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Abstract

Protein intake potently increases body temperature and energy expenditure, but
the underlying mechanism thereof remains incompletely understood. Simultaneously,
protein intake potently stimulates glucagon-like peptide-1 (GLP-1) secretion. Here, we
examined the involvement of GLP-1 in the thermic effects of dietary proteins in rodents
by measuring rectal temperature and energy expenditure and modulating GLP-1 signaling.
Rectal temperature of rats or mice fasted for 4 or 5 h were measured using a thermocouple
thermometer before and after an oral administration of nutrients. Oxygen consumption
after oral protein administration was also measured in rats. Rectal temperature
measurements in rats confirmed an increase in core body temperature after refeeding, and
the thermic effect of the oral administration of protein was greater than that of a
representative carbohydrate or lipid. Among the five dietary proteins examined (casein,
whey, rice, egg, and soy), soy protein had the highest thermic effect. The thermic effect
of soy protein was also demonstrated by increased oxygen consumption. Studies using a
nonselective B-adrenergic receptor antagonist and thermal camera suggested that brown
adipose tissue did not contribute to soy protein-induced increase in rectal temperature.
Furthermore, the thermic effect of soy protein was completely abolished by antagonism
and knockout of GLP-1 receptor, yet potentiated via augmentation of intact GLP-1 levels
through inhibition of dipeptidyl peptidase-4 activity. These results indicate that GLP-1
signaling is essential for the thermic effects of dietary proteins in rats and mice, and
extend the metabolic actions of GLP-1 ensuing from nutrient ingestion to encompass the

thermic response to ingested protein.



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Abbreviations
AA

BIIE

BAT

BAR
CCK
CCK-A
Dvz

DIT
DPP-4
EE

Ex9
GLP-1
GLP-1R
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Introduction

The postprandial rise in body temperature, termed the thermic effect of food or
diet-induced thermogenesis (DIT), is induced by increased energy expenditure (EE) after
ingestion of a meal. This is, together with basal metabolic rate and physical activity EE,
one of the components of daily EE (1). Although DIT accounts for only approximately
10% of daily EE, its decline is thought to positively tilt the energy balance and lead to
body fat accumulation in the long term (2). DIT is typically divided into two components:
obligatory and facultative thermogenesis. Obligatory thermogenesis refers to the
obligatory response, including digestion, absorption, and storage of ingested nutrients,
whereas facultative thermogenesis refers to the additional responses to obligatory
thermogenesis and dissipate excess energy as heat (3).

The magnitude of DIT, especially obligatory thermogenesis, depends not only
on the food’s energy content but also on its component; proteins 20-30%, carbohydrates
5-10%, lipids 0—3%, and mixed meals about 10% of energy intake (4—6). Although it has
been speculated that the potent thermic effect of proteins is due to the consumption of a
large amount of energy for digestion, absorption, and metabolism (7), the underlying
mechanisms are not fully understood.

Glucagon-like peptide-1 (GLP-1) is a gut hormone secreted from the
enteroendocrine L-cells in response to nutrient ingestion (8,9). GLP-1 has various
postprandial physiological effects, such as inducing satiety (10,11), suppressing gastric
emptying (12), and stimulating glucose-dependent insulin secretion, which is known as
the incretin effect (13,14). Because of its beneficial incretin and extrapancreatic effects,
GLP-1 receptor (GLP-1R) agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors are

widely used for the therapy of type 2 diabetes (15,16).
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Several previous studies have examined the effect of GLP-1 on thermogenesis.
Intravenous (iv) administration of GLP-1 elicited dose-dependent increases in EE and
core body temperature in rats (17), and iv infusion of GLP-1 also increased EE in humans
(18). Furthermore, intracerebroventricular administration of GLP-1 or GLP-1R agonists
promoted thermogenesis in interscapular brown adipose tissue (iBAT) via activation of
the sympathetic nervous system (SNS) (19,20). However, the contribution of endogenous
(gut-derived) GLP-1 to postprandial thermogenesis remains unclear. Furthermore, recent
studies with brown adipose tissue (BAT)-positive or BAT-negative subjects have
demonstrated that the contribution of BAT to the DIT response to an energy-balanced diet
is only partial (~30%) (21), suggesting a major role of additional primary mechanisms in
postprandial thermogenesis, independent of BAT activation.

We have recently demonstrated that dietary proteins stimulate GLP-1 secretion
more potently than carbohydrates and lipids in rats (22,23); the mechanism may be due
to the large contribution of peptides produced by the digestion of dietary proteins (such
as whey protein), which simultaneously promote GLP-1 secretion while inhibiting DPP-
4 activity. Based on our previous findings that protein intake, a potent inducer of
postprandial thermogenesis, strongly promotes GLP-1 secretion, we hypothesized that
GLP-1 is involved in the thermic effect of dietary protein.

In the present study, to examine this hypothesis, we first examined whether
dietary proteins have a potent thermic effect in comparison with carbohydrates and lipids
in rats by measuring rectal temperature, a simple and common method for measuring core
body temperature. We then investigated the involvement of various gut hormones,
including GLP-1, in protein-induced thermogenesis by employing several gut hormone

receptor antagonists, GLP-1R knockout (GlpIr KO) mice, and separately, treatment with
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a DPP-4 inhibitor.

Materials and Methods
Animals and diet

Male Sprague-Dawley rats (6 weeks old) from Japan SLC (Hamamatsu, Japan)
and male C57BL/6J mice (8 weeks old) from The Jackson Laboratory Japan, Inc.
(Yokohama, Japan) were purchased. Glplr KO C57BL/6J mice were generated and
provided by Dr. D. J. Drucker at the Lunenfeld Tanenbaum Research Institute (24). The
animals were individually housed in a temperature- and humidity-controlled room (22 +
2°C, 55 + 5%), maintained on a 12 h light-dark cycle (8:00-20:00 light period). Rats had
free access to water and were fed AIN-93G diet (25). Mice were available in standard
chow (CE-2, CLEA Japan Inc., Tokyo, Japan) and water ad [libitum. All animal
experiments were performed after an acclimatization period of 4-7 days and when animals
were sufficiently habituated to the handling and measurement environment. This study
was approved by the Hokkaido University Animal Committee and the Institutional
Animal Experiment Committee of Kyoto Prefectural University and was carried out in

accordance with their Institutional Regulations for Animal Experiments.

