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Gut microbiota are involved in leptin-induced thermoregulation in

the Mongolian gerbil (Meriones unguiculatus)
Liqiu Tang', Jinzhen Lv', Xueying Zhang', Chen-Zhu Wang' and Dehua Wang"%*

ABSTRACT

Leptin is a hormone that is secreted by adipocytes and may promote
energy expenditure by increasing thermogenesis. Our previous studies
have shown that thermo-transient receptor potentials (thermo-
TRPs) and gut microbiota are associated with thermoregulation in
Mongolian gerbils, which are characterized by relative high serum
leptin concentrations. Here, we tested whether leptin can stimulate
non-shivering thermogenesis (NST) in Mongolian gerbils, and whether
thermo-TRPs and gut microbiota are involved in leptin-induced
thermogenesis. First, gerbils were given acute leptin treatment (ALT)
with different doses. Results showed that ALT significantly increased
the body temperature of gerbils and changed the composition of
gut microbiota. Moreover, ALT groups showed a trend towards
increased expression of uncoupling protein 1 (UCP1) in brown
adipose tissue (BAT). Then, we investigated the effect of chronic
leptin treatment (CLT) on gerbils. Surprisingly, CLT did not affect
gerbils’ food intake and body mass, but it significantly increased
the body temperature at the end. Further, CLT did not affect the
expression of thermogenic markers in BAT, white adipose tissue (WAT)
or skeletal muscle. However, CLT increased the expression of leptin
receptors and TRPV2 in the small intestine and affected the
composition of gut microbiota. Together, our data suggest leptin may
increase body temperature by regulating gut microbiota. In conclusion,
serum hyperleptin in Mongolian gerbils is beneficial for adapting to cold
environments, and TRPV2 and gut microbiota are involved.

KEY WORDS: Leptin, Thermo-TRPs, TRPV2, Non-shivering
thermogenesis

INTRODUCTION

Leptin is an adipocyte-derived hormone that controls body mass,
food intake and energy expenditure (Myers et al., 2008; Zhang et al.,
1994). Leptin functions by binding to the leptin receptors (LepRb,
encoded by the db gene), which is expressed in the hypothalamus
and non-neuronal tissues, including brown adipose tissue (BAT),
skeletal muscle and small intestine (Chua et al., 1996, 1997; Lee
etal., 1996; Tartaglia, 1997). Many studies support that leptin plays
an important role in thermoregulation. It was found that leptin-
deficient (ob/ob) mice display hypothermia, and supplementation
of exogenous leptin increases their body temperature, metabolic
rate and thermogenic capacity of BAT (Collins et al., 1996;
Pelleymounter et al., 1995; Rezai-Zadeh et al., 2014; Trayhurn et al.,
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1977; Commins et al., 1999). Non-shivering thermogenesis (NST)
in muscle is confirmed as an additional form of NST in rodents
besides BAT (Bal et al., 2012, 2016; Pant et al., 2016). It has been
demonstrated by studies in vivo and in vitro that leptin increases
glucose and fatty acid metabolism in skeletal muscle (Ceddia et al.,
2001). Moreover, leptin also interacts with other endocrine hormones,
such as thyroid hormone, thyrotropin releasing hormone, etc., to
jointly regulate thermogenesis and energy homeostasis (Buonfiglio
etal., 2018; Hermann et al., 2006; Ukropec et al., 2006). In addition,
there is a hypothesis that leptin-mediated thermoregulation as an
adaptive mechanism for humans in cold climates, and high leptin
levels are required to maintain body temperature (Nikanorova et al.,
2020). However, whether leptin is thermogenic is still ambiguous
(Fischer et al., 2020). For example, Fischer et al. (2016) found that
prolonged leptin treatment does not recruit BAT in ob/ob mice.
Although leptin treatment significantly induced UCP1 levels per
milligram of protein, the total UCP1 per iBAT depot did not increase
(Fischer et al.,, 2016). Further, Tang et al. (2015) found that
intracerebroventricular administration leptin had no effects on basal
and adaptive thermogenesis and UCP1 expression in cold-acclimated
rats.

The microbiota composition in leptin-deficient mice was changed,
while leptin sensitivity was enhanced in mice with depleted gut
microbiota, suggesting a link between leptin and gut microbiota (Heiss
et al., 2021; Ley et al., 2005). Specifically, gut epithelial leptin
signaling might shape the community structure of the gut microbiome
(Duggal et al., 2011; Guo et al., 2011), and regulates the composition
of microbiota independently of food intake in the host (Rajala et al.,
2014). Moreover, chronic oral leptin-supplemented suckling rats
had lower relative abundance of Sutferella and a higher proportion
of Clostridium genus (Grases-Pint6 et al., 2019). Thermo-transient
receptor potentials (thermo-TRPs) exhibit highly temperature-
dependent gating properties, which leads to steep changes in
depolarising current upon either cooling or heating (Nilius and
Flockerzi, 2014). Thermo-TRPs include TRPV1 (>42°C), TRPV2
(>52°C), TRPV4 (27-34°C), TRPM2 (23-28°C), TRPMS8 (10-26°C)
and TRPA1 (<17°C), which are expressed in almost all tissues
(Hoffstaetter et al., 2018; Nilius and Owsianik, 2011). Peripheral
thermo-TRP channels that are activated can affect body temperature
by modulating the autonomic system, and thermo-TRP channels
in the central nervous system directly influence the detection of
physiological temperature in vivo (Wang and Siemens, 2015). Studies
have found that the expression of thermo-TRPs was significantly
altered in WT mice injected with leptin (Avraham et al., 2010; Sun
et al., 2017). In addition, our previous research found that one of the
thermo-TRPs (TRPV1) is involved in behavioral thermoregulation
in Mongolian gerbils (Wen et al., 2022). So, we are curious about
how leptin affects gut microbiota and thermo-TRPs, and the roles
of gut microbiota and thermo-TRPs in leptin-stimulated NST.

