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Abstract
Gut microbiota play a critical role in orchestrating metabolic homeostasis of the host. However, the crosstalk between host
and microbial symbionts in small mammals are rarely illustrated. We used male Brandt’s voles (Lasiopodomys brandtii) to
test the hypothesis that gut microbiota and host neurotransmitters, such as norepinephrine (NE), interact to regulate energetics
and thermogenesis during cold acclimation. We found that increases in food intake and thermogenesis were associated with
increased monoamine neurotransmitters, ghrelin, short-chain fatty acids, and altered cecal microbiota during cold acclimation.
Further, our pair-fed study showed that cold temperature can alter the cecal microbiota independently of overfeeding. Using
cecal microbiota transplant along with β3-adrenoceptor antagonism and PKA inhibition, we confirmed that transplant of cold-
acclimated microbiota increased thermogenesis through activation of cAMP–PKA–pCREB signaling. In addition, NE
manipulation induced a long-term alteration in gut microbiota structure. These data demonstrate that gut microbiota-NE
crosstalk via cAMP signaling regulates energetics and thermogenesis during cold acclimation in male Brandt’s voles.

Introduction

Small mammals have evolved multiple physiological and
behavioral strategies to adapt to seasonal variations in air
temperature. For example, when coping with cold winters,
non-hibernating small mammals increase food intake,
metabolic rate, and nonshivering thermogenesis (NST) to
maintain metabolic and thermal homeostasis [1–3]. Among

the factors which control the thermogenic process in brown
adipose tissue (BAT), norepinephrine (NE) released from
sympathetic fibers is one of the most important neuro-
transmitters used to stimulate the maximum NST in small
mammals [4, 5]. Cold acclimation leads to increased NE
turnover in BAT, primarily through β3-adrenergic recep-
tors, which then initiate triglyceride breakdown into fatty
acids in brown adipocytes and activates the intracellular
cAMP–PKA–pCREB signaling pathway. This leads to
further increased expression of uncoupling protein 1
(UCP1), a unique thermogenic protein localized in the
mitochondrial inner membrane of BAT [4, 6]. Activation of
NE can be detected by measuring tyrosine hydroxylase
(TH), a rate-limiting enzyme in catecholamine biosynthesis
[7]. Along with NE stimulation, cold-induced adaptive
thermogenesis and overfeeding are also activated through
increased secretion of thyroid hormones and ghrelin [8–10].
Metabolic and thermal homeostasis is traditionally thought
to be regulated by the hypothalamic circuits and endocrine
systems in the body [11, 12].

Increasing evidence indicates that gut microbiota play a
critical role in orchestrating metabolic homeostasis of the
host. Many features, such as genetics, diet, immune status,
gut environment, and temperature influence gut microbial
diversity [13–15], thus making gut microbiota an integral
component of host energy balance [16, 17]. Resident gut
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microbiota influence host nutrition and energetics both by
enhancing energy extraction from food and promoting
energy storage [18, 19]. For herbivorous animals, gut
microbiota can degrade fiber in food to produce short-chain
fatty acids (SCFAs) and vitamins. SCFAs can directly
interact with the enteric nervous system (ENS), providing a
causal link between environment-induced alterations in gut
microbiota and the physiology and behavior of the host
[20, 21]. It has been reported that common SCFAs, such as
acetate, propionate, and butyrate, can stimulate gut hormone
secretions, reduce appetite, and enhance both fatty acid
oxidation and BAT thermogenesis [20, 22, 23]. Recent
data indicate that gut microbiota also regulate 5-
hydroxytryptamine (5-HT) biosynthesis and ENS matura-
tion, ultimately influencing brain development and
functions of the host [23–26]. This communication between
the brain and gut is bidirectional—the brain also largely
controls the gut.

Brandt’s voles (Lasiopodomys brandtii), a non-
hibernating herbivorous species, mainly inhabit the grass-
lands of Inner Mongolia of China, Mongolia, and the region
of Beigaer in Russia. As winter lasts for over 5 months
in these habitats with an average annual temperature of
0–4 °C, Brandt’s voles provide a natural model for studying
the effects of cold acclimation [2]. Brandt’s voles have
evolved typical physiological responses to this cold envir-
onment, including reduced fat mass, increased food intake,
increased BAT mass and increased NST [2, 27], and
increased intestinal villus length to improve digestion [28].
They have also evolved huddling behavior to help survive
the winter. Both cold temperature exposure and huddling
behavior affect body temperature and cecal microbiota in
Brandt’s voles [29]. However, the crosstalk between the
host and microbial symbionts in small mammals are rarely
illustrated. We hypothesized that gut microbiota interact
with neurotransmitters to mediate cold-induced thermo-
genesis. Here, we illustrate that cold temperature exposure
affected gut microbiota and metabolites, and this is not due
to overfeeding. We also found that cold temperature-
exposed microbiota regulates NE release in the small
intestine and BAT by activating cAMP signaling, and this
contributes to winter metabolic phenotypes. Lastly, we
found that host neurotransmitters (such as NE) induced
long-term alterations in gut microbiota in Brandt’s voles.

Materials and methods

Animals

All animals were licensed under the Animal Care and Use
Committee of the Institute of Zoology at the Chinese
Academy of Sciences. Subjects were offspring of Brandt’s

voles trapped in Inner Mongolian grasslands in May 1999
that have been raised at the Institute of Zoology, the Chi-
nese Academy of Sciences in Beijing [2]. Breeding colonies
were rejuvenated either with a wild population or with
another laboratory every 3 years. Subjects were housed in
groups (3–4) in plastic cages (30 × 15 × 20 cm3) with saw-
dust bedding after weaning and were maintained at a room
temperature of 23 ± 1 °C under a photoperiod of 16L:8D.
Adult male Brandt’s voles (about 5 months old) had free
access to water and commercial rabbit pellets (Beijing
KeAo Feed Co.). All subjects were housed individually in
cages at least 2 weeks before experiments.

Experimental designs

Experiment 1 was designed to test how physiological phe-
notypes and cecal microbiota change during cold and
rewarming acclimations in Brandt’s voles. Thirty-two adult
male voles were randomly assigned into one of two groups
(treatment and control groups, 16 voles per group). The
treatment group was transferred to a cold (4 ± 1 °C) room
for 4 weeks (C4), or first transferred to a cold room for
4 weeks and were then returned to a warm (23 ± 1 °C,
rewarming) room for another 4 weeks (C4W4). The control
group remained at 23 ± 1 °C for 4 (W4) or 8 weeks
(W4W4). After the acclimation period, we measured body
mass, food intake, UCP1 expression, monoamine trans-
mitter levels, cecal microbiota, and microbial metabolites
(SCFAs).

