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Original Article

Food temperature altered
macronutrients induced changes in
satiety hormones; glucagon - like
peptide -1 and cholecystokinin and
their correlation with subjective satiety

Naila Hamid', Muhammad O. Malik?, Bibi Hajira®, Inayat Shah?, Mahnoor Azhar’

Abstract:

BACKGROUND: The benefits of dietary macronutrients for weight management depend on the
integrity of gut hormones. The role of food temperature in the release of satiety hormones and
satiety needs elucidation. We aimed to determine the impact of different food temperatures with
varying macronutrient compositions on satiety-related gut hormones glucagon-like peptide-1 (GLP-1)
and cholecystokinin (CCK) and find the correlation of satiety hormones with appetite scores and
remainder-day food (energy) intake.

MATERIALS AND METHODS: Thirteen healthy participants (eight males and five females) aged
25-35 years with body mass index 18.5—24.9 kg/m? with no medical illnesses or eating disorders
consumed three compositions of meals (high carbohydrate, high fat, and high protein meals) each
at three temperatures (cold, warm, and hot) in a randomized, double-blinded, controlled crossover
design. Plasma concentrations of peptide hormones were determined at 0, 30, and 240 minutes by
enzyme-linked immunosorbent assay, and 24-hours food recall was used for remainder-day food
intake (remainder energy). Data were analyzed using SPSS version 27.0. The change in plasma levels
of gut hormones with time was assessed using Friedman test; Kruskal-Wallis test was employed to
compare GLP-1 and CCK hormonal levels across nine meals.

RESULTS: A comparison of the three meals at the three temperatures (total of nine groups),
showed that the GLP-1 and CCK plasma concentrations were significantly different (P < 0.001).
GLP-1 and CCK responses increased more after hot meals than cold meals. Overall, high-fat
meals had more effective gut hormone secretions. The area under the curve was increased for
GLP-1 in high-fat meals and for CCK in hot meals. The peptide hormones (GLP-1 and CCK) were
positively correlated with satiety scores and inversely with remainder food intake.
CONCLUSION: The temperature of food was found to be an effective stimulus for the regulation of
CCK and GLP-1 secretion. Hot food temperature increased satiety hormones (CCK and GLP-1),
independent of food macronutrient composition.
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Introduction as the best line of treatment for it."! Appetite

control is the regulation of food intake by
two processes: satiation is meal inhibition,
while satiety is the feeling of fullness
that prevents hunger between meals.

besity has become a global epidemic,
and nutritional strategies are emerging
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Gut-brain communication plays a vital role in satiety.
Satiety is influenced by gut hormones released in
response to macronutrients, gut hormones also
act on hypothalamic anorexigenic or orexigenic
nuclei.P! Cholecystokinin (CCK) hormone delays
stomach emptying by inhibiting the vagus nerve, leading
to satiation, while glucagon-like peptide-1 (GLP-1)
regulates stomach emptying, acid secretion, and ileal
brake.’#l GLP-1 acts as an incretin hormone, helping
with satiety control by providing negative feedback
to the stomach and regulating postprandial glucose.*!

Diets with different compositions of macronutrients
are related to various levels of anorexic and
orexigenic hormones.!"*! Responses to GLP-1 and
PYY are significantly increased after meals high
in carbohydrates (CHOs).®! However, fatty!® and
protein-rich”! foods have been linked to higher CCK in
earlier studies. Food temperature has been recognized as
a key factor in understanding GLP-1 release, particularly
in the Asian population.®! Cold food items are anticipated
to be less satiating compared to hot consumables.” Food
temperatures, cold and hot, have been shown to impede
gastric emptying.['” The differential responses of plasma
GLP-1 and CCK in healthy participants to palatable
meals with different macronutrient compositions and
dietary temperatures are currently unknown. Literature
available on food temperature and its influence on satiety
is scarce. This study focused on evaluating the short-term
effects of three macronutrient meals (high protein, high
fat, and high CHO) at three dietary temperatures (cold,
warm, and hot) on the responses of CCK and GLP-1.
Moreover, to find out the relationship between satiety
hormones and appetite scores and later remainder
energy (food) intake in normal, healthy adults.