The Mongolian gerbil (Meriones unguiculatus) is a small rodent
that is geographically widespread in the typical steppe, desert steppe
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or desert areas of northern China, Mongolia and the Trans-Baikal
region of Russia (Wilson and Reeder, 2005), regions in which cold
winter lasts for more than 5 months. The gerbils have a relatively high
basal metabolic level compared with typical small desert rodents,
and a wider thermoneutral zone and lower critical temperature (Pan
et al., 2014; Wang et al., 2000; Zhang et al., 2016). In addition,
gerbils have a special physiological characteristic of high serum
leptin concentrations: the serum leptin concentration of the gerbils
was close to 25 ng ml~! under normal feeding conditions in the
laboratory (23°C, 16 h:8 h light:dark), which is relatively higher than
that of Brandt’s voles (Lasiopodomys brandti) that are sympatrically
distributed in the Inner Mongolia grasslands (Li and Wang, 2007,
Li et al., 2004), and even higher than that of the rat (~10 ng ml~")
(Denis et al., 2003). Furthermore, our previous studies have
demonstrated that leptin may be involved in the seasonal regulation
of energy balance and thermogenesis in Mongolian gerbils (Liu et al.,
2012; Zhang and Wang, 2007). Therefore, the aim of the present
study was to test whether leptin can stimulate NST in Mongolian
gerbils, and whether thermo-TRPs and gut microbiota are involved in
leptin-induced thermogenesis.

MATERIALS AND METHODS

Animals

Mongolian gerbils [Meriones unguiculatus (Milne-Edwards 1867)]
used for this study were obtained from the laboratory breeding
colony at the Institute of Zoology, Chinese Academy of Sciences,
which started with animals that were originally trapped from Inner
Mongolia, China. In total, 56 adult male gerbils (age 6—7 months)
were housed individually in plastic cages (29x18x16 cm) with
sawdust bedding in a temperature-controlled room (23+1°C) under a
16 h:8 h light:dark cycle (lights on at 04:00 h). Water and standard
rodent chow (Beijing Keao Xieli Feed Co., China) were provided ad
libitum. All procedures were approved by the Animal Care and Use
Committee of the Institute of Zoology, Chinese Academy of
Sciences (CAS).

Experimental design

Experiment 1 was designed to investigate the acute effect of different
concentrations of leptin on thermogenesis in Mongolian gerbils.
Twenty-four male gerbils were divided into four groups (n=6 for each
group): the first group was injected with saline (control), the second
group was injected with 0.2 mg kg™" leptin (Lep-0.2), the third group
was injected with 1 mg kg™! leptin (Lep-1), and the fourth group was
injected with 5 mg kg™! leptin (Lep-5). In the leptin injection groups,
0.2ml of saline solution containing recombinant murine leptin
(PeproTech, USA) was injected by single intraperitoneal injection
(i.p.). Before the experiment, rectal temperature was measured. Then,
animals were injected at 09:00 h. Two hours later, rectal temperature
was measured again, and the animals were then killed by CO,
overdose. The serum, BAT, hypothalamus and cecal content samples
were taken and stored at —80°C.

Experiment 2 verified the effect of chronic leptin administration
on thermogenesis in gerbils, and whether thermo-TRPs and gut
microbiota were involved with this. Twenty-four adult male gerbils
were divided into four groups (n=6 for each group): a saline-injected
group at room temperature (23°C, WS), a leptin-injected group
at room temperature (23°C, WL), a saline-injected group at a cold
room temperature (4°C, CS), and a leptin-injected group at a cold
room temperature (4°C, CL). The gerbils were injected i.p.
once daily for consecutive 14 days with 1 mg kg~! leptin or with
200 ml saline. Body mass, food intake and body temperature were
measured every 3 days. After the last injection, animals were killed

by CO, overdose. The serum, hypothalamus, BAT, inguinal white
adipose tissue (WAT), skeletal muscle and small intestine and cecal
content samples were taken and stored at —80°C.

Measurements of body mass and food intake

Body mass and food intake of the gerbils were measured at 17:00 h
every 3 days. Food intake was calculated by subtracting uneaten
food mass from initial food mass and divided by 3.

Measurements of body temperature and BAT skin
temperature

Body temperature (7,) was measured during the experimental
period using a temperature probe (TES 1310; £0.1°C accuracy),
which was inserted 3 cm into the rectum.

Surface body temperature was measured at an ambient temperature
of 23+1°C at a distance of 40 cm from the animal using an
infrared camera (FLIR E60, UK), and the temperature data were
generated using FLIR Tools software (Zhang et al., 2018). The
highest temperature in the BAT image and tail image and the average
temperature in the body image were selected as the BAT skin
temperature, tail skin temperature and shell temperature, respectively.

