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BACKGROUND: Eating behavior is a major factor in type 2 diabetes. We investigated the different responses of glucose-regulating
hormones to cold and hot glucose solutions in normal subjects and patients with type 2 diabetes.

METHODS: In this crossover, self-controlled study, normal subjects (N = 19) and patients with type 2 diabetes (N = 22) were
recruited and randomly assigned to a hot (50 °C) or a cold (8 °C) oral glucose-tolerance test (OGTT). The subsequent day, they were
switched to the OGTT at the other temperature. Blood glucose, insulin, GIP, glucagon-like peptide-1 (GLP-1), and cortisol were
measured at 0, 5, 10, 30, 60, and 120 min during each OGTT. After the hot OGTT, all subjects ingested hot (>42 °C) food and water
for that day, and ingested food and water at room temperature (<24 °C) for the day after cold OGTT. All participants had continuous

glucose monitoring (CGM) throughout the study.

RESULTS: Compared to cold OGTT, blood glucose was significantly higher with hot OGTT in both groups (both P < 0.05). However,
insulin and GLP-1 levels were significantly higher in hot OGTT in normal subjects only (both P < 0.05). The GIP and cortisol responses
did not differ with temperature in both groups. CGM showed that normal subjects had significantly higher 24-h mean glucose
(MBG) (6.11 £0.13 vs. 5.84 + 0.11 mmol/L, P=0.021), and standard deviation of MBG with hot meals (0.59 + 0.06 vs. 0.48 +

0.05 mmol/L, P=0.043), T2DM patients had higher MBG only (8.46 + 0.38 vs. 8.88 = 0.39 mmol/L, P = 0.022).

CONCLUSIONS: Food temperature is an important factor in glucose absorption and GLP-1 response. These food temperatures

elicited differences are lost in type 2 diabetes.
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INTRODUCTION

While the timing [1] and frequency of meals [2, 3] have been
noted as important factors for the prevalence of diabetes and
blood glucose control, food temperature has not been seen
generally as important in type 2 diabetes mellitus (T2DM).
Recently, ambient food temperature has attracted some atten-
tion in the understanding of diabetes in Asian populations—
where food temperature had some effects on the glycemic
response to rice [4] and potatoes [5]. Early phase insulin release
in animal studies (anesthetized rats) [6] was also reported to be
affected by food temperature. Increased food temperature may
activate the nerve system via several heat-activated ion channels,
such as TRPV1 [7]. However, as far as we know, there have not
been comparisons of the endocrine effects of ambient glucose or
food temperature on the response to OGTT, or to normal
daily meals.

Previous studies showed that gastric emptying was positively
correlated with blood glucose in the first 30 min after glucose
ingestion, and was inversely related to blood glucose at 120 min
[8]. Gastric emptying may also influence GLP-1 release [9]. The

cold and hot ambient temperature of ingested food has been
shown to slow gastric emptying via affecting antropyloroduo-
denal motility and gastric electrical activity [10, 11], but as far as
we know, the subsequent effects on blood glucose, and the
responses in insulin and other gut-related hormones, have not
been studied. There are large differences in ambient food and
drink temperatures between different cuisines in most countries.
Cold drinks are common in fast-food restaurants, but hot soups
are the norm in many meals in much of East Asia. In recent years,
there has been a large increase in many parts of East Asia,
especially in China, of "hot pot” food, served often at
temperatures above 50 °C.

In this study, we investigated the blood glucose, and glucose-
responsive hormones to a standard oral glucose-tolerance test
(OGTT) with hot or cold temperature glucose in normal subjects,
and in newly diagnosed untreated patients with T2DM. We
further performed continuous glucose monitoring (CGM) in
these two groups on the two different days, to compare the
glucose profiles of hot versus cold food and water throughout
the day.
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MATERIALS AND METHODS