Materials and Methods

A randomized crossover study design was conducted
from November 2022 to October 2023. Out of the 25
participants screened, the study recruited 15 healthy,
nonsmoking volunteers aged 25-35 years, with a normal
body mass index (BMI) (range of 18.5-24.9 kg/m?).
However, two participants dropped out (one because
of illness unrelated to the research and the other for
personal reasons). Thirteen participants (eight men
and five women) completed the study. OpenEpi Info
software (Centers for Disease Control, Atlanta, Georgia,
United States) was used to calculate the sample size by
keeping the power at 80% and the confidence interval
at 95%; the minimum sample size calculated for GLP-1
was 10, and for CCK, 14.' The participants did not
have food allergies (diet history) or dietary restrictions,
excluded by the three-factor eating questionnaire revised
18-item version.['” Ethical approval was obtained from
the Institutional Ethical Review Board vide Letter No.

IERB/2022/9303-7 dated 12/10/2022, and written
informed consent was taken from all participants in the
study.

For the randomization of participants, research randomizer
software was used.'™ Each participant had a total of nine
visits. The participants were served three test meals (high
protein, high CHO, and high fat), each at three different
temperatures (cold, warm, or hot), for a total of nine
different meals. There was an interval of 1 week between
the visits to minimize any carry-over effects. Each session
day was identical in all respects except for the type of
test meal provided. The participants were instructed
to have an early dinner (500-700 calories), sufficient
sleep (8 h), and avoid any strenuous exercise. On each
test day at 8:00 a.m., participants reported to the research
laboratory after 10-12 h of fasting. Before the test meal
was provided (still fasting), a blood sample was taken and
the Visual Analog Scale (VAS) all four questions’ appetite
ratings were completed. After the baseline (fasting)
measurements, participants were provided with a test
meal (each serving 300 g) and a 250-mL bottle of water,
served in a laboratory room (at 25°C room temperature)
and consumed orally within 30 min with no researchers
around or other distractions. The test meal was weighed
before and after eating by the researchers with a digital
kitchen machine (true sine series TS-200, China, 6
kg—0.01 g). Every 30 min for 4 h, participants” appetite
profiles (hunger, satiety, fullness, and desire to eat) were
evaluated using VAS." For hormone analysis, blood
samples were taken at 0 min (fasting), 30 min, and 240 min.
At the end of the study period (4 hours), participants left
the research laboratory. To estimate remainder energy
intake, a 24-h recall of foods consumed (lunch, snacks, or
dinner) was submitted by the participants the next day,!
and was estimated by two nutritionists using WinDiets
Analysis software [Win Diets 2010 version (Robert Gordon
University, Aberdeen, UK)].'"

For hormone analysis, chilled tubes with sodium
ethylenediaminetetraacetic acid were filled with
venous blood samples. Using commercially available
enzyme-linked immunosorbent assay (ELISA)
kits (Bioassay Technology BT Laboratory, UK), human
active GLP-1 (pmole/L) and CCK (ng/L) concentrations
were determined.!""! For CCK cat no. E1357Hu and GLP-1
catno. EOO2Hu kits and an ELISA plate reader (BioTek),
450 (+10) mm wavelength were used. The sandwich
ELISA technique was used for the quantitative detection
of both CCK and GLP-1. The CCK inter- and intra-assay
coefficients of variation were <10% and <3.9%, while
for GLP-1, they were <10% and <2.6%. The volume,
palatability, smell, texture, and appearance of the three
ad libitum test meals were equalized. The high-CHO
meal (65% CHO, 10% fat, 25% protein) consisted of
rice and chicken, prepared as a combination of boiled
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basmati rice, potatoes, tomato-based sauce, and boneless
chicken in olive oil. A high-protein meal (60% protein,
30% fat, 10% CHO) of chicken steak was prepared with
boiled eggs, sauteed vegetables (carrot, potatoes, and
onion), and chicken breasts. A high-fat meal (60% fat,
10% CHO, and 30% protein) consisted of paratha roll
with boneless chicken, whole wheat roti, olive oil, and
mayonnaise. A nutritionist’s help was needed in the
assessment of calories (500 kcal) in the preparation
of each test meal. The test meals were served at three
temperatures: cold (20°C-25°C), warm (40°C-60°C), and
hot (60°C-65°C)."! The temperature of test meals was
kept constant by serving it on chafing dishes (Electric
Single Hot Plate, 1000 Watts, Yellow-SK-100A Egypt).
With the help of a food thermometer (digital kitchen
food thermometer TP300 China), the meal temperature
was checked before, during, and after the meal intake.