Experiment 2 verified whether cold temperature rather
than overfeeding induced changes in cecal microbiota.
Twenty-four adult male voles were divided into four groups
(n= 6 for each group): a food-restricted (FR, 80% of the
free-fed food intake) group at room temperature (FR 23 °C),
a free-fed control group at room temperature (Con 23 °C), a
food-restricted group at a cold room temperature (FR 4 °C),
and a free-fed group at a cold room temperature (Con 4 °C)
named FR 23 °C and Con 23 °C, and another two groups
at cold room (4 ± 1 °C) named FR 4 °C (pair-fed as Con
23 °C) and Con 4 °C (n= 6 for each group). Body mass,
resting metabolic rate (RMR), NST, and cecal microbiota
were measured during the 4 weeks of acclimation.

Experiment 3 investigated the role of gut microbiota in
mediating host metabolic phenotypes through cecal micro-
biota transplant (CMT). Three voles from groups C4 and
W4 (Experiment 1) respectively were used as donors.
Twenty-four adult male voles were divided into four
groups: a control group (without any treatment), an anti-
biotic group (Ab, which received sterile saline by gavage
after antibiotics stopped), a group that were transplanted
with cold temperature-exposed microbiota after antibiotics
stopped (R-C4), and a group that were transplanted with
warm temperature-exposed microbiota after antibiotics
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stopped (R-W4). Ab, R-C4, and R-W4 groups were first
treated with fresh composite antibiotics (containing 100 μg/
mL neomycin, 50 μg/mL streptomycin, and 100 U/mL
penicillin; Sigma, Germany) via intragastric gavage
(200 μL) daily for 3 days. The cecal content (200 mg)
from the donors was suspended in sterile 0.9% saline
(2 mL) and centrifuged to get the bacterial suspension. The
bacterial suspension or sterile 0.9% saline (200 µL) was
then transplanted via intragastric gavage to antibiotic-
treated recipient voles. The recipients were housed indivi-
dually at room temperature (23 ± 1 °C) and 16L:8D after
transplant. Body mass, food intake, RMR, and NST were
measured after CMT for 1 week. UCP1 expression in BAT
and the levels of monoamine transmitters were measured.
DNA from cecal contents were extracted for 16S rRNA
sequencing.

Experiment 4 examined the role of the cAMP–PKA
pathway in mediating host metabolic phenotypes after
CMT. Voles from groups C4 and W4 (Experiment 1) were
used as donors. Twenty-four adult male voles were treated
with antibiotics and then transplanted with cold
temperature-exposed microbiota (R-C4) via intragastric
gavage. Three days later, subjects were divided into three
groups (n= 8 per group) that were intraperitoneally injected
with either 0.1 mL sterile 0.9% saline, H89 (a PKA inhi-
bitor, 100 μg/kg body mass; Abcam), or SR 59230A (a
β3-adrenoceptor antagonist, 1 mg/kg body mass; Sigma-
Aldrich). An additional set of voles (n= 8) were trans-
planted with warm temperature-exposed microbiota (R-W4)
and received 0.1 mL sterile 0.9% saline. Antibiotic treat-
ment and CMT were the same as those in experiment 3.
After 2 days of injection, body mass, NST, UCP1 expres-
sion in BAT, and cAMP-PKA and p-CREB/CREB in BAT
and the small intestine were measured. All subjects were
kept at 23 ± 1 °C and 16L:8D.

Experiment 5 examined the role of NE in regulating gut
microbiota and metabolic phenotypes. Thirty-two adult
male voles were divided into four groups that received
either NE manipulation for 7 days (NE), NE manipulation
and then restored for 7 days (NE-R7), NE manipulation and
then restored for 21 days (NE-R21), or no NE manipulation
(control) for 4 weeks (n= 8 per group). Voles received
either 0.9% saline or NE (mg/kg)= 2.53W−0.4 (dissolved
in 0.9% saline) via intraperitoneal injection [30] twice
per day for 1 week. Body mass, food intake, body tem-
perature, RMR, NST, UCP1 expression in BAT, mono-
amine neurotransmitter levels, and fecal microbiota were
measured. Subjects were kept at 23 ± 1 °C and 16L:8D.

Measurement of body mass and food intake

Body mass and food intake were measured at 9:00 a.m.
using an electronic balance (Sartorius Model BL 1500,

±0.1 g). Food intake (g) was calculated by subtracting
uneaten food weight from initial food weight.

Measurement of RMR and NST

RMR was measured at 30 °C in 2.7 L transparent metabolic
chambers (Type I for mice) [29]. The air flow rate was
0.8 L/min. RMR was measured through oxygen consump-
tion by using an open-circuit respirometry system (TSE
labmaster, Germany) for 3 h. RMR was calculated by
averaging a minimum of three consecutive, stable readings
of oxygen consumption after 1 h of acclimation.

NST was determined at 25 °C on the day after RMR
measurement. Subjects were injected subcutaneously with
NE (Shanghai Harvest Pharmaceutical Co. Ltd). The dosage
of NE was calculated using a formula (NE (mg/kg)= 2.53
W−0.4) for Brandt’s voles [29, 30]. NST was estimated from
the three highest consecutive, stable readings of oxygen
consumption 15–20 min post-injection during the one-hour
measurement.

Measurement of T3, T4, and ghrelin 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 instruc-
tions. The minimum detectable concentration of the assay
(sensitivity) when using a 50 μL sample was 0.25 ng/mL for
T3 and 3.96 ng/mL for T4. Intra- and inter-assay coeffi-
cients of variation were 2.4% and 8.8% for T3, and 4.3%
and 7.6% for T4, respectively.

Serum ghrelin (a des-acylated form) concentrations were
measured using a Ghrelin EIA kit (Catalog No. EK-031-31,
Phoenix Pharmaceuticals, USA). The minimum detected
concentration of the kit was 0.13 ng/mL. The intra- and
inter-assay variations for ghrelin EIA were 10% and 15%,
respectively.