Materials

Soy protein isolate (soy protein) was purchased from MP Biomedicals (92%
protein; 905456; Solon, OH, USA). Whey protein isolate (whey protein, > 90% protein;
WPI8855) was obtained from Fonterra. Purified rice endosperm protein (rice protein;
78.5% protein) was kindly provided by Kameda Seika Industry Co., Ltd. (Niigata, Japan).

Dextrin (TK-16; degree of polymerization: 5.5) was kindly provided by Matsutani
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Chemical Industry Co. Ltd. (Hyogo, Japan). Soybean oil was kindly provided by J-Oil
Mils Inc. (Tokyo, Japan). Propranolol hydrochloride, a nonselective f-adrenergic receptor
(BAR) antagonist, was purchased from LKT Laboratories, Inc. (Minneapolis, MN, USA).
Exendin (9-39) (Ex9; analytical grade, purity > 95%), a GLP-1R antagonist, and GIP (7-
30)-NH: (analytical grade, purity > 95%), a glucose-dependent insulinotropic polypeptide
(GIP) receptor antagonist, were purchased from Thermo Fisher Scientific Inc.
Devazepide (Dvz), a cholecystokinin-A (CCK-A) receptor antagonist, was donated by
ML Laboratories (Liverpool, UK), and BIIE 0246 (BIIE), a peptide-YY (PYY) receptor
(Y2R) antagonist, was purchased from Tocris Bioscience (Ellisville, MO, USA). Unless
otherwise specified, all other reagents were purchased from FUJIFILM Wako Pure

Chemical Corporation (Osaka, Japan).

Measurement of rectal temperature in rats

The rectal temperatures of rats fasted for 4 or 5 h were measured using a rectal
probe (RET-2 rectal probe for rats, Physitemp, Clifton, NJ, USA) connected to a
thermocouple thermometer (Delta OHM HD 2128.2 T-type, Caselle di Selvazzano, Italy)
before (0 h) and after the oral administration of nutrients. The probe was pre-warmed by
exposing it to Vaseline at approximately 34°C maintained by a heating block. The probe
was gently inserted into the anus (3 cm). During the measurements, the rats were briefly
(within 20 s) and lightly restrained in a cotton glove. Unless otherwise specified, rectal
temperature was measured during an awake state and under normal housing conditions

(22 +2°C),

Measurement of rectal temperature in wild-type and Glp1r KO mice
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Wild-type (WT; C57BL/6J) and Glplr”- mice were fasted for 5 h (9:00-14:00).
Basal rectal temperature was measured using a thermocouple probe (RET-3 rectal probe
for mice, Physitemp, Clifton, NJ, USA) connected to a microprobe thermometer (BAT-
12, Physitemp). Following the oral administration of soy or whey protein solution (2 g/kg,
20 mL/kg) or saline (control, 20 mL/kg), rectal temperature was measured at 1, 2, and 3
h after administration. Rectal temperature was measured in conscious mice and normal

housing conditions (22 + 2°C).

Postprandial rectal temperature measurement in rats

The rectal temperatures of the rats (0 h) were measured after fasting for 5 h
(9:00—14:00). Then, the fasting group continued fasting, and the refeeding group had ad
libitum access to the chow (AIN-93G). Food intake and rectal temperature were measured

at 1, 2, and 3 h after refeeding.

Rectal temperature measurements in rats under oral gavage of macronutrients

After fasting for 4 h (9:00-13:00), basal rectal temperatures (0 h) were measured.
Then rats received oral gavage (15 mL/kg body weight) of test liquids (isocaloric protein,
carbohydrate, and lipid) using a 6 Fr feeding tube (Atom Medical, Tokyo, Japan). As a
representative of proteins and carbohydrates, casein sodium and dextrin (both at 2 g/kg =
33-5 kJ (8 kcal)/kg) were dissolved in water, respectively. As a representative of lipids,
soybean oil (0.89 g/kg = 33-5 kJ (8 kcal)/kg) was suspended in a 1.5% carboxymethyl
cellulose solution. Rectal temperatures were measured at 0.5, 1, 2, and 3 h after oral

administration.
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Rectal temperature measurements in rats under oral gavage of various proteins

Soy protein, casein, whey protein, rice protein, and egg albumin were each
dissolved in water (2 g/15 mL/kg) as test solutions for oral administration. In a separate
experiment, the rats received different oral protein doses (1 or 2 g/kg). The control group
received the vehicle (water, 15 mL/kg). The experimental procedure was the same as that

described above.

Nonselective fAR antagonist treatment in rats

Rats fasted for 4 h received an intraperitoneal injection (1 mL/kg) of propranolol
solution (dissolved in saline and dosed at 3 mg/kg (26)) as a nonselective BAR antagonist
or vehicle (saline) immediately after oral administration (15 mL/kg) of soy protein
solution (2 g/kg) or vehicle (water). In a separate experiment, rats fasted for 4 h received
a subcutaneous injection (1 mL/kg) of L-norepinephrine hydrochloride (norepinephrine;
Sigma-Aldrich, St. Louis, MO, USA; dissolved in saline and dosed at 0.3 mg/kg) as a
BAT activator (27,28). Immediately after the subcutaneous administration, the rats
received an intraperitoneal injection (1 mL/kg) of propranolol (3 mg/kg) or vehicle

(saline). The rectal temperature was measured as described above.