Measurement of thyroid hormones (T3 and T4) and leptin
concentration in serum

Serum T3 and T4 concentrations were quantified via
radioimmunoassay using an RIA kit (China Institute of Atomic
Energy, Beijing, China) according to the instructions. The minimum
detectable concentration of the assay (sensitivity) when using a 50 ul
sample was 0.25 ng ml~! for T3 and 3.96 ng mI~! for T4. Intra- and
inter-assay coefficients of variation were 2.4% and 8.8% for T3, and
4.3% and 7.6% for T4, respectively.

Serum leptin concentrations were measured using a leptin
ELISA kit (ab100718, Abcam, Cambridge, UK) according to the
manufacturer’s instructions. Absorbance was measured at 450 nm
against a blank using an ELISA reader (RayBiotech, Canada).
The minimum detected concentration of the kit was 4 pg ml~'. The
intra- and inter-assay variations for leptin EIA were 10% and 15%,
respectively.

Western blotting for measurements of thermogenic proteins
and thermo-TRPs

Western blotting was performed on whole tissue lysates and
were probed with the following primary antibodies: UCP1
(ab10983, Abcam), PGClo (bs-1832R, Bioss), PPARy (C26H12,
Cell Signaling), LEPR (38530, SAB), TRPA1 (QC50165, Sigma-
Aldrich), TRPV1 (66983-1-Ig, Proteintech), TRPV2 (ab272862,
Abcam), TRPV4 (ab39260, Abcam), TRPM2 (QC49319, Sigma-
Aldrich), TRPMS (ab3243, Abcam), TH (AB152, Sigma-Aldrich),
B-tubulin (30302ES60, Yesen) and GAPDH (A01020, Abbkine).
The secondary antibodies used were either peroxidase-conjugated
goat anti-rabbit IgG (33101ES60, Yesen) or peroxidase-conjugated
goat anti-mice IgG (33201ES60, Yesen).

Samples from the hypothalamus, small intestine and BAT (0.2 g)
were homogenized in RIPA buffer using established methods
(Bo et al., 2019). The total protein was separated by SDS-PAGE
using a Mini Protean apparatus (Bio-Rad Laboratories, PA,
USA) and transferred onto PVDF membranes, which were then
blocked with 5% skimmed milk for 1.5 h at room temperature.
Thereafter, the membranes were incubated with the primary
antibodies for approximately 12 h at 4°C, followed by incubation
with an appropriate horseradish peroxidase-conjugated secondary
antibody for 2 h at room temperature. Antibody concentrations were
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determined based on the literature and our pilot experiments. The
reaction products were revealed by chemiluminescence (ECL,
Yesen).

Real-time quantitative PCR (qPCR) for measurements of
thermogenic and appetite-related genes

We extracted total RNA from BAT and WAT using TRIzol reagent
(R401-01, Vazyme, Nanjing, China), and then 1 pg total RNA was
purified and reverse-transcribed to cDNA using the HiScript® III 1st
Strand cDNA Synthesis Kit (+gDNA wiper) (R312-01/02, Vazyme,
Nanjing, China). qPCR analysis was carried out as follows. The
c¢DNA samples (1 pl) were used as a template for the subsequent
PCR reaction using gene-specific primers (Table S1). The final
reaction volume of 10 pl contained 5 pl of 2xTaq Pro Universal
SYBR qPCR Master mix (Q712-02, Vazyme, Nanjing, China), 1 pl
c¢DNA template, 0.2 pl of forward primer, 0.2 pl reverse primer and
3.6 ul RNase-free ddH20O. Each sample was duplicated and the
mean value was the expression amount of the sample. qPCR was
performed using Piko Real Software 2.2 (Piko Real 96, Thermo
Fisher Scientific, Waltham, MA, USA). After an initial polymerase
activation step at 95°C for 30 s, amplification was followed by 40
cycles (95°C for 10 s and 60°C for 30 s). The reaction was finished
by the built-in melting curve. All samples were quantified for
relative quantity of gene expression using GAPDH expression as an
internal standard. Relative gene expression was determined by the
comparative CT method (Liu et al., 2022b). The gene-specific
primer sequences used for qPCR are listed in Table S1.

Microbiota DNA extraction

DNA from cecal contents was extracted by 2xCTAB (cetyltrimethyl
ammonium bromide), phenol chloroform mixture (phenol:
chloroform:isoamyl alcohol=25:24:1) and the SanPrep Column
DNA Gel Extraction Kit (Sangon Biotech, China). DNA purity and
concentrations were assessed by absorbance on a Nanodrop 2000
(Thermo Fisher Scientific) by measuring the A260/A280 ratio.
Only DNA with an A260/A280 ratio of 1.8-2.0 was used (Bo et al.,
2019).

16S rDNA gene sequencing analysis for cecal contents

The 168 sequence paired-end dataset was joined and quality filtered
using the FLASH method described by Mago¢ and Salzberg (2011).
Sequencing was done on an Illumina HiSeq 2500. All sequence
analyses were provided in the Quantitative Insights Into Microbial
Ecology software suite (QIIME, version 1.9.1) according to the
QIIME tutorial (http:/qiime.org/) with modified methods. Sequences
that did not match any entries in this reference were subsequently
clustered into de novo operational taxonomic units (OTUs) at 97%
similarity with UCLUST. The hierarchical clustering on the basis
of population profiles of most common and abundant taxa was
performed using UPGMA clustering (unweighted pair group method
with arithmetic mean, also known as average linkage) on the distance
matrix of OTU abundance.