Measurement of UCP1 by immunohistochemistry

Interscapular WAT was fixed in Bouin’s fluid overnight
with paraffin embedded, cut in 5-μm-thick sections, and
stained with hematoxylin-eosin (H&E) using standard
techniques, and was incubated in a rabbit anti-UCP1 poly-
clonal primary antibody (1:5000; Merck Millipore).
Immunoreactivity was identified using biotinylated goat
anti-mice immune globulin G (1:3000; Jackson Immu-
noResearch, USA). Sections were then incubated with ABC
reagents (PK-6100; Vector Labs, USA) for 60 min. Immu-
noreactive sites were subsequently identified by 3,3 dia-
minobenzidine (DAB substrate kit; Vector Labs, USA), and
tissue sections were photographed using a Nikon optical
microscope (Nikon H600L).
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Measurement of UCP1, TH, cAMP, PKA, and pCREB
by western blot

Jejunum segments (1.5 cm, whole thickness of tissue), BAT
(~0.1 g) and WAT (~0.1 g) were homogenized in RIPA
buffer and cleared by centrifugation, according to the
standard techniques [2, 3, 27]. Western blots of whole-
tissue lysates were probed with primary antibodies against
UCP1 (ab155117; Abcam), TH (AB152; Merck Millipore),
Anti-cAMP Protein Kinase Catalytic subunit antibody
(ab26322; Abcam), Phospho-CREB (pCREB, 9198; Cell
signaling), CREB (9197; Cell signaling), FFAR2/GPR43
(ABC299; Merck Millipore), and GAPDH (A01020; Abb-
kine). The secondary antibody used was either peroxidase-
conjugated goat anti-rabbit IgG (111-035-003; Jackson), or
peroxidase-conjugated goat anti-mice IgG (115-035-003;
Jackson). Protein markers (20351ES76; Shanghai Yisheng,
China) were added on both sides of each gel to verify bands.
The PVDF membranes were detected by enhanced che-
moluminescence (Beyotime, China). Bands were analyzed
using Image LabTM Software (Bio-Rab Laboratories), were
normalized to GAPDH and expressed as relative units (RU).

Measurement of monoamine transmitters

Dopamine (DA), 5-HT, and their metabolites (3,4-dihy-
droxyphenylacetic acid (DOPAC), 5-hydroxyindoleacetic
acid (5-HIAA)), along with NE levels in BAT, small
intestine, and hypothalamus were measured via reversed
phase UltiMate High Performance Liquid Chromatography
with electrochemical detection (UHPLC-ECD, DIONEX
UltiMate 3000, RS Pump). The internal standard was 3,4-
dihydroxybelzyamine. Average weights of tissue sampled
were as follows: hypothalamus ~0.015 g, jejunum segments
~0.1 g, and BAT ~0.06 g. Samples were homogenized in
0.1 M cold perchloric acid, went under ultrasonic oscillation
for 10 s, and were centrifuged at 13,000 RPM at 4 °C for
30 min. Supernatant was filtered using a 0.2 mm nylon fil-
ter. Aliquots of 30 μL were manually injected using a
Hamilton syringe. The mobile phase (pH= 4.0) consisted
of 90 mM NaH2PO42H2O, 50 mM citric acid monohydrate,
1.7 mM alkylsulfonate (SAS), 50 µM EDTA, 2 mM NaCl,
and 8% Acetonitrile. The detector (Thermo Scientific Ulti-
mate 3000 RS Electrochemical Detector with 6041RS Ultra
Amperometric Cell (6070.3000), highly efficient glassy
carbon electrode (6070.3200), 6041RS sensor, and Pd
reference electrode) was set at 150 mV, and the column
(AcclaimTM 120, C18 3 m 120 Å, 2.1 × 150 mm) was placed
at 8 °C. Compounds were identified by comparing their
retention times with those of authentic reference com-
pounds. The level of each monoamine was calculated by the
internal standard method using Chromeleon 7 software
(ThermoFisher Scientific, MA, USA).

Quantitative calculation:

(1) The samples were quantified according to the
correction factor+internal standard method and were
converted into ng/mg of wet tissue.

Correction factor (f)= (peak area of internal
standard substance/concentration of internal standard
substance)/(peak area of standard/concentration of
standard).

(2) Content (sample)= f × {peak area of sample/(peak
area of internal standard substance/concentration of
internal standard substance)}.

(3) The amount of material was measured by W (ng)=
Content (sample) × V (volume of liquid to be
measured). Monoamine and metabolite levels are
expressed as μg/g of wet tissue. Ratio of metabolite(s)/
amine was calculated as an index of rate of
metabolism; DOPAC/DA indicated dopamine turn-
over rate and 5-HIAA/5-HT indicated 5-HT
turnover rate.

16S rRNA gene profiling

After animals were sacrificed by CO2 overdose between
9:00 and 11:00 a.m., fresh gut contents were collected from
the cecum and colon, were immediately frozen, and were
stored in −80 °C. DNA from cecal or fecal contents was
extracted by 2 × cetyltrimethyl ammonium bromide (2 ×
CTAB) and phenol chloroform mixture (phenol:chloroform:
isoamyl alcohol= 25:24:1), and was then isolated by a spin
column using SanPrep Column DNA Gel Extraction Kit
(Sangon Biotec, B518131-0100) [29]. Universal primers
were used for PCR amplification of the V3–V4 hypervari-
able regions of 16S rRNA genes [29, 31] and contained
Illumina 3′adaptor sequences as well as a 12-bp barcode.
Sequencing was done on an Illumina HiSeq 2500. Raw
sequencing reads were de-noised, filtered according to
barcode and primer sequences (Forward primer-341F,
CCTACGGGNGGCWGCAG; Reverse primer-805R,
GACTACHVGGGTATCTAATCC), and classified with the
Quantitative Insights Into Microbial Ecology (QIIME, ver-
sion 1.9.1) software suite.

Chimeric sequences were removed using usearch61 with
de novo models. The open-reference Operation Taxonomic
Unit (OTU) picking strategies in QIIME software suite were
used to identify OTU clustering algorithm. In an open-
reference OTU picking process, reads were clustered
against the 2013 Greengenes (13_8 release) ribosomal
database’s 97% reference data set (ftp://greengenes.
microbio.me/greengenes_release/gg_13_5/gg_13_8_otus.ta
r.gz) and any reads which did not hit the reference sequence
collection were subsequently clustered into de novo OTUs
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at 97% similarity with UCLUST. Taxonomy was assigned
to the OTUs using the RDP classifier within QIIME and
Greengenes reference data set. Rarefaction and rank abun-
dance curves were calculated from OTU tables using alpha
diversity and rank abundance scripts within the QIIME
pipeline. The hierarchical clustering based on 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. This resulted in a
Newick formatted tree, which was obtained utilizing the
QIIME package. Nonmetric multidimensional scaling
(NMDS) based on unweighted and weighted UniFrac dis-
tance metrics was used to visualize the structure of micro-
bial community (β diversity). The β diversity was also
indicated by the principal coordinate analysis (PCoA) based
on unweighted and weighted UniFrac distance metrics with
OTUs for each sample in experiment 2.