Study population

We enrolled 19 normal subjects and 22 newly diagnosed patients with
T2DM at the Nanjing First Hospital between June 2017 and October 2019.
The normal subjects were healthy and had no known illness. The patients
with T2DM were all newly diagnosed through health screening and had
mild diabetes that did not require urgent treatment. The inclusion criteria
for the two groups were as follows: (1) normal participants: no previous
history of diabetes or any other illness; fasting plasma glucose <6.1 mmol/L
and 2-h plasma glucose <7.8 mmol/L after 75-g OGTTs (the diagnostic
criteria of World Health Organization 1999); (2) newly diagnosed patients
with T2DM (diagnostic criteria of World Health Organization); HbA,.
<86 mmol/mol (10.0%). Both groups had BMI of 18.0-28.0 kg/m? and were
aged 18-60 years. Participants with the following were also excluded: (1)
any history of hypoglycemic agent intake or were presently taking
hypoglycemic agents; (2) any abnormality in liver or kidney function on
blood and urine investigations; (3) any history of systemic corticosteroid
use in 3 months; (4) any recent infections or acute medical events; (5)
pregnancy.

The study was reviewed and approved by the Institutional Ethics
Committee of Nanjing First Hospital, Nanjing Medical University, and
signed informed consent was obtained from all study participants. This trial
was registered in ChiCTR (ChiCTR-OOC-17011643, registered June 12, 2017,
http://www.chictr.org.cn/showproj.aspx?proj=19708). This study was car-
ried out in accordance with the Helsinki Declaration, and all methods were
carried out in accordance with relevant guidelines and regulations.

OGTT with different temperature

All experiments were conducted at a dedicated facility at the hospital with
an ambient temperature of 22 °C. After an overnight fast (>10 h), half the
participants were assigned randomly to either a hot or cold OGTT at 8:00
am, and instructed to take the corresponding hot or cold food throughout
the day. The participants then all took the alternative temperature OGTT
and food the next day.

Hot and cold glucose solutions were prepared as follows: 75g
anhydrous glucose was dissolved in 300 ml of water. The cold glucose
solution was cooled in a refrigerator (4 °C), while the hot glucose solution
was heated in a water bath (55 °C). The final temperature of the glucose
solution was measured just before oral administration to ensure the
temperature of 6-8 °C for the cold OGTT and about 50 °C for the hot OGTT.
Venous blood was sampled at 0, 5, 10, 30, 60, and 120 min during OGTT.
The OGTT was repeated at the opposite temperature the next morning.
After the hot OGTT, participants were given hot food for lunch and dinner
for the rest of the day and instructed to avoid cool food or water. Similarly,
after the cold OGTT, the participants took cold food and water. The food
on both days was identical in composition and total calorie content to
avoid differences in “chili” (capsaicin) related and other gustatory
differences. The “hot” foods included hot soup, noodles, rice, vegetables,
and meat at temperatures of 45-55 °C. Cold food was at room temperature
of 20-24 °C. None of the subjects reported any difficulty with these food
temperatures. The lunch time was from 11:00 to 12:00, and supper time
was from 17:00 to 18:00. All meals were consumed within 30 min.

Clinical and laboratory assessments

Height, weight, age, and medical history were collected at the first visit.
Body mass index (BMI) was calculated as weight divided by the square of
height (kg/m?). Plasma blood glucose levels were measured using the
glucose oxidase method with an auto-analyzer (Modular E170, Roche,
Mannheim, Germany). HbA;. was measured by high-performance liquid
chromatography assay (Bio-Rad Laboratories, Inc., CA, USA). Insulin levels
were measured by chemiluminescent immunometric assay using the
Modular Analytics E170 (Roche” Diagnostics GmbH, Mannheim, Germany,
reference range: 2.3-11.6 mU/L). Plasma cortisol was determined with
quantitative radioimmunoassay (Beijing North Institute of Biological
Technology, CN). Measurements of glucagon-like peptide-1 (GLP-1, 7-36
and 7-37—amide) and glucose-dependent insulinotropic peptide (GIP)
were made in blood collected in precooled specimen tubes with added
protease and DPP-IV inhibitors, and by ELISA assays (USCN LIFE, CN; intra-
assay precision: CV < 10%; interassay precision: CV < 12%).

Continuous glucose monitoring
All participants had CGM for 3 consecutive days during this study. A CGM
(Medtronic Incorporated, Northridge, CA, USA) sensor was implanted in the
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Table 1. Characteristics of subjects in different groups.