Statistical analysis
SPSS 20.0 software was used for statistical analyses. For intra- and
inter-group analyses, repeated-measures ANOVA or two-way
ANOVA (leptinxcold) was applied when appropriate, followed by
a Bonferroni post hoc test. All data are presented as means+s.e.m.,
and P<0.05 was deemed statistically significant.

For microbiota data, the OTUs that reached a nucleotide
similarity level of 97% were used for o diversity (PD_whole
tree). Principal coordinate analyses (PCoA) based on unweighted

UniFrac distances were used to visualize the variation of bacterial
structure across different groups using the vegan package in
R. Significance for B-diversity analyses was checked with analysis
of similarity (ANOSIM) included in the package vegan of the
QIIME-incorporated version of R. The linear discriminant analysis
(LDA) effect size (LEfSe) method was used to assess differences in
microbial communities using an LDA score threshold of 2 or 2.5.
Differences in o diversity, and phyla and genera abundance were
analyzed using two-way ANOVA with a Bonferroni post hoc test.

RESULTS

Acute leptin treatment with high concentration significantly
affects the thermogenesis and composition of gut

microbiota of gerbils

Plasma leptin of three groups with different dosage increased
significantly following leptin administration (5 ,3=30.713, P<0.001;
Fig. 1A). We detected the expression of hypothalamic agouti related
peptide (AGRP), neuropeptide Y (NPY), pro-opiomelanocortin
(POMC), and cocaine and amphetamine regulated transcript
peptide (CART) at mRNA levels, which are important mediators of
leptin action. Acute leptin treatment had no significant effect on
the expression of AGRP, NPY and POMC in the hypothalamus of
Mongolian gerbils, but significantly decreased the expression of
CART (F523=4.589, P=0.013; Fig. 1C).

We compared the 7;, before treatment and after injection for 2 h.
The results showed that there was no significant difference in T;,
between initial value and after 0.2 mgkg™! leptin administration
(=-0.954, d.f=5, P=0.384; Fig. 1C). However, the 1 mgkg~!
(=-3.757, d.£=5, P=0.013; Fig. 1F) and 5 mgkg™! (=-4.715,
d.f=5, P=0.005) acute leptin treatments significantly increased
gerbil Ty,. Further, shell temperature (F;3=4.446, P=0.015;
Fig. 1G) and BAT skin temperature (F3,3=5.508, P=0.006;
Fig. 1H) were significantly affected by leptin, and there was
no difference in tail skin temperature. Specifically, gerbils
administrated with 1mgkg™' (P=0.011) and 5 mgkg™'
(P=0.022) had higher BAT skin temperature than the control
group. However, UCP1 protein expression in BAT was slightly
increased by leptin, but there was no statistically significant
difference (Fig. 1J).

We further analyzed 16S rRNA gene sequencing to explore
whether gut microbiota are involved. The o diversity of gerbil’s cecal
microbiota did not differ in the acute leptin-treated gerbils (Fig. 2A).
For B diversity, analysis based on unweighted UniFrac distance
(ANOSIM, R=0.133, P=0.015; Fig. 2B) showed that the cecal
microbiota structure of the Lep-5 group was separated from the
control. At a threshold of 97%, the LEfSe method with an LDA score
>2 identified the different microbial communities among groups
(Fig. 2C). Firmicutes and Bacteroidetes were the most abundant
phyla in all samples (Fig. 2D,E), and significant differences were
observed at the phylum level in Actinobacteria (Fs;3=3.358,
P=0.039; Fig. 2G). The Actinobacteria phylum was decreased by
leptin administration. At the genus level, acute leptin administration
significantly increased the abundance of Peptococcus (F33=4.509,
P=0.014; Fig. 2H) and decreased the relative abundance of
Sphingomonas (F523=7.801, P=0.007; Fig. 2I).

Chronic leptin administration does not stimulate the NST

of BAT, WAT and skeletal muscle in gerbils

Chronic leptin treatment significantly increased serum leptin
concentration (£ 50=121.367, P<0.001; Fig. 3E), whereas cold
induced a reduction (F,=18.538, P<0.001; Fig. 3E). Of note,
chronic leptin treatment had no effect on gerbil body mass, food
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Fig. 1. The effects of acute leptin treatment on serum leptin level, appetite neuropeptide gene expression and thermogenesis in Mongolian gerbils.
(A) Serum leptin concentration after acute leptin injection. (B—E) Effects of acute leptin on appetite related peptide gene expression in the hypothalamus.

(F) Rectal temperature before and 2 h after injection. (G-I) Infrared skin temperature 2 h after injection. (J) UCP1 protein expression in BAT. (K) Photos of
gerbil infrared imaging after injection. Control, gerbils with 200 ul saline intraperitoneal injection; Lep-0.2, gerbils with 0.2 mg kg~" leptin intraperitoneal
injection; Lep-1, gerbils with 1 mg kg~ leptin intraperitoneal injection; Lep-5, gerbils with 5 mg kg~ leptin intraperitoneal injection. Different letters indicate

significant differences (*P<0.05, **P<0.01, ***P<0.001; n=6 for each group).

intake and body temperature (Fig. 3A—C). However, the last
measured body temperature was significantly increased by leptin
(F120=121.367, P<0.001; Fig. 3D). We observed serum T3 levels
were not affected by leptin and cold in gerbils. Serum T4
(F120=13.586, P=0.001) levels and the T3/T4 ratio (F; 50=12.362,
P=0.002) were significantly affected by cold, but not leptin
(Fig. 3G,H). Furthermore, we measured the expression of leptin
receptors (LepR) in different tissues and found that cold temperature
significantly decreased LepR in BAT (F,p=5.675, P=0.027;
Fig. 3J), and leptin significantly increased LepR expression in
small intestine (F 20=5.986, P=0.024; Fig. 3K), but there were no
significant differences in LepR in the hypothalamus and skeletal
muscle.