Measurement of SCFAs

We measured six SCFAs: acetic acid, propionic acid,
butyric acid, isobutyric acid, valeric acid, and isovaleric
acid from cecal contents. SCFAs were measured via high
performance gas chromatography (GC) (Agilent 7890A;
Agilent Technologies, Germany) with a GC autosampler
and an FID system [29]. Separations were performed in a
30 m × 0.25 mm × 0.25μm DB-WAX column (Agilent
Technologies). In total, 99.998% hydrogen was used as
carrier gas at a flow-rate of 1.0 mL/min. The system was
operated at 250 °C. Injections were performed in the split-
less mode at 230 °C, and 0.5 μL for each injection. The
oven temperature was programmed from 60 °C (1 min) at
5 °C/min to 200 °C and then from 200 °C at 10 °C/min to
230 °C. The total running time of each sample was 32 min.

Statistical analysis

Data were analyzed using SPSS 20.0 (SPSS Inc., Chicago,
IL, USA). Normality and homogeneity of variance of the
data were examined using Shapiro–Wilk and Levene tests,
respectively. Body mass and food intake during the accli-
mation were analyzed by repeated measures ANOVA or
ANCOVA followed by Tukey’s post hoc tests. Differences
in RMR and NST between groups were analyzed by one-
way or two-way ANCOVA with body mass as the covariate
followed by Tukey’s post hoc tests. SCFAs content, TH,
UCP1, cAMP-PKA and pCREB protein expression,
monoamine transmitter levels, serum hormones, and
microbiota abundance were all analyzed by independent t-
test, one-way or two-way ANOVA with Tukey’s post hoc
tests. Pearson correlation analyses were used to determine
the relationship between metabolic parameters. Results are

presented as means ± SE, and the level of statistical sig-
nificance was set at p < 0.05.

The significance for NMDS or PCoA analyses was
detected with multivariate permutation tests using the
nonparametric method “ANOSIM” (permutations= 999)
included in the R “vegan” package of the QIIME-
incorporated version. The linear discriminant analysis
(LDA) Effect Size (LEfSe) method was used to assess
differences in microbial communities using a LDA score
threshold of 2 [29]. Bootstrapping (--permutations 1000)
and Pearson correlation were used to calculate the correla-
tion between specific OTUs and physiological measure-
ments. The level of statistical significance was set at p <
0.05 (false discovery rate corrected).

Results

Cold and rewarming induce alterations in metabolic
phenotypes and monoamine neurotransmitters

To test how physiological phenotypes changed from cold
temperature and rewarming, we either acclimated the voles
to a cold room (4 ± 1 °C) for 4 weeks and then transferred
them back to the warm room (23 ± 1 °C) for another
4 weeks, or kept in warm conditions to serve as controls
(Fig. 1a). Body mass showed no differences between groups
(F1,14= 0.105, p= 0.75, Fig. S1a). Food intake increased
significantly in the second and fourth weeks of cold accli-
mation, and intake remained higher during the first two
weeks of rewarming compared to controls. There were no
differences in food intake during the last week of warm
acclimation (F1,14= 17.602, p= 0.001, Fig. 1b). Voles kept
in the cold room for 4 weeks (C4) had 25% higher UCP1
expression in BAT compared to voles in the warm room
(W4) (t= 7.596, df= 14, p < 0.01), and the C4W4 group
did not show any differences from the W4W4 group (t=
1.044, df= 14, p= 0.314, Fig. 1c). Based on the immu-
nohistochemistry for the UCP1 protein marker of white
adipocytes, the total UCP1-positive area proportion in the
C4 group increased significantly compared to the W4 group
(t= 9.246, p < 0.001), whereas the C4W4 group showed no
differences from the W4W4 group (t= 1.679, p= 0.104,
Fig. 1d). There were two types of adipocytes: UCP1-
positive multilocular white adipocytes (described as
beige adipocytes, indicated by the white arrow) and
UCP1-negative unilocular adipocytes (described as white
adipocytes, indicated by the black arrow) (Fig. S1b). The
des-acylated ghrelin levels in serum of the C4 group was
higher than the W4 group (t= 2.636, p= 0.02, Fig. 1e).
The C4 group had a higher T3/T4 ratio than the W4 group
(t= 3.487, p= 0.006, Fig. 1f), whereas there were no dif-
ferences between the C4W4 and W4W4 groups. Both T3
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(R= 0.689, p < 0.001) and ghrelin levels (R= 0.431, p=
0.014) were positively correlated with UCP1 expression in
BAT (Fig. S1c, d).

TH expression in the small intestine (t= 3.680 df= 14,
p= 0.002), BAT (t= 5.884, p < 0.001), and WAT (t=
4.279, p= 0.001) increased in the C4 group compared to
that of the W4 group, whereas there was no difference
between the C4W4 and W4W4 groups (Fig. 1g–i). NE
levels increased in the BAT, small intestine, and hypotha-
lamus of the C4 group compared to the W4 group
(Fig. S1e–g). Significant increases in both dopamine turn-
over rate (DOPAC/DA ratio) in the small intestine and
hypothalamus (Fig. S1h–j) and 5-HT turnover rate (5-
HIAA/5-HT ratio) in the BAT and small intestine were

observed after cold acclimation (Fig. S1k–m). These data
suggest that the voles adjusted the plasticity of their meta-
bolic physiology in response to variations in air
temperature.

Cold and rewarming alter gut microbiota and
metabolites

To identify how cold and rewarming exposure affects gut
microbiota and bacterial metabolites, we analyzed 16S
rRNA gene sequencing and measured the concentration of
SCFAs in cecal contents. After removing low-quality
sequences, chloroplasts, chimeras, and singletons, we
obtained 587,400 valid sequences. At a threshold of 97%

Fig. 1 Cold and rewarming induce alterations in metabolic phenotypes
and monoamine neurotransmitters. a The design paradigm. b Changes
of food intake with time of acclimation (repeated measures ANOVA).
c Uncoupling protein 1 (UCP1) expression in interscapular brown
adipose tissue (BAT) (UCP1 and others, independent t-test between
W4 and C4, W4W4 and C4W4). d The ratio of UCP1-positive
expression in white adipose tissue (WAT). e Ghrelin level in serum.