Normal T2DM P value
N 19 22 =
Gender (male%) 47.37% 68.18% 0.216
Age (year) 38.95+2.55 4441 +1.73 0.077
BMI (kg/m?) 22.33+0.59 26.02+0.61 <0.001
HbA1c (%) 5.28 +£0.08 6.93 £0.28 <0.001

T2DM type 2 diabetes, N number, BMI body mass index, HbAlc glycated
hemoglobin.

anterior abdomen one day before the first OGTT. Participants were
instructed in the use of the device and were asked to measure capillary
blood glucose four times daily for calibration. Interstitial glucose was
continuously measured every 5min. The CGM sensor was removed 24 h
after the second OGTT. The participants were asked to maintain their
activities without strenuous exercise during CGM for the three consecutive
days. Patients with capillary blood glucose =20.0 mmol/L at any time point
were removed from the study. The 24-h mean glucose (MBG), standard
deviation of MBG (SDBG), coefficient of variation (CV), 24-h largest
amplitude of glycemic excursion (LAGE), and time in range (TIR) were
recorded and compared between the two temperatures in the two groups
[12,13].

Statistical analysis

All statistical analyses were performed using the SPSS 22.0 software (SPSS
Science, Chicago, USA). All variables were tested for normal distribution of
the data and were expressed as mean + SEM, or as median (IQR). Each of
the variables: glucose, insulin, GLP-1, GIP, and cortisol were analyzed by
ANOVA for repeated measurements to test for statistical significance of the
differences between hot and cold OGTT. If there was statistical significance
between the two temperatures (P<0.05), this was followed with a
Bonferroni test for specific time points. The paired t-test was used in the
comparison of CGM data between cool and hot meals in the same subject.
Differences between the groups were examined using the Student’s
unpaired t-test or Mann-Whitney U test. All comparisons were two-sided at
a 5% significance level. A P value <0.05 was considered statistically
significant.

We tested the cold and hot OGTT in six normal subjects in a pre-study.
The area under the curve (AUC) of blood glucose after glucose
administration was 241.67 +89.37 mmol/L in cold OGTT, and 280.58 +
86.32 mmol/L in hot OGTT. Therefore, we need at least 17 subjects with
80% power and an a of 0.05. The sample size was calculated using PASS
software.

RESULTS

Subject characteristics

A total of 19 normal subjects and 22 newly diagnosed untreated
T2DM patients completed the study. Twenty subjects (9 normal
subjects and 11 patients with T2DM) had hot OGTT first and 21
had cold OGTT first. There was no significant difference in gender
or age between the two groups (P all >0.05). The T2DM patient
had a higher BMI and HbA;. compared to normal subjects
(Table 1).

Changes after hot and cold OGTT

Table 2 shows the mean (+SE) values for each variable after hot
versus cold OGTT after comparison with ANOVA for repeated
measures. The mean blood glucose was significantly higher after a
hot OGTT compared to a cold OGTT in both groups (P = 0.002 and
0.028, respectively, Table 2, Figs. 1A and 2A). Insulin and GLP-1
were also significantly higher after hot OGTT compared to cold
OGTT, but only in normal subjects (both P < 0.05), and not in the
T2DM patients (both P> 0.05, Table 2, Figs. 1B, C and 2B, C). The
differences between the hot and cold post-OGTT responses in
cortisol (Figs. 1D and 2D) and GIP (data not shown) did not reach
statistical significance in both groups.
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Table 2.

Glucose (mmol/L) Normal
T2DM
Insulin (mU/L) Normal
T2DM
GLP-1 (pmol/L) Normal
T2DM
GIP (pmol/L) Normal
T2DM
Cortisol (nmol/L) Normal
T2DM

Cold OGTT

6.33+0.15
11.35+0.51
40.34+3.00
3233+4.71
16.99 + 1.34
14.46 + 1.04
72.05+6.77
52.98 +5.03

113.96 +4.78
144.47 £9.19

Hot OGTT

6.79+0.14
11.88+0.56
46.73 +£3.90
34.81+6.03
19.19+1.84
15.40+0.89
68.48 +£5.43
50.74 £ 5.04
104.8 + 8.67

149.17 £12.70

Measurements after cold and hot OGTTs with ANOVA (repeated measures).