Western blot analysis revealed that chronic leptin treatment did
not affect the expression of thermogenic genes and proteins,
including uncoupling protein 1 (UCP1), peroxisome proliferator-
activated receptor y (PPARY) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGCla) (Fig. 4A—C). Cold
temperature significantly increased the expression of UCP1 protein
(F120=23.329, P<0.001; Fig. 4A) and significantly decreased the

expression of PPARy protein (F 2,=8.217, P=0.01; Fig. 4B) of
BAT. Besides, we also measured the above thermogenic genes in
WAT, and found that leptin did not affect the expression of these
thermogenic genes in WAT (Fig. 4D—H). Furthermore, we also
measured the NST in skeletal muscle and found that leptin did not
affect UCP1, UCP3 and SERCA1 (Fig. 41-K) protein expression in
skeletal muscle.

TRPV2 and gut microbiota may be involved in regulating
chronic leptin-induced elevation of body temperature

TRPV1, TRPV2, TRPV4, TRPM2, TRPMS8 and TRPAI were all
present in the hypothalamus, BAT and small intestine of Mongolian
gerbils. In the hypothalamus, there was a significant interaction
between leptin treatment and cold on TRPV4 (F,,=5.517,
P=0.034; Fig. 5C). Cold increased the expression of TRPV4
(F120=4.553, P=0.045; Fig. 5I) and decreased the expression of
TRPM2 (F 50=15.617, P<0.001; Fig. 5J) in BAT, whereas leptin
had no effect on BAT thermo-TRPs. We detected the expression of
thermo-TRPs in the small intestine as well. Our results indicated that
leptin increased expression of TRPV2 in the small intestine
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Fig. 2. The effects of acute leptin treatment on gut microbiota in Mongolian gerbils. Alpha diversity (PD_whole tree) of bacterial communities across
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(ANOSIM). (C) Differential bacterial taxonomy selected by LEfSe analysis with LDA score >2 in the cecal microbiota community of the four groups with
different injection concentrations. (D-G) Relative abundance at the phylum level of acute leptin administration. (H-K) Relative abundance at the genus level
of acute leptin administration. Control, gerbils with 200 ul saline intraperitoneal injection; Lep-0.2, gerbils with 0.2 mg kg~" leptin intraperitoneal injection;
Lep-1, gerbils with 1 mg kg~ leptin intraperitoneal injection; Lep-5, gerbils with 5 mg kg~" leptin intraperitoneal injection. *P<0.05, significant difference

between groups, n=6 for each group.

(F120=4.918, P=0.04; Fig. 5N), and the expression of TRPV1 was
decreased (F) 0=4.558, P=0.045; Fig. 5SM) and TRPV4 was
increased (/) 20=4.591, P=0.045; Fig. 50) at cold temperature.
Pearson correlation analysis was conducted on relevant data in the
hypothalamus, BAT and small intestine. The protein content of
TRPV1, TRPV2 and TRPM2 in the small intestine was significantly
positively correlated with serum leptin concentration (TRPV1:
r=0.415, P=0.044; TRPV2: r=0.453, P=0.026; TRPM2: r=0.462,
P=0.023; Table S4). However, serum leptin concentration was not
significantly correlated with thermo-TRPs in the hypothalamus or
BAT (Tables S2 and S3).

Chronic leptin administration did not affect either o or B
diversity of gut microbiota, but did alter the composition of the

gut microbiota (Fig. 6A,B). LEfSe methods identified the different
microbial communities in the four groups (Fig. 6I). At the phyla
level, cold significantly increased Verrucomicrobia (F),y=13.328,
P=0.002; Fig. 6F) and decreased Actinobacteria (F,0=17.543,
P<0.001; Fig. 6G), and the interaction of cold and leptin affected the
level of Proteobacteria (Fy,0=11.054, P=0.003; Fig. 6H). At the
genus level, leptin significantly increased the proportions of
Peptococcus (Fy 50=17.543, P=0.023; Fig. 7A) and decreased the
proportions of Akkermansia (F),0=17.543, P=0.018; Fig. 7B).
Further, the proportions of Roseburia (cold: F 50=7.827, P=0.011,
leptin: F'y 50=5.46, P=0.03; Fig. 7C) and RuminococcaceaeUCG_014
(cold: F; 55=10.289, P=0.004, leptin: F; 5,=11.211, P=0.003; Fig. 7D)
were decreased by cold and leptin. In addition, cold temperature and
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Fig. 3. The effects of chronic leptin treatment on food intake, body mass, body temperature and serum hormones in Mongolian gerbils. (A—C) Food
intake, body mass and body temperature during 14 consecutive injections. (D) Body temperature after the last injection. (E) The content of leptin hormones in
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the interaction between cold temperature and leptin significantly
affected the proportion of Paracaedibacteraceae.unclassified
(cold: F50=15.937, P<0.001; interaction: F,0=4.901, P=0.039;
Fig. 7E) and Angelakisella (cold: F 5p=5.592, P=0.028; interaction:
F20=4.977, P=0.037; Fig. 7F).