Measurement of skin surface temperature on iBAT of rats by infrared thermography

The interscapular area of the rats was shaved (20) under isoflurane anesthesia
the day before the test. Infrared videos were captured with a thermal camera (FLIR ONE
PRO) on freely moving rats to minimize stress (28,29). After fasting for 3-4 h (9:00 to
12:00-13:00), infrared videos of rats were taken for 3 min with a mode that displays the

warmest point in view. The maximum skin surface temperature (highest temperature

10
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measured in one 3-min session) of the interscapular area—that is, between the shoulder
blades where the iBAT is located underneath—was determined using FLIR ONE Version
4.4.0 and defined as the baseline temperature. From 13:00 onwards, rats were
subcutaneously injected (1 mL/kg) with saline or norepinephrine (dissolved in saline and
dosed at 1 mg/kg) to confirm that the iBAT temperature change was accurately measured.
Skin temperatures were measured for 1 min at 0.5, 1, 2, and 3 h after administration, and
the maximum iBAT surface temperature in one I-min session was determined as
described above.

In a separate experiment, rats were fasted for 4 h, after which they received an
oral gavage (15 mL/kg) of the vehicle (water) or soy protein solution (2 g/kg), and the

interscapular skin temperatures were measured as described above.

Measurement of tail skin surface temperature of rats by infrared thermography

Infrared images were taken with a thermal camera (FLIR ONE PRO) on freely
moving rats to minimize stress. After fasting for 3-4 h (9:00 to 12:00-13:00), infrared
images of skin temperatures were taken in a room at an ambient temperature of 22°C. The
maximum surface temperature of the hairless tail was determined using FLIR ONE
Version 4.4.0 and defined as the baseline tail skin surface temperature. Then, at 13:00,
one group of rats was placed in a room at 18°C, while the other group was placed in a
room at 22°C. Skin temperature was measured after 0.5 h, and the maximum tail surface
temperature was determined as described above.

In a separate experiment, rats were fasted for 4 h and received an oral gavage (15
mL/kg) of vehicle (water) or soy protein solution (2 g/kg). Skin temperatures under

normal housing conditions (22 + 2°C) were measured at 0.5, 1, 2, and 3 h after oral

11
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administration, and the maximum tail skin surface temperature was determined as

described above.

Various gut hormone receptor antagonist treatments in rats

Rectal temperature was measured in rats treated with various gut hormone
receptor antagonists. First, after fasting for 4 h (9:00-13:00), the basal rectal temperatures
(0 h) were measured. The rats then received an oral gavage (15 mL/kg) of vehicle (water)
or soy protein solution (2 g/kg). Immediately after oral administration, the rats received
an intraperitoneal injection (1 mL/kg) of an antagonist solution or vehicle. Ex9, a GLP-
IR antagonist, was dissolved in saline and administered at 30 nmol/kg (100 pg/kg)
(30,31). GIP (7-30)-NH_, a GIP receptor antagonist, was dissolved in saline containing
7% DMSO and dosed at 6.9 nmol/kg (20 pg/kg) (32). Dvz, a CCK-A receptor antagonist,
was dissolved in saline containing 5% DMSO and 5% Tween 80 and dosed at 222
umol/kg (0.5 mg/kg) (33,34). BIIE, a PYY receptor (Y2R) antagonist, was dissolved in
saline containing 7% DMSO and administered at 653 nmol/kg (0.62 mg/kg) (35). Rectal
temperatures were measured at 0.5, 1, 2, and 3 h after oral administration. All experiments

were conducted separately.

Measurements of GLP-1 concentrations in portal vein plasma of rats

After fasting for 4 h (9:00-13:00), basal rectal temperatures (0 h) were measured.
The rats received an oral gavage (15 mL/kg) of vehicle (water) or soy protein solution (2
g/kg). Immediately after oral administration, the rats received an intraperitoneal injection
(1 mL/kg) of Ex9 solution (dissolved in saline and dosed at 30 nmol/kg) or its vehicle

(saline). Rectal temperatures were measured at 0.5 and 1 h after oral administration in the

12
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awake state. Then, the blood samples were collected from the portal vein under sodium
pentobarbital anesthesia (50 mg/kg). Immediately after the procedure, rats were
euthanized by exsanguination. The sampling syringe contained heparin (final
concentration, 50 IU/mL), aprotinin (final concentration, 500 KIU/mL), and DPP-4
inhibitor (final concentration, 50 uM; Millipore, MA, U.S.A.). Plasma was collected after
centrifugation (2300 x g, 10 min at 4°C) and stored at —80°C until analysis.

Active GLP-1 concentrations in plasma were measured using an ELISA kit

(Catalog No. 27700, RRID: AB 2892225, Immuno-Biological Laboratories Co., Ltd.).

Measurement of oxygen consumption and physical activity

Oxygen consumption (VO2) was measured (36,37) using an O metabolism
measuring system (model MM102R; Muromachikikai, Tokyo, Japan) in a transparent
chamber (230 mm (width) x 320 mm (depth) x 250 mm (height)) with an airflow of 2.4-
2.5 L/min. The VO, of each rat was measured for 1 min at 3-min intervals from 4 h before
to 3 h after oral administration of the test solutions. Cumulative VO, over 0.5 h was
calculated and expressed as mL O» per 0.75 power of kg body weight (17,38). Each rat
was acclimatized to the chamber overnight before measurements were started. After
fasting for 4 h (9:00-13:00), the rats received an oral gavage (15 mL/kg) of the vehicle
(water) or soy protein suspension (2 g/kg). The rats had free access to water during
measurements. Simultaneously, the physical activity of each rat was continuously
recorded using a video recording system (digital video camera NV-GS50K and DVD
video recorder DMR-E90H; Panasonic, Osaka, Japan) and assessed later. The video
records were checked for locomotion, rearing, grooming, and drinking. If each of these

behaviors was observed during a 3-min period, each was scored as one count of physical
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activity. The cumulative physical activity for 0.5 h was calculated, giving a maximum
possible score over 0.5 h of 40 counts.

The difference in thermogenesis between pre- and post-administration [AVO2
(thermogenesis)| was calculated as the DIT based on previous reports (36,37). In brief,
using the correlation between the total VO, and physical activity from the data of fasted
rats, the VO2 dependent on physical activity [VO: (activity)] was calculated. Activity-
independent VO» pre- and post-administration was obtained as VO (activity-
independent) = VO> — VO3 (activity). Finally, AVO, (thermogenesis) was calculated by
subtracting pre-administration VO (activity-independent) from post-administration VO,
(activity-independent).