f T3/T4 ratio in serum. g–i Tyrosine hydrogenase (TH) expression in
small intestine, BAT and WAT. W4, warm condition for 4 weeks; C4,
cold acclimation for 4 weeks; W4W4, warm condition for 8 weeks;
C4W4, cold acclimation for 4 weeks and then back to warm condition
for 4 weeks. Data are means ± SEM (n= 8 per group). *p < 0.05,
**p < 0.01, and ***p < 0.001
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sequence identity, 33,158 unique OTUs were identified in
our results. The OTU-level rarefaction curve of Goods
coverage across all samples reached stable values
(Fig. S2a), showing that most of the cecal microbial
diversity had already been captured in our study despite the
possibility of detecting rare new OTUs with additional
sequencing depth. The alpha diversity of vole’s cecal
microbiota indicated by the PD_whole tree increased in the
C4 group compared to the W4 group (t= 0.520, df= 14,
p= 0.035) (Table S1, Figs. 2a and S2b). For β diversity,
analysis based on unweighted (ANOSIM, R= 0.220, p=
0.001, Fig. 2b) and weighted UniFrac distance (R= 0.090,
p= 0.039, Fig. S2c) showed that the cecal microbiota
structure of the C4 group was separated from the W4 group.
LEfSe method with LDA score >2 identified the different
microbial communities among groups (Fig. 2c, S2d). Fir-
micutes and Bacteroidetes were the most abundant phyla
(91.2% on average) in all samples (Fig. S2e), and significant
differences were observed at the phylum level in Bacter-
oidetes and Firmicutes (Fig. 2d). The Firmicutes phylum
was increased in abundance by up to 55.2% during cold
exposure (compared to 45% in W4), and Bacteroidetes
phylum abundance decreased to 37.8% (compared to 49.4%
in W4). At the family level, the proportions of Clos-
tridiaceae and [Odoribacteraceae] increased, whereas S24-7
decreased in C4 voles compared to W4 voles (Table S2). At
the genus level, proportions of Odoribacter, Para-
prevotella, Clostridium, [Ruminococcus], and Helicobacter
in the C4 group were higher than the W4 group (Table S3).

The total concentration of SCFAs in the C4 group was
significantly higher than in the W4 group (t= 4.417, df=
12, p= 0.001, Fig. S2f). The ratio of acetic acid was 71% in
W4, 67% in C4, 72% in W4W4, and 73% in C4W4. On the
contrary, the ratio of butyric acid was 19% in C4 voles
compared to 16% in W4 voles. The concentrations of acetic
acid (t= 2.658, df= 12, p= 0.021), propionic acid (t=
2.696, p= 0.019), butyric acid (t= 3.392, p= 0.005), and
isobutyric acid (t= 2.732, p= 0.018) in the C4 group were
higher than those in the W4 group (Fig. S2g). The con-
centration of isovaleric acid in the C4 group was lower than
in the W4 group (t= 2.868, p= 0.014), and the valeric
acid concentration was also lower in the C4 group (t=
2.827, p= 0.015). The concentrations of these six SCFAs
were not different between the W4W4 and C4W4 groups
(Fig. S2g).

The heatmap showed the correlation between specific
OTUs and physiological measurements (Fig. 2e). The
genera of Coprococcus, Prevotella, and Ruminococcus
were correlated with ghrelin levels in serum. Lactobacillus
and Ruminococcus were correlated with T3 levels in serum.
Oscillospira and Ruminococcus were correlated with food
intake. Lactobacillus, Oscillospira, Prevotella, Roseburia,
and Ruminococcus were correlated with NE levels in BAT,

and UCP1 expression in BAT and WAT. These data indi-
cate that the variations in gut microbiota may be associated
with the plasticity of metabolic physiology during tem-
perature acclimation.

Cold temperature rather than overfeeding in cold
influences gut microbiota structure

To verify that cold temperature, rather than overfeeding,
induced changes in gut microbiota, we fed cold-exposed
voles with the same amount of food as room temperature
voles (pair-fed manipulation, Fig. 3a). The voles lost more
body mass when they were restricted of food in both warm
and cold settings (F1,20= 38.659, p < 0.001; Fig. 3b). Food
restriction did not affect RMR (F1,19= 0.130, p= 0.722;
Fig. 3c), but it induced a reduction in NST (F1,19= 4.354,
p= 0.051, Fig. 3d). Voles in the cold condition had a higher
α-diversity, indicated by observed OTUs and Shannon
Index, than voles in the warm condition (p < 0.05), but the
food effect was not significant (p > 0.05, Figs. 3e and S3a).
The profile of cecal microbiota composition indicated by
NMDS and PCoA based on weighted (Fig. 3f, g) and
unweighted (Fig. S3b, c). UniFrac distance, showed that
cold temperature (weighted, ANOSIM, R= 0.741, p=
0.001; unweighted, ANOSIM, R= 0.338, p= 0.002), rather
than food restriction (weighted, ANOSIM, R= 0.046, p=
0.776; unweighted, ANOSIM, R= 0.021, p= 0.546), sig-
nificantly influenced cecal microbiota structure. LEfSe
methods identified the different microbial communities in
the four groups (Fig. S3d, e). We observed differences in
OTUs abundance at phylum level in Bacteroidetes, Firmi-
cutes, Proteobacteria, and TM7 between warm and cold-
exposed voles (p < 0.05, Fig. S3f, g). At the family level,
the abundance of Oxalobacteraceae, Veillonellaceas, Pep-
tococcaceae, Mogibacteriaceae, Desulfovibrionaceae, Heli-
cobacteraceae, Ruminococccaceae, F16, and S24-7 showed
significant differences between warm and cold-exposed
voles (p < 0.05, Fig. S3h). No difference at the phylum or
family levels was observed between FR 4 °C and Con 4 °C
groups (Fig. S3f–h). These data verified that cold tem-
perature, rather than overfeeding, induced changes in gut
microbiota.

Cold microbiota alters gut–brain axis by activating
cAMP–PKA–pCREB pathway

To investigate the role of gut microbiota in mediating host
metabolic phenotypes, we transplanted cecal microbiota
from warm or cold-acclimated voles to bacterial-restricted
voles (Fig. 4a). During the antibiotic treatment, body mass
did not change significantly (repeated measures ANOVA,
F3,20= 1.416, p= 0.267, Fig. S4a), but food intake showed
a significant decrease compared to that of control (repeated
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measures ANCOVA, F3,19= 9.539, p < 0.001, Fig. S4b).
After CMT, both body mass (F3,20= 3.824, p= 0.026,
Fig. S4a) and food intake (F3,19= 14.583, p < 0.001,
Figs. 4b and S4b) showed significant group differences, and
food intake in the R-C4 group was higher than that in the R-
W4 group. Serum ghrelin (the des-acylated form) in the Ab

group was lower than in the other groups (F3,20= 6.221,
p= 0.004, Fig. 4c). The RMR (F3,19= 6.282, p= 0.004,
Fig. 4d) and NST (F3,19= 4.032, p= 0.022, Fig. S4c) in the
R-C4 group was slightly higher than in the R-W4 group.
Serum ghrelin was positively correlated with food intake
(R= 0.718, p < 0.001, Fig. S4d) and NST (R= 0.419, p=