DISCUSSION
In the present study, we found that 1 mg kg~' acute leptin treatment
significantly increased the body temperature and the expression of
anorexic neuropeptide gene in gerbils. The 5 mg kg™' acute leptin
group also significantly increased body temperature, and the
expression of POMC, UCP1 and PPARYy was higher than that
of the control group. However, in the chronic leptin treatment
experiment, we found that the accumulated leptin treatment
eventually led to the increase of body temperature, but it did not
stimulate the NST of BAT, WAT and skeletal muscle, and gut
microbiota and TRPV2 in the small intestine might be involved.
The major function of leptin is the modulation of food intake
(Zhang and Chua, 2018), along with energy homeostasis (Cowley
etal., 2001). Previous studies have shown that the increase in energy
expenditure by leptin is dependent on sympathetic innervation of
BAT, thereby increasing thermogenesis of the BAT, including
increasing the expression of UCP (Scarpace and Matheny, 1998;

Scarpace et al., 1997). Some studies support that leptin stimulates a
hypothalamus—adrenal medulla-BAT axis, which is necessary and
sufficient to induce lipolysis and, as a result, increase body temperature
(de Git et al., 2019; Perry et al., 2020). Other studies have found that
the thermogenic effect of leptin is affected by ambient temperature
(Yang et al., 2011; Fisher et al., 2016; Kaiyala et al., 2016). ob/ob mice
injected with leptin below the thermoneutral temperature (22°C or
14°C) significantly increased the body temperature. However, ob/ob
mice injected with leptin at thermoneutral temperature did not change
their core body temperature, but UCP1 mRNA expression increased
significantly (Kaiyala et al., 2016). Another study has suggested that
leptin stimulates thermogenesis when interacting with other hormones,
such as insulin (Davis et al., 2010). However, the thermogenic effect of
leptin has been controversial (Fischer et al., 2020). Some studies
suggest that leptin does not modify body temperature (Enriori et al.,
2011; Tang et al., 2015). Furthermore, some research has indicated that
the decrease in core temperature of leptin-deficient mice is caused by
increased heat loss (i.e. increased thermal conductivity) in these
animals, and not NST defects (Fishman and Dark, 1987; Kaiyala
et al., 2016), suggesting that leptin may have a pyrexic effect rather
than a thermic effect. Therefore, leptin may affect thermoregulation
through vasomotor or heat conduction mechanisms, rather than by
directly affecting BAT thermogenesis. In addition, some studies
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Fig. 4. The effects of chronic leptin treatment on the expression of molecular thermogenic markers on different tissue of Mongolian gerbils.
(A—C) The protein expression of UCP1, PPARy and PGC1a in BAT. (D—H) The mRNA expression of UCP1, PPARa, PPARy, PGC1o. and PRDM16 in WAT.
(I-K) The protein expression of UCP1, UCP3 and SERCA1 in skeletal muscle. WS, gerbils kept at 23°C with saline; WL, gerbils kept at 23°C with leptin; CS,
gerbils kept at 4°C with saline; CL, gerbils kept at 4°C with leptin. P, Significant effect of cold (*P<0.05, ***P<0.001; n=6 for each group).

suggest that the effect of exogenous leptin therapy does not accurately
reflect endogenous physiology. For example, animals fed a high-fat
diet (HFD) are resistant to exogenous leptin, but remain fully
sensitive to endogenous leptin (Ottaway et al., 2015). That is, the
development of leptin resistance could raise the set point for leptin in
specific neurons, causing neurons to require a higher concentration of
leptin to activate downstream signaling (Caron et al., 2018).

Over the past few years, studies have found that UCP1 was
expressed not exclusively in BAT, but also in WAT, and subsequently
confirmed the thermogenic potential of WAT browning process
(Commins et al., 1999; Wuetal., 2012). Previous studies demonstrated
that leptin treatment induced UCP1 expression and enhanced the
browning of WAT in mice (Commins et al., 1999, 2000). However, our
results demonstrated that leptin did not promote the browning of WAT
in gerbils. Consistent with our results, Dodd et al. (2015) demonstrated
that leptin ICV infusion alone had little effect on browning, whereas the
co-infusion of insulin and leptin strikingly enhanced browning,
suggesting that the effect of leptin on WAT browning may need be
realized through the interaction with other factors.