P value Increment in cold Increment in hot
OGTT (%) OGTT (%)

0.002 12246 +2.21 129.17 £2.53
0.007 151.42+2.24 155.27 £ 3.51
0.028 784.07 £228.61 621.54 £65.79
0.317 359.37 £34.89 400.41 £45.13
0.047 111.36 £ 7.56 130.20 £ 5.86
0.219 115.11 £5.59 117.41 £ 6.02
0.138 111.80+5.33 116.71 £ 8.71
0.327 113.38+4.55 111.26 £ 6.23
0.220 103.89 £ 6.04 94.47 + 440
0.619 105.76 = 544 92.95+4.55

P value

0.015
0.104
0.479
0.175
0.009
0.783
0.621
0.731
0.159
0.087

OGTT oral glucose-tolerance test, GLP-1 glucagon-like peptide-1, GIP gastric inhibitory polypeptide, T2DM type 2 diabetes mellitus, BMI body mass index.

Data are mean = SEM.
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C GLP-1, and D cortisol levels in OGTTs in normal subjects (n = 19). Data were analyzed with ANOVA for repeated measurements, and all “P”
values are from the ANOVA. If there was statistical significance between the two temperatures (P < 0.05), this was followed with a Bonferroni
test for specific time points. Blue line=cold OGTT; red line=hot OGTT; *P < 0.05 in Bonferroni test. OGTT oral glucose-tolerance test, GLP-1

glucagon-like peptide-1.

Further analysis of the differences in individual time points was
made if the ANOVA for repeated measurements in each group
was statistically significant. The blood glucose levels were higher
in hot OGTT than in cold OGTT at 5, 10, 30, and 120 min in the
normal group, as well as at 5 min in the T2DM group (P all <0.05,
Figs. 1A and 2A). Insulin levels were also higher in hot OGTT than
in cold OGTT at the early time points of 5 and 10 min in the
normal group (P=0.002 and P=0.027, respectively, Fig. 1B).
Statistically significant differences in GLP-1 between hot and cold
OGTTs were found at 10 and 30 min in normal subjects (P = 0.037
and 0.023, Fig. 1C). These differences in insulin and GLP-1 between
OGTTs were absent in patients with T2DM (P all >0.05, Fig. 2B, C).

Nutrition and Diabetes (2022)12:28

We also expressed the changes in blood glucose, insulin, GLP-1,
GIP, and cortisol levels as a percentage of the individual baseline
level for each individual participant. The incremental blood
glucose levels remained higher in hot OGTT than in cold OGTT,
as well as the incremental GLP-1 levels in normal subjects (P=
0.015 and 0.009, respectively, Table 2). Percentage change of
blood glucose showed a significant elevation in hot OGTT
compared with cold OGTT at 5 and 120 min in the normal group,
as well as GLP-1 at 10 to 30 min (P all <0.05, Fig. 3A, E). However,
these differences were absent in patients with T2DM (both P>
0.05, Fig. 3B, F). The percentage changes in insulin were similar in
cold and hot OGTTs in both groups (P all >0.05, Fig. 3C, D).
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Fig.2 The blood glucose and glucose-responsive hormone levels in cold and hot OGTTs in patients with T2DM. A Blood glucose, B insulin,
C GLP-1, and D cortisol levels in OGTTs in patients with newly diagnosed treatment naive T2DM (n = 22). Data were analyzed with ANOVA for
repeated measurements, and all “P” values are from the ANOVA. If there was statistical significance between the two temperatures (P < 0.05),
this was followed with a Bonferroni test for specific time points. Blue line=cold OGTT; red line=hot OGTT; *P < 0.05 in Bonferroni test. OGTT

oral glucose-tolerance test, GLP-1 glucagon-like peptide-1.

Factors affecting the difference in GLP-1 response between
cold and hot OGTTs

We further investigated factors that may influence the glucose
and GLP-1 response between cold and hot OGTTs (AiAUC glucose/
GLP-1 = iAUC for glucose/GLP-1 in hot OGTT minus that in cold
OGTT). We performed a stepwise linear regression analysis for
each group separately, and for all 41 participants, with age, sex,
BMI, HbA,, and difference of temperature between cold and hot
OGTTs as independent variables. However, none of these other
factors had a statistically significant correlation with AIAUC
glucose or GLP-1.