In a separate experiment, the rats received an oral gavage (15 mL/kg) of soy
protein suspended in water (2 g/kg). Immediately after oral administration, the rats
received an intraperitoneal injection (1 mL/kg) of Ex9 (30 nmol/kg) or its vehicle (saline).
VO; and physical activity were measured and AVO; (thermogenesis) was estimated as

described above.

Measurements of GLP-1 concentrations in portal vein plasma in WT and Glplr’ mice
C57BL/6J and Glplr KO mice were fasted for 5 h (9:00-14:00). Blood was
collected from the portal vein under isoflurane anesthesia 1 h after oral administration of
soy protein solution (2 g/20 mL/kg) or saline (20 mL/kg). The sampling syringe contained
heparin, aprotinin, and the DPP-4 inhibitor, vildagliptin (final concentrations, 50 IU/mL,
500 KIU/mL, and 10 uM, respectively). Plasma was collected after centrifugation and
stored at —80°C. Total GLP-1 was measured using an ELISA kit (Catalog No. EZGLP1T-

36K, RRID: AB 2813786, Millipore).
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Measurements of GLP-1 and insulin concentrations in tail vein plasma of rats treated
with or without DPP-4 inhibitor

Sitagliptin phosphate (sitagliptin; Sigma-Aldrich, St. Louis, MO, USA) was used
as an orally effective DPP-4 inhibitor. First, after fasting for 2 h (9:00-11:00), sitagliptin
(50 mg/kg dissolved in water) or water (5 mL/kg) was orally administered at —2 h using
a 6Fr feeding tube. Soy protein solution (2 g/kg) or water (control) was administered
orally (15 mL/kg) at 0 h. Blood samples were collected from the tail vein at—2, -1, 0, 0.5,
1, 2, and 3 h and immediately transferred to chilled tubes containing heparin (final
concentration, 50 IU/mL), aprotinin (final concentration, 500 KIU/mL), and DPP-4
inhibitor (final concentration, 50 uM). Plasma was collected and stored as described
above.

Active GLP-1 concentrations in plasma were measured using the ELISA kit
described above. Plasma insulin concentrations were measured using a Rat Insulin ELISA
kit (U-E type, AKRIN-130, RRID: AB 2933972, Shibayagi Company Limited). Since
plasma DPP-4 activity was 20-50% suppressed at 1-4 h after sitagliptin treatment in our
previous study (22), the test solutions were orally administered 2 h after oral sitagliptin

treatment.

Rectal temperature measurements in rats treated with or without DPP-4 inhibitor and
oral gavage of nutrients

After fasting for 2 h (9:00-11:00), rectal temperature was measured, and
sitagliptin (50 mg/kg dissolved in water) or water (5 mL/kg) was administered orally (-2

h). Rectal temperatures were measured 1 and 2 h after oral administration (—1 and 0 h).
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The test solutions (water or isocaloric protein, carbohydrate, and lipid, as described
above) were orally administered (15 mL/kg) at 0 h, and rectal temperatures were

measured at 0.5, 1, 2, and 3 h after the oral administration of nutrients.

Statistical analyses

Data are expressed as mean £ SEM. Statistical analyses were performed using
JMP Pro version.16.1.0 software (SAS Institute, Inc., Cary, NC, USA). Statistical
significance was assessed using one-way or two-way ANOVA, or a mixed model with
unstructured covariance. Statistical differences between mean values were determined by
Dunnett’s test, Student’s z-test, paired #-test, Tukey Kramer’s test, and Bonferroni’s test,
as appropriate, as described in the figure legends. In all analyses, p < 0.05 was considered

statistically significant.

Results
Postprandial changes in rectal temperature of rats fed the AIN-93G diet

We first examined the feeding-induced changes in rectal temperature. Rectal
temperatures at 0 h (basal state) were 36.08 = 0.10°C in the fasting group and 35.86 +
0.05°C in the refeeding group; therefore, results are presented as changes from the basal
state (ARectal temperature). Rats consumed the AIN-93G diet (0-1 h, 1.77 £ 0.21 g; 1-2
h, 0.80 + 0.22 g; 2-3 h, 0.63 + 0.28 g), and displayed significantly increased rectal
temperature (~0.4 °C), and the elevation was maintained for up to 3 h (Fig. 1A). In
contrast, in the fasting group, the rectal temperature did not change. The AUC (AAUC)

at 0-3 h was significantly higher in the refeeding group (Fig. 1B).
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Effects of oral administration of macronutrients on the rectal temperature in rats

We next compared rectal temperature changes in response to oral administration
of various nutrients. Among the isocaloric nutrients (casein, dextrin, and soybean oil),
only casein significantly increased the rectal temperature at all time points (Fig. 1C), and

its AAUC was significantly higher than that of dextrin and soybean oil (Fig. 1D).

Effects of various proteins on the rectal temperature in rats

All five dietary proteins examined (casein, whey, rice, egg, and soy) increased
rectal temperature by approximately 0.3-0.4°C at 0.5 h after oral administration (Fig. 2A).
Subsequently, the elevated rectal temperature gradually decreased in rice protein-
administered rats, while the elevated rectal temperature was maintained in whey protein-
treated rats until 3 h after oral administration. For casein, egg albumin, and soy protein,
the rectal temperature peaked at 1 h after oral administration; thereafter, the temperature
gradually decreased after casein and egg albumin administration yet was maintained for
~3 hrs after gavage with soy protein. As shown by the AAUC (Fig. 2B), soy protein had
the highest thermic effect.

In a separate experiment, soy protein at 1 g/kg and 2 g/kg increased rectal
temperature and its AAUC in a dose-dependent manner (Fig. 2C, D). Dose-dependent
responses were also observed for the other four proteins (Supplementary Fig. 1) (39).
Because of'its potent effect on elevating the rectal temperature, we used a 2 g/kg dose of

soy protein in further experiments.

