar for both diet groups, with hunger declining within
15 minutes of food intake and then increasing thereafter. Hunger did not differ between diets
following habituation; however, despite greater GLP-1 response at week 8, both diet groups
reported greater hunger at week 8 compared to baseline. We can only speculate concerning
causative factors for increased hunger following the intervention. Hunger was not associated
with GLP-1 at either meal test, and postprandial correlations between ghrelin and hunger
that were observed at the first meal test were no longer significant at week 8. These results
suggest that factors other than the two gut hormones predominate in perceptions of hunger.
Food availability as well as various environmental and emotional stimuli have been shown
to impact perceived hunger and fullness [11, 28], so perhaps increased hunger at the post-
intervention assessment reflected a psychological effect of having all food provided by an
outside source. In any case, macronutrient profiles of the diets did not seem to influence
subjective hunger, and other factors associated with increased hunger at week 8 appeared to
override any influence of ghrelin or GLP-1.

Strengths of this study included longitudinal design; matching of participants in the two diet
groups for age, BMI, gender, and race; and careful control of food intake with all food
provided. Macronutrient compositions of the 2 diet arms were selected to be practical and
applicable in a “real world” setting [29], but is possible that diets with more dramatic
differences in carbohydrate and fat may have produced stronger changes in ghrelin, similar
to those observed in studies involving acute administration [7, 15, 24]. Because the study
was designed to look at gross macronutrient composition, we are unable to conclude
whether specific types of carbohydrate or fatty acids may differentially influence gut
hormones or hunger. Also, because we only measured total ghrelin concentrations, we are
unable to comment on differences between acylated vs. unacylated forms. A limitation of
the study was that the High-CHO/Low-FAT group had lower ghrelin both before and after
the intervention; however, this difference was considered by the statistical mixed models
analysis. By study design, all participants in this cohort were overweight. Given that fasting
levels of ghrelin [8, 30-32] and GLP-1 [33, 34] tend to be lower among overweight
individuals, and obesity has been associated with blunted postprandial responses of both
hormones [30-32, 35, 36], it is possible that a normal-weight cohort would display different
results.

In conclusion, although previous studies indicate that acute carbohydrate intake induces
sharper decreases in circulating ghrelin compared to other macronutrients while dietary fat
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leads to greater increases in GLP-1, we demonstrated that 8-week habituation to diets of
different carbohydrate/fat content had little influence on ghrelin, GLP-1, or subjective
hunger responses to a standard test meal among overweight adults. This knowledge that
acute responses of these gut hormones to specific macronutrients are not conditioned over
time will be important for the design of future intervention studies examining other
influences on these gut hormones. Indeed, future studies are indicated to confirm whether

consistent consumption of specific dietary macronutrients may impact obesity treatments by
affecting gut hormones.
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Figure 1.

300

Time courses for total serum ghrelin. Ghrelin changed across the minutes of each meal test
(p<0.001 for both). The higher-CHO/lower-FAT group had lower ghrelin at baseline and
week 8 (p<0.001 for Diet Group), but p-values were not significant for change over 8 weeks

or Diet x Week interaction.
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Figure2.

300

Time courses for serum GLP-1. Changes from fasting values across the 4 hours of testing
were greater at the 8-week test (p=0.030) compared to the 0-week test (p=0.155). There
were no significant differences for Diet Group, Week, or Diet x Week interaction.
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Figure 3.
Time courses for subjective hunger. Hunger changed across the minutes of each meal test

(p<0.001 for both). There were no significant differences for Diet Group or Diet x Week
interaction, but both diet groups reported greater hunger at week 8 compared to week 0
(p=0.032 for Week).
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Baseline characteristics (mean * SD)

Table 1

All (n=61)  55% CHO (n=27) = 43% CHO (n=34) = P-value
Sex (% male) 475 48.3 51.7 0.611
Ethnicity (% AA) 49.2 46.7 53.3 0.799
Age (y) 351+83 343+83 35.8+8.4 0.495
Weight (kg) 08.7+19.1 97.1+206 99.8 +18.0 0.585
BMI (kg/m?) 323142 31.3+44 33.0+39 0.123
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