Glycemic variation during hot and cold food intake days

The data of CGM also showed a statistically significant higher MBG
in hot OGTT plus hot food and water, compared with cold OGTT
with room temperature food and water throughout the day in
both normal and diabetes groups (P=0.021 and 0.022, respec-
tively, Table 3). The SDBG in the hot food intake day was
significantly higher than in cold food intake day only in the normal
group (P=0.043) and was absent in the diabetes group (P=
0.393, Table 3). However, there was no statistically significant
difference of CV, TIR, and LAGE between the hot and cold food
intake days in both groups (P all >0.05, Table 3).

DISCUSSION

We have demonstrated for the first time that hot food may give
small but statistically significant higher post-OGTT blood
glucose levels compared to cold food in both normal subjects
and in untreated newly diagnosed T2DM patients. We have
also shown for the first time that insulin and GLP-1 levels
increased significantly more with a hot OGTT in normal subjects,
and this effect is lost or deficient in newly diagnosed patients
with T2DM.

SPRINGER NATURE

The differences in glucose levels were small, but statistically
significant and consistently demonstrated in the OGTT and the 24-
h CGM. These small differences are unlikely to make significant
differences in the diagnosis of diabetes using the OGTT, but do
suggest the use of a fasting glucose level as a more consistent and
reliable method of diagnosis of diabetes as it would be unaffected
by temperature differences. Interestingly, Booth et al. showed that
each 10°C increase in mean 30-day temperature was associated
with 1.06 times higher odds of gestational diabetes mellitus [14].

The difference in GLP-1 after OGTT is interesting and novel. If
the temperature of ambient glucose and presumably, other foods,
does affect the GLP-1 response, it may account for some of the
discrepancies in the reports on GLP-1 in normal versus diabetes.
When the GLP-1 agonists and DPP-4 inhibitors were first
introduced, there were differences in the reports on whether
patients with T2DM had lower GLP-1 levels compared to normal
non-diabetic subjects [15-17]. As far as we can discern, all these
studies did not have stringent controls on the ambient
temperature of the ingested glucose or meals. Our present novel
finding suggests that many of these studies may need to be
controlled for the ambient temperature of ingestion.

Both glucotoxicity and hyperinsulinemia are known risk factors
for type 2 diabetes and obesity [18-20]. Our study has some
interesting possible implications, even though these remain
speculative at this stage. In countries where fast food is commonly
eaten, cold sugary beverages may raise the blood glucose less that
hot sugary beverages, like hot tea or coffee! (Although of course,
the advice should be to avoid the use of refined sugar in all drinks!
[21-24]). In China and many other countries at a similar stage of
economic development, with the increase in GDP, higher
consumption of sugar-sweetened beverages has become more
common [25, 26]. Intake of sugar-sweetened beverages was
estimated to be responsible for 0.5 million diabetes new cases in
2011 [26]. Soft drinks are usually consumed at cold temperatures

Nutrition and Diabetes (2022)12:28
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Fig. 3 Percentage change of blood glucose and glucose-responsive hormones in cold and hot OGTTs. Percentage changes from the
baseline of OGTT were also calculated as follows: values at each time point/values at baseline x 100%). The percentage change of blood
glucose (A, B), insulin (C, D), and GLP-1 (E, F) with OGTTs in normal (n = 19) and T2DM (n = 22) groups. Data were analyzed with ANOVA for
repeated measurements. If there was statistical significance between the two temperatures (P < 0.05 ANOVA), this was followed with a
Bonferroni test for specific time points. Blue line=cold OGTT; red line=hot OGTT; *P < 0.05 in Bonferroni test. OGTT oral glucose-tolerance test,

GLP-1 glucagon-like peptide-1, T2DM type 2 diabetes mellitus.

Type 2 diabetes

P value Cold Hot P value
0.021 8.46 +0.38 8.88+0.39 0.022
0.043 1.87 £0.22 1.98 £0.20 0.393
0.106 21.59+2.12 21.66 + 1.87 0.962
0.180 78.23 £4.87 74.57 £5.39 0.211
0.063 840+ 0.87 8.59+0.79 0.849

Table 3. Glycemic variability in CGM during hot and cold food intake days.
Normal
Cold Hot

MBG (mmol/L) 5.84+0.11 6.11+£0.13

SDBG (mmol/L) 0.48 £ 0.05 0.59 £ 0.06

CV (%) 8.11+0.77 9.45+0.92

TIR (%) 100 (100,100) 100 (100,100)

LAGE (mmol/L) 243 +£0.29 2.75+£0.27

MBG the 24-h mean glucose, SDBG standard deviation of the MBG, CV coefficient of variation, LAGE 24-h largest amplitude of glycemic excursions, TIR time

in range.
Data are mean + SEM or median (IQR).

in the summer, while sweetened-milk tea/coffee is usually
consumed hot throughout the year. Our study may suggest the
possibility that it may be preferable to choose sweet drinks that
are cold, although this would need much further study!