Fig. 2 Cold and rewarming shape diversity and composition of cecal
microbiota. a Alpha diversity (PD_whole tree) of bacterial commu-
nities across groups (n= 8 per group, independent t-test). b NMDS
plot based on unweighted UniFrac distance metrics representing the
differences in fecal microbial community structure in different groups
(ANOSIM). c LDA scores of the differentially abundant taxa enriched
in microbiota from all the groups (taxa with LDA score >2 and a
significance of a < 0.05 are shown). d Abundance represented as the

proportions of OTUs classified at the phylum rank. e Heatmap
showing the correlation between specific OTUs and physiological
measurements. The OTU IDs with only numbers were from Green-
genes database, whereas those with the letters of OTU were clustered
into de novo OTUs. NE norepinephrine, SI small intestine, TH tyr-
osine hydroxylase, UCP1 uncoupling protein 1, BAT brown adipose
tissue, WAT white adipose tissue. Data are means ± SEM (n= 7 per
group). *p < 0.05, **p < 0.01
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0.042, Fig. S4e). R-C4 voles showed higher UCP1
expression in BAT compared to other groups (F3,20=
11.71, p < 0.001, Fig. 4e). NE levels of the R-C4 group
were significantly higher in the BAT (F3,20= 7.158, p=
0.002) and the small intestine (F3,20= 9.371, p < 0.001), but
not in the hypothalamus (Fig. 4f–h) compared to the other
three groups. cAMP-activated PKA expression in the small
intestine of the R-C4 group was higher than in the other
groups (F3,20= 7.009, p= 0.002, Fig. 4i). The pCREB/
CREB ratio in the small intestine of the R-C4 group was
significantly higher than of the Ab group, but only slightly
higher than the R-W4 and control groups (F3,20= 3.751,
p= 0.028, Fig. 4j). FFAR2 expression was higher in the R-
C4 group than in the R-W4 group in the small intestine
(F3,20= 4.242, p= 0.018, Fig. 4k) and BAT (F3,20= 8.301,
p= 0.001, Fig. 4l). ELISA data showed that cAMP (F3,20=
0.656, p= 0.589, Fig. S4f) and FFAR2 levels (F3,20=
0.580, p= 0.635, Fig. S4g) in the small intestine did not
show significant differences among groups. Shifts in the
recipient cecal microbiota were confirmed by transplant.
Antibiotic treatment (Ab) reduced alpha diversity, indicated
by PD-whole tree, observed OTUs, Chao1, Shannon Index,
and Simpson Index (p < 0.01, Figs. 4m and S4h, Table S4).
For β diversity based on unweighted (ANOSIM, R= 0.641,
p= 0.001, Fig. 4n) and weighted (ANOSIM, R= 0.316,
p= 0.001, Fig. S4i) UniFrac distance by NMDS, there was
a significant difference among groups and the R-C4 group
was completely separated from the R-W4 and control

groups. LEfSe methods identified the different microbial
communities in the four groups (Fig. S4j, k). The Ab group
showed a higher proportion of Bacteroidetes (F3,20=
15.560, p < 0.001) and lower proportions of Firmicutes
(F3,20= 11.953, p < 0.001) and Actinobacteria (F3,20=
11.953, p < 0.001) than the other groups, and the proportion
of Tenericutes in the R-C4 group was higher than that in the
other groups (F3,20= 4.681, p= 0.012) (Fig. S4l). Micro-
biota transplant also resulted in significant changes in the
concentrations of SCFAs among groups (Fig. 4o). The
concentrations of acetic acid (F3,20= 44.587, p < 0.001),
butyric acid (F3,20= 20.375, p < 0.001), isobutyric acid
(F3,20= 5.862, p= 0.005), and isovaleric acid (F3,20=
14.391, p < 0.001) in the R-C4 group were higher than those
in the R-W4 and Ab groups (Fig. 4o).

To validate the role of gut microbiota in mediating host
metabolic phenotypes through the β3-adrenoceptor and
cAMP–PKA pathways, we injected a PKA inhibitor (H89)
or β3-adrenoceptor antagonist (SR 59230A) into voles
transplanted with cold-exposed microbiota (Fig. 5a). There
were no differences in body mass between the four groups
(p > 0.05, Fig. S5a). NST in the R-C4-Saline group was
significantly higher than in the other groups, and both H89
and SR59230A decreased NST compared to the R-W4
group (F3,27= 148.565, p < 0.01, Figs. 5b and S5b). UCP1
expression in BAT was higher in the R-C4-Saline group
than in the other groups (F3,28= 8.832, p < 0.001, Fig. 5c).
Both H89 and SR59230A induced decreases in cAMP-

Fig. 3 Cold temperature rather than overfeeding alters bacterial
diversity and composition. a The design paradigm. b Body mass gain
after acclimation. c Resting metabolic rate (RMR). d Nonshivering
thermogenesis (NST). e Alpha diversity measurement (Observed
OTUs) of bacterial communities across groups. f, g NMDS and PCoA

plots based on weighted UniFrac distance metrics analysis of OTUs
(ANOSIM). Each symbol represents a single sample of cecal contents.
Data are means ± SEM (n= 6 per group, two-way ANOVA with
Tukey’s post hoc tests except β diversity). *p < 0.05, **p < 0.01
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Fig. 4 Cecal microbiota transplant alters metabolic phenotypes, neuro-
transmitters, and bacterial diversity and composition. a The design para-
digm. b Food intake, c serum ghrelin, d resting metabolic rate (RMR), and
e uncoupling protein 1 (UCP1) expression in brown adipose tissue (BAT)
in antibiotic (Ab), recipients with cold microbiota (R-C4), recipients with
warm microbiota (R-W4), and control groups. f Norepinephrine (NE)
concentration in BAT, g small intestine, and h hypothalamus (hypo).
i The cAMP-activated PKA expression in the small intestine. j Phospho-

CREB/CREB in the small intestine. k The FFAR2 expression in the small
intestine and l BAT. m The comparison of alpha diversity measurement
(PD_whole tree) of bacterial communities across groups. n NMDS plot
based on unweighted UniFrac distance metrics shows the microbial
community structure of samples from different groups (ANOSIM). o The
concentrations of six short-chain fatty acids (SCFAs) in cecal contents.
Data are means ± SEM (n= 6 per group, one-way ANOVA with Tukey’s
post hoc tests except β diversity). *p < 0.05, **p < 0.01
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activated PKA expression in BAT (F3,28= 18.112, p <
0.001, Fig. 5d) and in the small intestine (F3,28= 4.697,
p= 0.009, Fig. 5e), and they also blocked p-CREB
expression both in BAT (F3,24= 45.056, p < 0.001,
Fig. 5f) and in the small intestine (F3,28= 7.853, p < 0.001,
Fig. 5g) compared to saline-injected voles transplanted with
cold-exposed microbiota. These data demonstrate that cold-
induced thermogenesis was mediated by gut microbiota via
cAMP–PKA–pCREB pathway activation.