Effect of nonselective fAR antagonism on the soy protein-induced rectal temperature

increase in rats
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To examine the involvement of BAT in soy protein-induced increase in rectal
temperature, we used the nonselective BAR antagonist, propranolol. Soy protein
increased the rectal temperature in the presence or absence of propranolol (Fig. 3A, B);
propranolol treatment itself did not affect rectal temperature (Fig. 3C, D). Intraperitoneal
propranolol treatment adequately suppressed the norepinephrine-induced increase in
rectal temperature (Supplementary Fig. 2) (39).

We further investigated the involvement of BAT using an infrared camera to
measure skin surface temperature in iBAT. The iBAT surface temperature significantly
increased (~1.0 °C), peaking at 1 h after subcutaneous administration of norepinephrine
(Supplementary Fig. 3) (39), indicating that our experimental method was compatible
with a previously reported method (28). On the other hand, oral administration of soy

protein did not increase iBAT surface temperature (Fig. 3E, Supplementary Fig. 4) (39).

Effect of oral administration of soy protein on the tail skin surface temperature of rats

In rats, a cold environment causes vasoconstriction of the tail skin, preventing
heat loss and maintaining a constant body temperature; sympathetic nerve-ending
noradrenaline activity is partly involved in this response (40,41). In the present study,
when rats were moved from the 22°C room to the 18°C room for 0.5 h, the tail skin surface
temperature was decreased by 5.13 £ 0.70°C (Supplementary Fig. 5) (39), likely
reflecting the vasoconstriction of the tail skin. We next examined whether the soy protein-
induced increase in rectal temperature consequently occurred through the suppression of
heat loss associated with vasoconstriction. As shown in Fig. 3F and Supplementary Fig.
6 (39), the tail skin surface temperature remained in the range of 27.5-29.5°C and did not

decrease from the baseline level (27.47 + 0.37°C) after oral administration of soy protein.
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Involvement of gut hormones in the soy protein-induced increase in rat rectal temperature

To assess the possible involvement of gut hormones in soy protein-induced
increase in rectal temperature, we used various gut hormone receptor antagonists. Rats
receiving oral administration of soy protein and an intraperitoneal injection of saline
significantly increased rectal temperature at 0.5-2 h and its AAUC during 0-3 h; however,
this effect of soy protein was completely abolished by treatment with Ex9, a GLP-1R
antagonist (Fig. 4A, B). Ex9 treatment itself did not affect rectal temperature. In contrast,
administration of antagonists directed against GIP, CCK-A, or PYY receptor (GIP (7-30)-
NHz, Dvz, or BIIE) did not attenuate soy protein-induced increase in rectal temperature
(Fig. 4C-H); in addition, these antagonist treatments did not independently impact rectal

temperature, as in the control/vehicle group.

Effect of soy protein on GLP-1 secretion in rats

Similar to the results shown in Fig. 4, Ex9 intraperitoneal treatment counteracted
the increase in rectal temperature at 0.5 and 1 h and its AAUC during 0-1 h after oral
administration of soy protein (Fig. 5A, B). Consistent with a role for GLP-1R signaling,
active GLP-1 concentrations in the portal plasma were increased at 1 h after oral
administration of soy protein with or without Ex9 treatment (p < 0.01, two-way ANOVA;

Fig. 50).

Effects of oral administration of soy protein on VO: and involvement of GLP-1 signaling
in rats

To investigate whether soy protein increases EE, VO and physical activity were
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measured. Although the difference was not significant, oral administration of soy protein
tended to suppress physical activity (Supplementary Fig. 7A) (39). As shown in
Supplementary Fig. 7B (39), VO. increased with increased physical activity, giving a
regression line with a positive correlation in fasted rats (y = 9.5703x + 445.45, n = 80, R?
= 0.83, p < 0.01). Using this regression line, the calculated AVO; (thermogenesis), as
described above, was significantly higher at 1, 2, and 3 h after oral administration of soy
protein compared to that in the control group (Fig. 6 A), and a significant effect of soy
protein was detected by the mixed model analysis (p < 0.05). In addition, the AUC for
changes in VO (thermogenesis) during 0-3 h in the soy protein group was significantly
higher than in the control group (Fig. 6B).

Next, we examined the involvement of GLP-1 signaling in soy protein-induced
increases in EE. Physical activity did not differ significantly with or without Ex9
treatment (Supplementary Fig. 7C) (39). AVO, (thermogenesis) was calculated based on
the regression line with a positive correlation in fasted rats (y = 9.8341x +412.85, n =77,
R? = 0.54, p < 0.01; Supplementary Fig. 7D) (39); Ex9 treatment diminished the soy
protein-induced VO increase (p < 0.05 for the effect of Ex9 by mixed model; Fig. 6C).
Although the difference was not significant (p = 0.12, paired ¢-test, Fig. 6D), the AAUC

was lower in the Ex9-treated group.

Effects of oral administration of soy protein on the rectal temperature in Glplr KO mice

To further explore the involvement of GLP-1 signaling in the rectal temperature-
increasing effect of soy protein, we employed GlpIr KO mice. In WT mice (Fig. 7A, C),
oral administration of soy protein at 2 g/kg significantly increased rectal temperature at 1

and 2 h, and its AAUC was significantly higher than that of the control group. In contrast,
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oral administration of soy protein failed to increase the rectal temperature at any time
point in GlpIr KO mice (Fig. 7B), and its AAUC did not differ from that of the control
group (Fig. 7D). Total GLP-1 concentrations in the portal plasma were significantly
higher 1 h after oral administration of soy protein in both WT and GlpIr KO mice (Fig.
7E, F).

To examine whether GLP-1 signaling is also involved in rectal temperature
increases induced by other proteins, we performed similar experiments using whey
protein. Oral administration of whey protein at 2 g/kg did not increase the rectal
temperature at any time point in Glp/r KO mice (Supplementary Fig. 8B, D) (39), while

it increased rectal temperature at 1 and 2 h in WT mice (Supplementary Fig. 8A, C) (39).