The physiological mechanisms of hot OGTT leading to higher
blood glucose are unclear. One reason may be that gastric
emptying with cold drinks may be significantly slower than with
hot drinks [10, 11]. Sun et al. found that both cold (4 °C) and hot

Nutrition and Diabetes (2022)12:28

(50°C) drinks appeared to empty more slowly from the stomach
than the control drink (37 °C) [10, 11]. However, cold drinks took
longer than hot drinks to return to body temperature after
ingestion, and this process took 30 min. Moreover, the differences
in the amounts of cold and control drinks remaining in the
stomach were significant up to 10 min after ingestion, which were
not observed between hot and control drinks [10]. A previous
study also demonstrated that the blood glucose at 30 min is

SPRINGER NATURE
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related directly to the rate of gastric emptying in healthy subjects
[27, 28]. In this study, the differences in blood glucose and GLP-1
levels of cold and hot OGTTs were also significant up to 30 min
after ingestion, which was in keeping with the gastric emptying.
Charles et al. found that after an OGTT, glucose, and insulin were
elevated in a hot environment (43 °C) compared with both the
cold (7.2°C) and the neutral (22°C) environments [29]. They
postulated that reduced plasma glucose in the cold was the result
of an increase in glucose uptake by shivering muscles [29, 30].
Cold exposure stimulates the sympathetic nervous system and
muscle glucose uptake [31]. Moreover, the temperature of drinks
or the environment may cause changes in the regional perfusion
of the forearm, with subsequent changes in hormone degradation
and local concentration in the venous blood. Our findings were
opposite to the study in rats from Shinozaki et al. [6], who found
that blood glucose was lower within 15 min after warm glucose
solution administration in rats. Their findings may be confounded
by the presence of anesthesia, which may affect the nervous
system and muscle shivering.

Others have shown that the ambient temperature of drinks and
food may influence our perception of sweetness [32-34]. Green
et al. showed that cooling to 5-12°C can reduce the perceived
sweetness intensity of a glucose solution, and decrease the
response of TRPM5 in the sweet taste receptor (STR) transduction
cascade [34]. It is debated whether the STR triggers GLP-1 and GIP
secretion. The STR was expressed in L cells in the gastrointestinal
tract [35, 36], and STR blocker lactisole attenuated GLP-1 secretion
response to intragastric and intraduodenal glucose infusion in
humans [37]. However, the activation of STR in isolated perfused
rat small intestine does not drive GIP/GLP-1 secretion [38].
Previous studies also found that GLP-1 was locally synthesized
in the taste bud cells in the tongue and GLP-1 receptor existed on
the gustatory nerves. The paracrine GLP-1 signaling is involved in
the perception of sweet [39, 40]. Therefore, the reduction of GLP-1
levels with a cold OGTT may be a direct or indirect effect of the
lower stimulation on STR in the gut or taste bud cells, which
deserves further study.

Our study has several potential limitations. The study should
have included a third OGTT with a body temperature or room
temperature as control. However, we canceled the third OGTT for
security reasons that three consecutive OGTTs without hypogly-
cemic treatment may lead to severe hyperglycemia in patients with
diabetes. The most optimal temperature of food for blood glucose
control and GLP-1 secretion should be further studied. Moreover,
we could not exclude the effects of temperature on the oral cavity
and salivary glands, the glucose solution should probably be given
intragastrically to avoid orosensory effects in a further study.

In summary, compared with cold glucose solution, hot glucose
solution increased the blood glucose, blood insulin levels, and
GLP-1 levels. In patients with type 2 diabetes, GLP-1 response in
hot OGTT was diminished for as yet unknown reasons.
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