NE affects gut microbiota

We next sought to determine the role of NE in regulating gut
microbiota and metabolic phenotypes, and whether this
effect still exists after NE injections were stopped (Fig. 6a).
NE manipulation induced long-term decreases in body mass
from days 6 to 24 (F14,84= 2.646, p= 0.003, Fig. 6b),
whereas the control group maintained a stable body mass
(F14,84= 0.344, p= 0.986, Fig. 6b). The NE group
decreased food intake significantly during days 2–8 com-
pared to controls (F1,13= 5.797, p= 0.032, Fig. 6c). Body
temperature was higher from days 2 to 16 in the NE-R21

group than that in the control group (F1,14= 14.892, p=
0.002, Fig. 6d), but, after 3-week recovery, there were no
differences between the control and NE-R21 groups. UCP1
expression in BAT of the NE group was higher than the
control group (F3,24= 4.696, p= 0.01, Fig. 6e). NE
manipulation resulted in increases in cAMP-activated PKA
(F3,20= 3.092, p= 0.05, Fig. 6f) and p-CREB expressions
(F3,24= 5.122, p= 0.007, Fig. 6g) in the small intestine
compared to controls, even after a recovery period. cAMP
levels both in the small intestine (F3,26= 5.013, p= 0.007,
Fig. S6a) and BAT (F3,17= 3.918, p= 0.027, Fig. S6b)
increased significantly in the NE-R7 group compared to
those in the other groups. Analysis of 16S rRNA gene
sequencing showed that there were no differences in alpha
diversity among the four groups (Fig. 6h, S6c, Table S5), but
NE manipulations followed by a recovery period for 7 days
(NE-R7) significantly influenced cecal microbiota structure
(β diversity based on unweighted UniFrac distance, ANO-
SIM, r= 0.197, P= 0.001, Fig. 6i, but with no difference
based on weighted UniFrac distance, r= 0.052, P= 0.090,
Fig. S6d). LEfSe methods identified the discriminative fea-
tures in the microbiota of the four groups (Figs. 6j and S6e).

Fig. 5 Cold microbiota promotes thermogenesis via the
cAMP–PKA–pCREB pathway. a The design paradigm. b Non-
shivering thermogenesis (NST). c Uncoupling protein 1 (UCP1)
expression in brown adipose tissue (BAT). d cAMP-activated PKA
expression in BAT and e small intestine. f Phospho-CREB/CREB in

BAT and g small intestine. Data are means ± SEM (n= 8 per group,
except phospho-CREB/CREB (n= 7 per group), one-way ANOVA
with Tukey’s post hoc tests). Different superscript letters indicate
significant differences among different groups (p < 0.05)
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At the phylum level, the proportion of Elusimicrobia
increased in the NE-R7 group and Tenericutes increased
both in NE and NE-R7 groups compared to the control and
NE-R21 groups (p < 0.01, Figs. 6k and S6f). Compered to
controls, NE increased the abundance of Facklamia (p=

0.035) and Erwinia (p= 0.035); the NE-R7 group increased
Propionibacterium (p= 0.035), Devosia (p= 0.035), Erwi-
nia (p= 0.027), and Clostridium (p < 0.01, Table S6). This
study illustrates that NE had long-lasting impacts on gut
microbiota and metabolic phenotypes.

Fig. 6 Norepinephrine (NE) manipulation affects energy metabolism
and gut microbiota. a The design paradigm. b Body mass. c Food
intake. d Body temperature. e Uncoupling protein 1 (UCP1) expres-
sion in brown adipose tissue (BAT). f The cAMP-activated PKA
expression in the small intestine. g Phospho-CREB/CREB in the small
intestine. h The comparison of alpha diversity measurement
(PD_whole tree) of bacterial communities among groups. i NMDS plot
based on unweighted UniFrac distance representing the differences in
the microbial community structures of samples from different groups.
j Differential bacterial taxonomy selected by LEfSe analysis with LDA

score > 2 in microbiota. k Abundance represented as the proportions of
OTUs classified at the phylum level. Data are means ± SEM (n= 8 per
group). Body mass, food intake, and body temperature were analyzed
by repeated measures ANOVA, β diversity by ANOSIM, and others
by one-way ANOVA with Tukey’s post hoc tests. NE, NE manip-
ulation for 7 days; NE-R7, NE manipulation for 7 days and then
recover for 7 days; NE-R21, NE manipulation for 21 days and then
recover for 21 days. Different superscript letters indicate significant
differences among different groups (p < 0.05). *P < 0.05

3048 T.-B. Bo et al.



Discussion

The gut microbial community is shaped by physiological,
dietary, and social influences, that ultimately affect host
metabolism [15, 29, 32]. In the present study, we investi-
gated the bidirectional pathway between gut microbiota and
NE in regulating energy intake and thermogenesis. We
found that the composition and structure of cecal microbiota
were directly influenced by cold temperature exposure, and
there were correlations between cecal microbiota, mono-
amine neurotransmitter levels, and thermogenesis. Further,
cecal microbiota transplantation confirmed that cold-
exposed microbiota increased the concentrations of SCFAs
and their receptor (FFAR2), activated cAMP–PKA–pCREB
signaling, increased NE concentrations in the small intestine
and BAT, and increased serum ghrelin levels, thus leading to
increased energy intake and thermogenesis of the host. Both
a β3-adrenoceptor antagonist and a PKA inhibitor could
block cold microbiota-induced increases in NST and UCP1
expression in BAT. In addition, NE modulated microbial
composition via upregulation of the cAMP–PKA–pCREB
pathway in the gut. These data suggest that gut
microbiota–NE interactions through the cAMP–PKA–
pCREB pathway mediated host energetics and thermogen-
esis during cold acclimation (Fig. 7).