Skeletal muscle is an important part of whole-body energy
expenditure, accounting for 20-30% of the total resting state oxygen
uptake (Mainieri et al., 2006). Furthermore, there is evidence of
developmental overlap and cross-talk between BAT and skeletal
muscle (Pani et al., 2022), and skeletal muscle is also considered
to be one of the most important tissues in regulating NST (Liu et al.,
2022b). Studies have confirmed that leptin can stimulate glucose
metabolism and fatty acid metabolism in skeletal muscle
(Minokoshi et al., 2012), and the thermogenic function of leptin
in skeletal muscle requires LepR and phosphatidylinositol 3-kinase
signaling (Dulloo et al., 2002). However, the effect of leptin on
skeletal muscle NST remains unclear. Based on the fact that LepR is
expressed in skeletal muscle (Tartaglia et al., 1995), we investigated
whether leptin can directly stimulate NST in skeletal muscle of
Mongolian gerbils, but our results found that leptin supplementation
did not affect the expression of NST-related proteins in skeletal
muscle of Mongolian gerbils. However, studies in HFD mice have
shown that leptin induces NST in oxidative muscle through the
leptin—~AMPK axis (Kus et al., 2008).
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Fig. 6. The effects of chronic leptin treatment on bacterial diversity and composition of cecum microbiota at the phylum level in Mongolian gerbils.
(A) Alpha diversity (PD_whole tree) of bacterial communities across groups. (B) NMDS plot based on unweighted UniFrac distance metrics representing the
differences in fecal microbial community structure in four groups (ANOSIM). (C—H) Relative abundance at the phylum of chronic leptin administration.

(1) Differential bacterial taxonomy selected by LEfSe analysis with LDA score >2.5 in the cecal microbiota community of the four groups with different
injection concentration. WS, gerbils kept at 23°C injected by saline; WL, gerbils kept at 23°C injected by leptin; CS, gerbils kept at 4°C injected by saline;

CL, gerbils kept at 4°C injected by leptin. Pcqq, significant effect of cold; Pinteractions Significant effect of the interaction of leptin and cold (**P<0.01,

***P<0.001; n=6 for each group).

Thyroid hormone regulates a wide range of physiological
processes after its activation from the prohormone thyroxine (T4)
to the active form, triiodothyronine (T3) (Bianco et al., 2005;
Obregon, 2014). Studies have shown that thyroid hormone plays
an important role in the physiological effects of leptin (Kristensen et
al., 1999; Feldt-Rasmussen, 2007; Wang et al., 2011). For example,
the effect of thyroid hormone on leptin production in primary
cultured rat brown and white adipocytes was studied (Medina-Gomez
et al., 2004). In this experiment, T3 was added to the primary culture,
and leptin hormone and mRNA levels were measured. The results
showed that T3 inhibited leptin in a dose-dependent manner.
In addition, some studies have shown that leptin is related to the

hypothalamic—pituitary—thyroid axis. Circulating TSH and thyroid
hormone levels decreased after leptin treatment in fasting rats (Ahima
et al., 1996; Mantzoros et al., 2001). And leptin administration
prevents the fasting-induced changes of TSH secretion and results in a
slight increase of FT4 (Chan et al., 2003). However, in our results,
cold temperature significantly increased the level of thyroid hormone,
but leptin did not have a significant effect on thyroid hormone, which
may be because the effect of cold temperature on thyroid hormone is
extremely significant (Rezai-Zadeh and Miinzberg, 2013), so the
effect of leptin is not so prominent.

Many studies have shown that leptin of species living in cold regions
has the specificity to adapt to cold. For example, Yang et al. (2011)
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Fig. 7. The effects of chronic leptin treatment on composition of cecal microbiota at the genus level in Mongolian gerbils. Relative abundance of

(A) Peptococcus, (B) Akkermansia, (C) Roseburia, (D) RuminococcaceaeUCG_014, (E) Paracaedibacteraceae.unclassified and (F) Angelakisella in the fecal
microbiota community of the four groups at genus level. WS, gerbils kept at 23°C injected by saline; WL, gerbils kept at 23°C injected by leptin; CS, gerbils
kept at 4°C injected by saline; CL, gerbils kept at 4°C injected by leptin. Pgqiq, significant effect of cold; Piegiin, Significant effect of leptin; Pinteraction, Significant
effect of the interaction of leptin and cold (*P<0.05, **P<0.01, ***P<0.001; n=6 for each group).

found that pika leptin demonstrates a superior induced capacity for
adaptive thermogenesis, which is reflected in a more enhanced
B-oxidation, mitochondrial biogenesis and heat production.
Moreover, leptin treatment combined with cold stimulation has a
significant synergistic effect on adaptive thermogenesis (Yang
et al.,, 2011). Likewise, leptin seems to be one of the factors
responsible for enhancing the survival of raccoon dogs
(Nyctereutes procyonoides) and blue foxes (Alopex lagopus) in
wintering (Nieminen et al., 2001), suggesting that leptin has
evolved in thermogenic function to enhance the survival of wild
animals in their natural environment.

Our results indicated that six thermo-TRPs were expressed in the
hypothalamus, BAT and small intestine. It has been shown that
thermosensitive TRPs in the hypothalamus can sense slight changes
in temperature; for example, the activation temperature of TRPM2 in
preoptic area (POA) neurons is slightly higher than the physiological
temperature of 37°C, which allows hypothalamic TRPM2 to mediate
responses to temperature increases in the POA (Kamm et al., 2021,
Song et al., 2016). However, our study lacked measurements of
temperature in specific brain regions, and although our results showed
that leptin significantly increased body temperature in gerbils, it
had little effect on thermo-TRP expression in the hypothalamus.
Likewise, leptin had no impact on the thermo-TRPs in BAT. It is
worth noting that our results showed that a leptin-induced rise in body
temperature increased TRPV2 expression in the small intestine.
TRPV2 is activated by non-physiological heat exceeding 50°C, but
oxidation reduces the temperature threshold for the activation of
TRPV2 to body temperature (37°C) or even lower (Fricke et al.,

2019). Moreover, researchers unveiled the role of intestinal cells
in thermosensation (Xiao et al., 2013). Activation of TRPV2
induces the release of NO from intestinal inhibitory motor neurons,
thereby relaxing intestinal tone and promoting intestinal motility
and contributing to gastrointestinal transport in vivo (Mihara et al.,
2010).