Data were analyzed using the Statistical Package for
the Social Sciences software version 27.0 (IBM SPSS
Statistics for Windows, Version 27.0; Armonk, NY, USA:
IBM Corp.). To evaluate the change in plasma levels
of gut hormones with time, the repeated-measures
Freidman analysis of variance (ANOVA) was used. To
compare GLP-1 and CCK hormonal levels across nine
meals, the Kruskal-Wallis H test was used, followed
by the Mann-Whitney post hoc for significant values.
Using the trapezoidal rule, the total area under the
curve (AUC) for GLP-1 and CCK hormones was
calculated from 0 to 240 min. To adjust for differences
in before-meal hormonal values, adjusted (for fasting)
values for postmeal times were generated, and analysis
was repeated. Spearman’s correlation was used to find
the relationship between satiety hormones, appetite
scores, and remainder-day energy intake. P < 0.05 was
considered statistically significant.

Results

The participants had a mean (+ standard deviation) age
of 29 (+ 2.8) years, a BMI of 22.53 (2.96) kg/m?, blood
pressure systolic 107.31 (4.39) mmHg, and a diastolic
75 (5.40) mmHg. The GLP-1 responses of the study
participants (n = 13) in all three experimental studies of
test meals (high CHO, high protein, and high fat) at three

temperatures (cold, warm, and hot) at 0, 30, and 240-min
time points were recorded and summarized in Table 1.
The GLP-1 by time interaction was nonsignificant in
the three test meals at cold, warm, and hot (P > 0.05;
Freidman ANOVA). Comparisons between the three
macronutrient groups at three temperatures for GLP-1
values were highly significant (Kruskal-Wallis H,
ANOVA, P =< 0.001). GLP-1 plasma levels increased
from baseline to 240 min following hot high fat, while
there was a delayed rise (at 240 min) in hot high CHO
and hot high protein. The cold meals (high CHO and
high protein) showed blunted responses of GLP-1 (from
0 to 240 min). Overall, high-fat meals had the highest
plasma levels of GLP-1 responses than other meal
groups (protein and CHO). The warm meals had
fluctuations in GLP-1 (either at 30 or at 240 min). The post
hoc analysis also revealed that plasma levels of GLP-1
were significantly higher for high fat, high protein, and
high CHO at hot temperatures than for pair-wise meals
and also higher at cold temperatures for high fat and high
CHO compared to pair-wise meals at 240 and 30 minutes
respectively (P < 0.05).

The total AUC (0-240 min) for GLP-1 showed
significant differences between the three meals at three
temperatures (P < 0.001), as shown in Figure 1. The mean
AUC values for GLP-1 of high-fat meals were higher at
three temperatures (cold, warm, and hot) compared to
high protein and high CHO meals. The AUC was the
lowest in warm protein. The AUC of GLP-1 post hoc also
revealed that hot meals and cold meals (fatand CHO) were
significantly higher than for pair-wise meals (P < 0.05).

The CCK responses in all three meals (CHO protein
and fat) at three temperatures at 0, 30, and 240 min are
summarized in Table 2. The plasma CCK concentrations
were not statistically significant within meals (repeated
measures of the Friedman ANOVA, P > 0.05), except
for the cold protein meal (P = 0.01). Analysis with the
Kruskal-Wallis H ANOV A showed plasma levels of CCK
were significantly different in the three meals at three
temperatures (P < 0.001). From baseline to 240 min,
CCK showed an increase in the hot meals (high fat
and high protein), while in hot CHO at 240 min only.
However, CCK responses increased following cold high
CHO (0240 min) as exceptional findings. The CCK was