Effect of DPP-4 inhibitor treatment on the effects of soy protein in rats

The results from Ex9-treated rats and Glp Ir KO mice prompted us to explore the
possibility that increases in endogenous GLP-1 would potentiate the soy protein-induced
increase in rectal temperature. First, we examined the effects of sitagliptin, an orally
administered DPP-4 inhibitor, on plasma GLP-1 concentrations. In rats without sitagliptin
treatment, plasma GLP-1 concentrations were significantly increased at 0.5, 1, and 2 h
after oral administration of soy protein, compared to the basal (0 h) value (Fig. 8A).

When rats were pretreated with sitagliptin, plasma GLP-1 levels were elevated
before the nutrient challenge (Fig. 8A), consistent with a reduction in plasma DPP-4
activity as demonstrated in our previous study (22). After oral administration of soy
protein, plasma GLP-1 concentrations were significantly increased at 0.5 h compared
with the basal value (0 h); GLP-1 concentrations at —1-3 h, except at 2 h, in sitagliptin-

pretreated soy protein groups were significantly higher than in the sitagliptin-untreated
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soy protein group. Oral administration of soy protein did not stimulate insulin secretion,
with or without sitagliptin treatment (Supplementary Fig. 9) (39).

We next examined the effects of sitagliptin treatment on the soy protein-induced
increase in rectal temperature. Rats pretreated with sitagliptin had higher rectal
temperature responses to soy protein than rats without sitagliptin treatment (p < 0.05 for
the effect of sitagliptin by mixed model, Fig. 8B). In addition, the AUC for changes in
rectal temperature during 0-3 h in the sitagliptin treatment group was higher than in the
sitagliptin untreated group (Fig. 8C). There were no significant differences in rectal
temperature before soy protein administration with or without sitagliptin treatment.

We further investigated the effects of sitagliptin on rectal temperature changes
in response to carbohydrates (dextrin) and lipids (soybean oil). Rectal temperature
significantly increased under sitagliptin treatment at 0.5 h after oral dextrin administration
compared to basal values (Fig. 8D); however, there were no significant differences
between the groups (with or without sitagliptin treatment) at any time point and in the
AAUC during 0-3 h (Fig. 8E). Furthermore, soybean oil did not increase the rectal
temperature with or without sitagliptin treatment (Fig. 8F, G). Nor did sitagliptin

treatment itself affect rectal temperature (Fig. 8H, I).

Discussion

Although dietary proteins induce potent thermic effects (4—6), the underlying
mechanisms have not been clarified. In the present study, we examined whether a gut
hormone, GLP-1, whose secretion is strongly stimulated by protein intake, or other
representative gut hormones (GIP, CCK, and PYY) are involved in the thermic effects of

dietary proteins. Notably, we found that oral administration of soy protein (2 g/kg)
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increased rectal temperature and EE via GLP-1 signaling. These results propose a novel
physiological role of GLP-1 and contribute to a better understanding of the potent thermic
effects of dietary proteins.

Consistent with a previous study (42), refeeding significantly increased rectal
temperatures in rats (Fig. 1A, B); the AIN-93G diet contains 0.2 g casein/g (25), and rats
(250-320 g) consumed about 3.2 g diet (= 2-2.56 g casein/kg BW) in 3 h. Almost
equivalent doses (2 g/kg) of casein, but not dextrin or soybean oil, increased the rectal
temperature (Fig. 1C, D), confirming the potent thermic effect of protein, similar to
previous studies (4—6). Although rectal temperature fluctuations differed (Fig. 1A, C),
these results suggested that casein had a major contribution to the thermic effect of AIN-
93G ingestion.

Among the five dietary proteins examined (casein, whey, rice, egg, and soy), soy
protein had the highest thermic effect (Fig. 2A, B). In a previous human study, Acheson
et al. (43) found a greater thermic effect after the consumption of a meal containing whey
(50% protein) than after casein and soy protein meals (50% protein, respectively). In
contrast, Alfenas et al. (44) observed no significant difference in DIT after breakfast meals
containing casein, whey, or soy protein. It should be noted that these previous studies
employed protein-containing mixed meals rather than a single administration of protein.
Further studies are warranted to elucidate the reasons for the differences in the thermic
effects among dietary proteins. However, to our knowledge, the present study is the first
to compare the thermic effects of a single administration of as many as five different
dietary proteins in rats.

Previous reports in rodents and humans have suggested that activation of the

SNS-BAT axis is higher in a high-carbohydrate diet and lower in a high-protein and high-
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lipid diet (45-48). Consistent with these reports, propranolol, a nonselective AR
antagonist, treatment did not affect soy protein-induced increase in rectal temperature
(Fig. 3A, B). Alternatively, secretin and bile acids have been reported to increase BAT
thermogenesis independently of the BAR signaling pathway (49,50). However, soy
protein did not increase the iBAT temperature (Fig. 3E). A recent study (51) showed no
difference in the DIT after high-protein diet ingestion in humans with high vs. low BAT
activity. This report further supports the likelihood that BAT is not meaningfully involved
in the soy protein-induced increase in rectal temperature. Another paper (52) reported that
habitual animal protein intake was positively associated, whereas plant protein intake was
negatively correlated with cold-induced BAT activity in humans. Thus, dietary proteins
may chronically affect adaptive changes in BAT activity.

The tail skin surface temperature did not decrease after oral administration of
soy protein (Fig. 3F), suggesting that the soy protein-induced increase in rectal
temperature was not due to the suppression of heat loss associated with vasoconstriction
but due to thermogenesis.