Accumulating data show that the gut microbiota is a vital
endogenous factor in regulating thermoregulation (Bo et al., 2019;
Li et al., 2019), including browning in WAT and NST in BAT
(Xu et al., 2020). Our study found that acute treatment with a high
concentration of leptin changed the composition and structure of gut
microbiota and increased the expression of UCP1 protein in BAT
compared with the control group. A previous study found that
leptin directly acts on the intestinal epithelial cells, potentially by
controlling the expression of gut antimicrobial peptides (AMPs),
which, secreted by Paneth cells, represent a major mechanism by
which the host influences the gut microbiome (Rajala et al., 2014).
Metabolites secreted by gut microbiota act on BAT through the free
fatty acid receptor-2 [FFAR2; a receptor for short chain fatty acid
(SCFAs)] and Takeda-G-protein-receptor-5 (TGRS; a receptor for
bile acids), then activates the cAMP-PKA—pCREB signaling
pathway in BAT and finally increases the expression of UCP1
protein in BAT (Liu et al., 2022a; Zhang and Wang, 2022).
However, in our CL experiment, although leptin affected 7}, and the
composition of gut microbiota to a certain extent, it did not result in
changes in BAT and WAT thermogenic markers. One possible
explanation for this is that gut microbiota can directly warm their
host; in fact, Rosenberg and Zilber-Rosenberg (2016) explored in
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detail the relationship between gut microbes and body temperature.
Like all cells, microbes produce heat as long as they are alive,
and they convert heat more efficiently than animals, for example,
microbial metabolism in the gut produces 61 kcal h~!, which
corresponds to approximately 70% of the total heat production of an
average person at rest (Rosenberg and Zilber-Rosenberg, 2016).
Another explanation may be the microbial metabolites. Numerous
studies have shown that microbial metabolites might play an
important role in the crosstalk between gut microbiota and other
metabolic organs, especially the SCFAs (Zhou et al., 2019; Ramos
Meyers et al., 2022). The major SCFAs in serum and the caecum
included acetate, propionate and butyrate, which have been
demonstrated to play important roles in thermogenesis (Chambers
et al., 2018). For example, it has been previously shown that the
bacteria belonging to Akkermansia and Ruminococcus genera
produce SCFAs, as acetate, to activate BAT thermogenesis and
promote WAT browning in mice (Hu etal., 2016). However, SCFAs
were not measured in our study, and remain a future research topic.

Our study found that AL treatment significantly decreased
the Actinobacteria proportion at phylum level, and significantly
increased the level of Peptococcus and decreased the level
of Sphingmonas at genus level. In the CL treatment, gerbils
administrated with leptin had lower levels of Akkermansia,
Roseburia and RuminnococcaceaeUCG_014, and had higher levels
of Peptococcus. The majority of microbes forming the gut microbiota
can be assigned to four major phyla: Bacteroidetes, Firmicutes,
Proteobacteria and Actinobacteria (Arumugam et al., 2011).
Firmicutes and Bacteroidetes accounted for more than 90% of
the relative abundance of the gut microbiota, with Actinobacteria
and Proteobacteria accounting for the remaining 10% (Segata
et al., 2012). Although they represent only a small percentage,
Actinobacteria are pivotal in the maintenance of gut homeostasis
(Binda et al., 2018). Using metabolomics and 16S rRNA gene
sequencing analyses in the rat model, Wen et al. (2019) showed a
correlation between Peptococcus and key metabolic pathways, also
including tryptophan metabolism and tyrosine metabolism.
Roseburia produces butyrate in the colon, and has been shown to
prevent intestinal inflammation and maintain energy homeostasis by
producing metabolites (Nie et al., 2021). Some studies have reported
that Akkermansia muciniphila increases thermogenesis and
glucagon-like peptide-1 (GLP-1) secretion in HFD-induced
C57BL/6J mice by induction of UCP1 in BAT and systemic GLP-
1 secretion (Depommier et al., 2019; Yoon et al., 2021), and the
beneficial metabolic effects of Akkermansia muciniphila could partly
be due to the attenuation in intestinal absorptive functions, promoting
a situation of caloric restriction in the mammalian host (Moreno-
Navarrete and Fernandez-Real, 2019). Further, another study showed
a negative correlation of the relative abundance of Akkermansia and
Ruminococcus genera with cold-induced BAT volume and activity
(Ortiz-Alvarez et al., 2023). Sphingomonas of the Proteobacteria
phylum plays the most important role as a bacterium, and is positively
correlated with metabolites related to protein digestion and absorption
(Wen et al., 2021).

In summary, our study found the particular physiological
significance of Mongolian gerbils containing high serum leptin,
as well as its possible underlying underlying mechanism.
Hyperleptin can cause gerbils to have a higher body temperature,
which is not achieved by activating BAT thermogenesis, but
TRPV2 and gut microbiota were implicated. Subsequent studies
should further explore the influence of leptin on intestinal
metabolites, further reveal the specific mechanism of leptin’s
influence on body temperature, and refine the results of the

hypothalamic region, focusing on POA. In addition, the relationship
between TRPV2 and the intestine still warrants further study.
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