Table 1: Changes in plasma levels of glucagon-like peptide-1 in three meals (high carbohydrate, high protein,

and high fat) at three temperatures (cold, warm, and hot)

Time High carbohydrate (n=13) High protein (n=13) High fat (n=13) P-value®
(min) Cold Warm Hot Cold Warm Hot Cold Warm Hot

MeanzSD MeantSD Mean+SD MeantSD MeantSD Mean+SD Mean+SD Mean+SD Mean+SD
0 15.72+3.32 12.41+3.06 14.67+4.21 14.86+3.81 9.08+3.16 13.08+2.89 16.47+3.99 12.28+2.61 14.06+4.93 <0.001
30 15.33+4.01 13.38+4.36 13.75+2.98 12.92+4.08 8.34+2.14 12.93+2.92 15.66+3.25 12.58+2.58 15.40+4.49 <0.001
240 14.18+£3.54 12.23+3.55 15.02+3.84 11.93+3.03 8.65+3.57 13.20+3.99 16.67+2.61 12.30+2.30 15.42+4.50 <0.001
P-value? 0.11 0.11 2.38 0.58 0.73 0.12 0.13 0.58 0.37

aFriedman test, °Kruskal-Wallis test, SD=Standard deviation
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the highest in hot fat and hot CHO meals and the lowest
in warm protein meals. The adjusted Kruskal-Wallis H
ANOVA was repeated for 30- and 240-min values of CCK
and GLP-1. The P values remained unchanged. The post
hoc test showed that plasma concentrations of CCK were
significantly higher for hot meals (high fat, high protein,
and high CHO) compared to pair-wise meals (P < 0.05).

The total AUC (0-240 min) for CCK showed
significant differences between the three meals at three
temperatures (P = 0.001), as shown in Figure 2. The total
AUC mean values for CCK of hot meals were higher for
high fat, high protein, and high CHO meals compared to
cold meals. The AUC of CCK post hoc also showed that
hot meals were significantly higher than for pair-wise
meals (P < 0.05).

Correlation coefficients of postprandial changes in CCK
and GLP-1, appetite profiles, and remainder energy
intake following three meals at three temperatures
are shown in Table 3. Changes in plasma levels of
CCK were positively correlated with changes in

hunger sensation and desire to eat at 240 min after hot
CHO meals (r = 0.716; P = 0.006; r = 0.613; P = 0.02,
respectively). There was a significant positive correlation
of GLP-1 with satiety feeling at 30 min after warm
protein meals (r = 0.549; P = 0.05) and with the desire to
eat at 240 min after a hot CHO (r=0.618; P = 0.02). There
were significant negative correlations between GLP-1
and remainder energy intake at 30 min and 240 min
following hot CHO (r = -0.737; P = 0.00, r = -0.578;
P = 0.03, respectively). Changes in levels of CCK were
correlated inversely with remainder energy intake at 30
and 240 min (r = -0.633; P = 0.02, r = -0.637; P = 0.01,
respectively) following hot protein meals. There was a
positive correlation between gut hormones (CCK and
GLP-1) and satiety scores, while there was a negative
correlation with remainder (food) energy intake
following hot meals (CHO and protein).

Discussion

We focused on resolving several discrepancies in the
literature concerning the contributions of macronutrients

4000
3500
3000

AUC mm*mins
—_ N N
a o [é)]
o o o
o o o

1000
500

IO

CHO

AUC GLP-1

5 Cold : Warm =Hot

e

H

S

e S e

e T S I S D e R
ﬁhﬁhﬂﬂﬁﬁﬁﬁﬁﬁ+
e, e e L

ﬂ

2

i

%
£

e e e o S e

o+
ot

o

LD e AT E L e

L
o+
o+

oo
e}

L
1

o
ity

+++++++++++J¥

o

2
e

o
L

+
ok,

S
R

e e e e e T e e

o
i

o
%

o

o
i
Y
&
Y
&

o+

o

Protein Fat

Figure 1: The mean values (+ standard error) of the area under the curve

AUC

—_

for glucagon-like polypeptide-1 (GLP-1) levels.