Oral soy protein increased active GLP-1 concentrations in the portal plasma of
rats treated with or without the GLP-1R antagonist, Ex9 (Fig. 5C), and treatment with
Ex9 completely counteracted the thermic effect of soy protein (Fig. 4A, B, and 5A, B),
implicating the involvement of GLP-1 signaling. These results, including Fig. 3F, are
partly supported by a previous finding that iv GLP-1 increases body temperature in rats
without causing tail skin vasoconstriction (17). On the other hand, GIP, CCK-A, and PYY
receptor antagonism did not affect soy protein-induced increases in rectal temperature
(Fig. 4C-H). A previous study demonstrated negative correlations between postprandial

GIP levels and thermogenic efficiency (53), and GIP secretion is stimulated preferentially

24



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

by dietary carbohydrates and lipids (54,55). These findings are consistent with the potent
thermic effects of dietary proteins independent of GIP. CCK reportedly activates BAT
thermogenesis (56,57); however, soy protein did not increase BAT activation (Fig. 3A-E),
and the results using a CCK receptor antagonist (Fig. 4E, F) suggest that CCK signaling
was not involved in soy protein-induced increase in rectal temperature. Although some
reports link PYY to DIT (53,58), the present study suggests that PYY is not involved in
the thermic effect of soy protein (Fig. 4G, H). This heterogeneity in the data may reflect
differences in experimental design, including the use of mixed meals and species
differences between rats and humans.

Oral administration of soy protein increased EE, as demonstrated by the
measurement of O> consumption (Fig. 6A, B), but was not associated with increased
physical activity (Supplementary Fig. 7A) (39). Consistent with rectal temperature
measurement experiments, soy protein-induced increase in EE [AVO: (thermogenesis)]
was counteracted by Ex9 treatment (Fig. 6C, D) (39). These results further support the
notion that soy protein increases DIT via GLP-1 signaling. In humans, iv administration
of GLP-1 increased EE, which was likely mediated by insulin (18). However, in the
current studies, oral soy protein did not promote insulin secretion (Supplementary Fig. 9)
(39), suggesting that soy protein increases DIT independently of insulin signaling.
Furthermore, it has been shown that central GLP-1R activation by intracerebroventricular
administration of GLP-1 or GLP-1R agonist increased EE (17,59), probably via
subsequent activation of the SNS-BAT axis (19,20). However, gut-derived GLP-1 is
unlikely to directly activate the hypothalamic GLP-1R because of its rapid inactivation
by DPP-4 (60). Although intestinal GLP-1 might act on vagal afferent nerves, which then

triggers activation of the SNS-BAT axis, the lack of contribution of BAT to the thermic
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effect of oral soy protein (Fig. 3A-E) suggests a difference in the underlying mechanisms.

The involvement of GLP-1 signaling in soy protein-induced thermogenesis was
further demonstrated in experiments employing G/p /r KO mice (Fig. 7). Notably, the oral
whey protein-induced increase in rectal temperature observed in WT mice was
completely abolished in Glplr KO mice (Supplementary Fig. 8) (39). Taken together,
these results collectively suggest that GLP-1 signaling is essential for the full thermic
effects of dietary proteins.

A previous study reported an increase in EE and a relative reduction in body
weight gain in high-fat diet-fed mice lacking the DPP-4 gene (61). Similar to our recent
study (22), sitagliptin pretreatment effectively increased plasma GLP-1 concentrations
before and after the oral administration of soy protein (Fig. 8A). Sitagliptin pretreatment
also enhanced soy protein-induced increases in rectal temperature (Fig. 8B, C).
Conversely, compared to soy protein, the effect of sitagliptin treatment was limited,
transient, and not statistically significant when dextrin was orally administered (Fig. 8D,
E). Moreover, oral soybean oil and sitagliptin treatment did not further increase rectal
temperature (Fig. 8F-I). These results indicate that GLP-1 is important for the increase in
body temperature and EE ensuing from protein, but not carbohydrates or lipids ingestion.

A limitation of the current study is that the tissue(s) contributing to soy-induced
and GLP-1R-dependent DIT was not identified. Some previous studies have
demonstrated that iv administration of an amino acid (AA) mixture increased rectal
temperature in awake rats (62), and increased EE in rats was greater with oral
administration than with iv administration of the AA mixture (63). In addition, an in vitro
previous study demonstrated the thermogenic effect of GLP-1R agonist in muscle cells

(64). Accordingly, GLP-1 may enhance body temperature and EE by increasing the
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availability of AAs and their metabolism, for example, in intestinal epithelial cells, liver,
and skeletal muscle. It will be important to interrogate these possibilities and elucidate
the mechanism(s), such as how and where GLP-1 signaling in one or more sites augments
thermogenesis.

In conclusion, we confirmed that dietary proteins have potent thermic effects
compared to carbohydrates and lipids in rats, as assessed by measuring rectal temperature.
Soy protein had an especially potent thermic effect and increased EE. Importantly, we
found that GLP-1 signaling mediates the thermic effects of dietary proteins. These
findings provide novel insights into the underlying mechanisms of the thermic effects of
dietary proteins, which have long remained ambiguous, and new directions for studies
linking macronutrient ingestion to DIT, physiological processes with potential

translational relevance.
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Figure legends

Fig. 1. Feeding and protein administration increase the rectal temperature in rats. (A)
Changes in rectal temperature (ARectal temperature, n = 6) after refeeding or continued
fasting in 5 h-fasted rats and (B) its AUC (AAUC). (C) Changes in rectal temperature
after oral administration of isocaloric casein (2 g/kg), dextrin (2 g/kg), or soybean oil
(0.89 g/kg) solution in 4 h-fasted rats and (D) its AUC (n = 6). Values are expressed as
the mean = SEM. In (A, C), plots with asterisks (*) show significant differences compared
with 0 h values within each treatment ("p <0.05 and “"p < 0.01, Dunnett’s test). # symbols
and different letters indicate significant differences between the treatments (A and B,
crossover design, #p < 0.01, paired t-test; C and D, crossover design, p < 0.05,

Bonferroni’s test).

Fig. 2. Among dietary proteins, rectal temperature is increased in a dose-dependent
manner and to the greatest extent by soy protein. (A) Changes in rectal temperatures after
oral administration of different dietary proteins (2 g/15 mL/kg) in 4 h-fasted rats and (B)
its AUC (n = 5-6). (C) Changes in rectal temperatures after oral administration of different
soy protein doses (1 or 2 g/kg) or water (control, 15 mL/kg) in 4 h-fasted rats and (D) its
AUC (n = 8-9). Values are expressed as the mean + SEM. Different letters indicate p <
0.05 between treatments by Tukey’s test. The p values of the mixed model with
unstructured covariance are shown in each panel (A, C). In (C), plots with asterisks (*)
show significant differences compared with 0 h values within each treatment (*'p < 0.01,

Dunnett’s test).