CHO = Carbohydrate, AUC = Area under the curve, GLP-1 = Glucagon-like polypeptide-1

AUC CCK

o

o+

bbbt

<
L
Lt

3000
2500 —
£ 2000 = &
* — o
£ — i
£ 1500 — et
(@] — R
-] — G
<< 1000 — I
500 —
0 Dl —
CHO

wCold -Warm = Hot

L
ety

L

L

o

L

Protein Fat

Figure 2: Mean values

+ standard error) of the area under the curve (AUC) for cholecystokinin (CCK).

CHO = Carbohydrate, AUC = Area under the curve

240

Journal of Family and Community Medicine - Volume 31, Issue 3, July-September 2024



Hamid, et al.: The impact of food temperature on satiety hormones (GLP-1 and CCK)

Table 2: Changes in plasma levels of cholecystokinin in three meals (high carbohydrate, high protein, and high

fat) at three temperatures (cold, warm, and hot)

Time High carbohydrate (n=13) High protein (n=13) High fat (n=13) P-value®
(min) Cold Warm Hot Cold Warm Hot Cold Warm Hot

Mean+SD Mean+SD Mean+SD Mean+SD Mean+tSD Mean+SD MeantSD Mean+SD Mean+SD
0 8.08+3.28 10.13+3.27 11.20+3.00 10.65+1.73 6.19+1.41 9.57+3.15 8.85x2.31 9.56+1.51 10.67+3.02 <0.001
30 8.76+£3.97 10.46+2.51 10.71£2.27 9.68+1.85 5.78+1.18 10.0+2.1 8.41+251 9.19+2.46 10.79+2.95 <0.001
240 8.81+4.54 9.50+1.66 11.98+2.59 8.51+1.550 6.15+1.64 10.10+2.2 9.27+2.49 10.02+2.29 10.91+3.20 <0.001
P-value? 0.73 0.80 0.20 0.01 0.36 0.58 0.23 0.43

aFriedman test, "Kruskal-Wallis test, SD=Standard deviation

Table 3: Correlation coefficients of satiety hormones (cholecystokinin and glucagon-like polypeptide-1) with

appetite scores and remainder energy intake

Satiety hormones Hunger Satiety Desire to eat Remainder energy intake
r P-value r P-value r P-value r P-value

CCK (cold protein) at 30 min 0.572 0.04

CCK (hot protein) at 30 min -0.633 0.02

CCK (hot protein) at 240 min -0.637 0.01

CCK (hot CHO) at 240 min 0.716 0.006 0.613 0.02

GLP-1 (warm protein) at 30 min 0.549 0.05

GLP-1 (hot CHO) at 30 min -0.737 0.00

GLP-1 (hot CHO) at 240 min 0.618 0.02 -0.578 0.03

r=Spearman correlation coefficients, CHO=Carbohydrate, CCK=Cholecystokinin, GLP-1=Glucagon-like peptide-1

and their dietary temperatures required for the appraisal
of the underlying gut hormone mechanisms, satiety,
and remainder energy intake. The study is the first to
examine postprandial gut hormone responses in young,
healthy adults to three meal compositions (fat, protein,
and CHOs) at three dietary temperatures (cold, warm,
and hot); the study also aimed to find the correlation
between gut hormones and satiety perceptions and later
energy intake.

Primarily, we found that different compositions (protein,
fat, and CHO) served at three temperatures (cold,
warm, and hot) affected GLP-1 and CCK plasma levels.
Postprandial increases in satiety hormones were seen,
especially following the hot meal groups (high fat and
high protein). The high-fat meal was the most effective
in eliciting both GLP-1 and CCK responses. The novel
finding of the short-term study was that hot meals
and high-fat meals caused differences in gut hormone
secretions but had a weak relationship with appetite
scores and remainder energy (food) intake. Therefore,
short-term hormonal changes caused by hot meals early
in the day had less impact on later energy intake. Our
study found that high-fat and hot meals led to a greater
AUC for GLP-1 and CCK in satiety hormone responses.
Several mechanisms could have been responsible for
these differences.

Chaudhri et al. P have shown that dietary protein and fat
are more effective stimulators of CCK release than CHO.
In addition, Parvaresh et al.” reported that compared
to a protein or fat-rich meal, a high-CHO meal had a
shorter anorexigenic response with an attenuated release

of GLP-1. A similar review by Moris et al., showed that
CCK was expressed to a lesser extent under a CHO-rich
meal."® Our study showed that the release of GLP-1 and
CCK was primarily influenced by fat-rich meals and
hot meals. These findings were further underscored by
significant correlations between satiety hormones and
hunger and desire to eat following hot meals. Suzuki
et al., reported that elevated plasma concentrations of
GLP-1 and CCK may be attributable to metabolic factors
such as increased satiety and reduced hunger.["”!

The dietary temperature was one of the crucial factors in
determining the results and improving the anorexigenic
hormonal responses in our study. This is consistent with
studies reporting that hot foods (44°C-55°C)®! increase
GLP-1 secretion, while cold foods are less satisfying.!
Contrary to our study, Rolls et ef al., showed that varied
temperatures (60°C-62°C vs. 1°C) of the preloads did
not affect satiety or food intake.™ Exposure to food
temperature has the most significant impact on the mouth,
esophagus, and stomach in the gastrointestinal tract.*"
Mishima et al., were of the view that food temperature at
60°C increased gastric emptying.”! The temperature of
ingested food acts synergistically with postprandial GLP-1
and CCK plasma levels in delaying gastric emptying.>4l
These findings justify our result of increased plasma
GLP-1 and CCK release following hot meal groups.

An interesting explanation by Moris et al.,['® is that
enteroendocrine or neuropod cells convert sensory stimuli
like temperature and nutrients into electrochemical
signals, regulating satiety and gut-brain axis through
rapid transmission by the vagus nerve. Recent studies
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on gut physiology can provide insight into the impact
of food temperature and its significance.*%! Our results
indicated that a fat-rich meal out of the three meals
effectively coincided with elevated GLP-1 and CCK
levels. Although Blundell et al., suggested that high-fat
diets had a weak effect on satiety as compared to CHO
and proteins.”®! Giezenaar ef al., also reported, contrary
to our study, that high-protein meals were associated
with increased responses of GLP-1 and CCK compared
to fat and CHO." Our results agreed with Maffeis et al.,
that fat-rich diets had a positive response to peptide
hormones and satiety.*! A longer gastric transition time
with a fat-rich meal might be associated with gastric
emptying delay, a potent response to peptide hormones
and satiety.*’!

The Spearman correlation test was utilized to analyze the
correlation between hormonal responses, satiety scores,
and remainder (food) energy intake. Postprandial plasma
levels of GLP-1 and CCK showed a weak correlation
with appetite scores and a negative correlation with
remainder energy (food) intake following hot CHO
and protein meals in normal-weight participants.
Despite the significant response of postprandial
anorexic hormone (GLP-1 and CCK) levels, the peptide
hormones did not truly interpret the subjective satiety
feelings. A similar pattern of disparity between appetite
measurements and hormonal appetite regulators was
seen in some other studies.” Subjective appetite ratings
may simply reflect a person’s interpretation of their
feelings and motivations.®! Similarly, despite changes
in satiety hormones, the remainder energy (food) intake
for the rest of the day was affected by a hedonistic
appetite. As explained by Campos et al., food intake for
pleasure and reward may ignore homeostatic needs even
without physiological hunger.” Our research findings
contributed to the current literature on the satiety
hormonal response to food temperature after short-term
meal challenges.

The limitations of our study were that all the subjects
were of normal weight, and the observations could not be
applied to obese individuals. Second, the 24-h dietary recall
method is susceptible to errors in memory and recall bias.

Conclusion

Hot food temperature increased the satiety hormones
CCK and GLP-1, independent of food macronutrient
composition. High-fat foods also cause higher secretions
of CCK and GLP-1 compared to proteins and carbs. Food
temperature was found to be an effective stimulus for
regulating CCK and GLP-1 secretion. Further long-term
dietary studies are needed in this field to explore food
temperature and macronutrient effects on appetite
regulators.
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