Fig. 3. BAT activation and heat loss from the tail skin surface are not involved in the
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thermic effect of soy protein. (A-D) Propranolol (3 mg/kg) or its vehicle (saline) was
intraperitoneally injected at a dose of 1 mL/kg immediately after oral administration of
(A, B) soy protein (2 g/kg) or (C, D) water (control, 15 mL/kg) in 4 h-fasted rats. (A, C)
Changes in rectal temperatures and (B, D) its AUC (n = 5). (E) iBAT or (F) tail skin
surface temperatures of 4 h-fasted rats before and after oral administration of water
(control, 15 mL/kg) or 2 g/kg soy protein (E, n = 5-6; F, n = 6). Values are expressed as
the mean = SEM. Plots with asterisks (*) show significant differences compared with 0 h
(baseline) values within each treatment (‘p < 0.05 and ~*p < 0.01, Dunnett’s test), and
comparisons between treatments were performed using Student’s ¢-test. The p values of

the mixed model with unstructured covariance are shown in each panel (A, C, E, F).

Fig. 4. GLP-1 receptor antagonist abolishes soy protein-induced increase in rectal
temperature. Various receptor antagonists (A, B, 30 nmol/kg Ex9; C, D, 6.9 nmol/kg GIP
(7-30)-NHz; E, F, 222 pumol/kg Dvz; G, H, 653 nmol’kg BIIE) or their vehicle was
intraperitoneally injected at a dose of 1 mL/kg immediately after oral administration of
soy protein (2 g/kg) or water (control, 15 mL/kg) in 4 h-fasted rats. (A, C, E, G) Changes
in rectal temperatures and (B, D, F, H) its AUC (n = 6-7, respectively). Values are
expressed as the mean + SEM. Plots with asterisks (*) show significant differences
compared with 0 h values within each treatment ("p < 0.05 and ~*p < 0.01, Dunnett’s test).
Different letters indicate p < 0.05 between treatments by Tukey’s test. The p values of

two-way ANOVA are shown in each panel (B, D, F, H).

Fig. 5. Oral soy protein stimulates GLP-1 secretion with or without Ex9 treatment. Ex9

(30 nmol/kg) or its vehicle (saline) was intraperitoneally injected at a dose of 1 mL/kg
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immediately after oral administration of soy protein (2 g/kg) or water (control, 15 mL/kg)
in 4 h-fasted rats. (A) Changes in rectal temperatures and (B) its AUC (n = 6-7). (C)
Active GLP-1 concentrations in portal vein plasma 1 h after oral administration of test
solutions. Values are expressed as the mean + SEM. Plots with asterisks (*) show
significant differences compared with 0 h values within each treatment ("p < 0.01,
Dunnett’s test). Different letters indicate p <0.05 between treatments by Tukey’s test. The

p values of two-way ANOVA are shown in each panel (B, C).

Fig. 6. Oral soy protein increases oxygen consumption (VO;) via GLP-1 signaling. (A,
B) Soy protein (2 g/kg) or water (control, 15 mL/kg) was orally administered in 4 h-fasted
rats. (C, D) Ex9 (30 nmol/kg) or saline (1 mL/kg) was intraperitoneally injected
immediately after oral administration of soy protein (2 g/kg) in 4 h-fasted rats. (A, C) The
changes of thermogenesis from pre-administration [AVO; (thermogenesis)] and (B, D)
its AUC during 0-3 h post-administration are presented. Values are expressed as the mean
+ SEM. “p < 0.05 and #p < 0.01 by paired t-tests between treatments (crossover design).
The p values of the mixed model with unstructured covariance are shown in each panel

(A, C).

Fig. 7. The canonical GLP-1 receptor is essential for the increasing effect of soy protein
on rectal temperature. Changes in rectal temperatures after oral administration of soy
protein (2 g/kg) or saline (control, 20 mL/kg) and its AUC in (A, C) wild-type (WT)
C57BL/6]J mice (n = 8) and (B, D) Glpir KO mice (n = 12, crossover design) fasted 5 h.
Total GLP-1 concentrations in portal vein plasma 1 h after oral administration of test

solutions in (E) WT mice (n =6) and (F) GlpIr KO mice (n = 5). Values are expressed as
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the mean = SEM. In (A, B), plots with asterisks (*) show significant differences compared
with 0 h values within each treatment ("p < 0.05 and ~p < 0.01, Dunnett’s test), and
comparisons between treatments were performed using (A) Student’s -test (*p < 0.01)
or (B) paired t-test. p < 0.05 and “'p < 0.01 by (C, E, F) Student’s -test or (D) paired -

test.

Fig. 8. DPP-4 inhibition enhances the rectal temperature-elevating effect of soy protein.
Sitagliptin (50 mg/kg) or water (5 mL/kg) was administered orally at 2 h before the oral
administration of soy protein (2 g/kg) or water (control, 15 mL/kg) in rats fasted for 2 h.
(A) Active GLP-1 concentrations in tail vein plasma (n = 6-7). Changes in rectal
temperatures and its AUC during 0-3 h in rats orally given (B, C) soy protein (2 g/kg), (D,
E) dextrin (2 g/kg), (F, G) soybean oil (0.89 g/kg), or (H, I) water (15 mL/kg) with or
without 50 mg/kg sitagliptin treatment (B-E, n = 7; F-I, n = 6). Values are expressed as
the mean + SEM. In (A, B, D, F, H), plots with asterisks (*) show significant differences
compared with 0 h values within each treatment ("p < 0.05 and “p < 0.01, Dunnett’s test),
and different letters or symbols indicate p < 0.05 between treatments by Tukey’s test or
Student’s #-test. In (C, E, G, I), p < 0.05 by Student’s ¢-test. The p values of the mixed

model with unstructured covariance are shown in each panel (B, D, F, H).
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