There are many physiological and behavioral strategies
for small mammals to survive cold environments in the
field. Both males and females increase food intake, RMR,
NST, and UCP1 expression in BAT during cold acclimation
[2, 3]. The present study showed that serum des-acylated
ghrelin levels increased during cold acclimation. Two major
endogenous forms (acylated and des-acyl) of ghrelin exist in
the stomach, small intestine, and hypothalamus [33]. The
acylated form of ghrelin is essential for stimulating feeding
and growth hormone (GH) release by acting on the GH
secretagogue type 1a receptor (GHS-R1a), and the des-
acylated form circulated in far greater amounts than the
acylated form, stimulated cell proliferation, adipogenesis,
and counteracted the metabolic action of acylated form of
ghrelin [34]. The des-Acyl ghrelin could also induce food
intake independent of the GHS-R1a [35]. Together with
other previous data [10], the increase in serum des-Acyl
ghrelin levels contributes to an increased appetite and
thermogenesis under cold conditions. Cold-induced
increases in RMR and NST are mainly activated by
increased secretion of thyroid hormones and NE [4]. In our
study, the browning in white adipocytes and increased
UCP1 expression both in BAT and WAT were associated
with increased serum T3 levels, increased T3/T4 ratios, and
increased TH and NE expression in BAT and WAT. The

Fig. 7 The paradigm
summarizing the crosstalk
between gut microbiota and
norepinephrine (NE) via the
cAMP signaling pathway in
mediating host energetics and
thermogenesis during cold
acclimation. BAT brown
adipose tissue, cAMP cyclic
adenosine monophosphate,
FFAR2 free fatty acid receptor
2, p-CREB phosphorylation of
cAMP-response elementbinding
protein, PKA protein kinase A,
SCFAs short-chain fatty acids,
UCP1 uncoupling protein 1,
WAT white adipose tissue
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increased NE levels, along with increased 5-HT and dopa-
mine turnover rates in the small intestine during cold
acclimation could stimulate ghrelin secretion [36], leading
to enhanced energy intake and thermogenesis. These
monoamines in the gut are produced by certain strains of
bacteria and the ENS [25, 37], as well as from sympathetic
fibers in the gut wall. All these data suggest that monoamine
neurotransmitters, such as NE, are involved in regulating
energy intake and thermogenesis during cold acclimation.

Correlative evidence has revealed a metabolic interaction
between gut microbial communities and the host, and gut
bacteria play an important role in the regulation of brown
and beige adipose tissues [38, 39]. The present study
revealed that the most abundant phyla in the cecum of
Brandt’s voles are Firmicutes and Bacteroidetes, consistent
with other mammals, such as rabbits [40], mice [38], pikas
[41], and humans [42]. Firmicutes and Bacteroidetes are
mainly responsible for food fermentation in the cecum [43].
At the family level, Ruminococcaceae and S24-7 were the
dominant identified families in the voles. Different from
mice, Prevotella and Ruminococcus were the dominant
identified genera in the voles because the genera Prevotella,
Oscillospira, Ruminococcus, and Treponema were asso-
ciated with the fermentation of plant-based food and con-
sidered fiber-degrading bacteria [44–46]. Ruminococcus
exists in the rumen of most ruminants and in the cecum of
most herbivores, such as the R. bromiihe which can degrade
starch and R. flavefaciens which can degrade cellulose [47].

Cold acclimation led to significant changes in microbiota
composition, especially increased Firmicutes to Bacter-
oidetes ratios. Many studies show that temperature affects
an animal’s gut microbiota. Plateau pikas (Ochotona cur-
zoniae) have higher microbial diversity and cellulase
activity than low altitude pikas (Ochotona daurica),
showing that cold and hypoxia environments affect gut
microbiota [41]. Cold-exposed mice have altered microbiota
composition, including a higher abundance of Proteo-
bacteria, a reduction in Bacteroidetes and Akkermansia
muciniphila, an increase in Firmicutes [48], and the Ver-
rucomicrobia phylum is almost absent [38]. Our results
showed that the voles increased the proportions of Odor-
ibacter, Paraprevotella, Clostridium, [Ruminococcus], and
Helicobacter after cold acclimation. Brandt’s voles are strict
herbivores, which may cause these different changes in gut
microbial composition in response to cold temperatures.
Diet is an important factor for affecting gut microbiota [49],
and the change in gut microbiota during cold acclimation
can be induced by increased food intake instead of cold
temperatures. Using pair-fed manipulations, we confirmed
that cold temperatures still altered the diversity and com-
position of cecal microbiota even after controlling for food
intake. Our previous study showed that cold-acclimated
voles have 1 °C lower core body temperature compared to

voles in warm rooms [29]. Cold exposure induces a
decrease in gut temperature and an increase in NE release,
and thus leading to an increased conversion of cholesterol to
bile acids, which may influence the gut microbiome
[29, 50]. These findings indicate that cold temperature,
rather than overfeeding, results in the alteration of gut
micriobiota during cold acclimation.

Using correlation analyses, we found that at the genus
level, Oscillospira and Ruminococcus were correlated with
food intake, and Lactobacillus, Oscillospira, Prevotella,
Roseburia, and Ruminococcus were correlated with BAT
thermogenesis. These correlations between cecal microbiota
and host thermogenesis were further verified by CMT in the
present study. Cold-exposed microbiota transplant resulted
in increased food intake, NE, and UCP1 expression in BAT
in Brandt’s voles. In mice fed high-fat food and during cold
acclimation, Firmicutes changes are positively linked with
ucp1 expression and negatively linked with obesity [51]. Li
et al. [52] found that an every-other-day fasting treatment
can activate beige fat, and this is most likely achieved
through re-shaping of gut microbiota [52]. Germ-free mice
transplanted with gut microbiota from mice living in cold
environments show white fat browning [38], reduced fat
mass and adiposity, and significantly higher expression of
ucp1 and Dio2 mRNA and protein in BAT [48]. SCFAs, the
principal end-products of microbial fermentation of dietary
fiber can supply 5–10% of energy requirements for humans
[53]. SCFAs can also be as signal molecules by acting on
G-protein-coupled receptors GPR41 (renamed free fatty
acid receptor 3, FFAR3) and GPR43 (FFAR2) during
appetite regulation, thermoregulation, and energy home-
ostasis [54]. These receptors are coexpressed with
glucagon-like peptide 1 (GLP-1), peptide YY (PYY), or
ghrelin in enteroendocrine cells and are also expressed in
other various tissues and cell types such as the lung, spleen,
adipose tissue, testis, and peripheral blood mononuclear
cells [55–58]. Increasing evidence indicate that acetate,
butyrate, and propionate can regulate appetite and activate
BAT by increasing GLP-1/PYY or ghrelin secretion
[21, 59, 60]. The signaling mechanisms underlying the
regulatory roles of SCFAs have been mostly studied
in vitro, which show that butyrate can regulate colonocyte
proliferation and apoptosis as well as the progesterone and
estradiol biosynthesis via cAMP pathways in cultivated cell
lines [60, 61]. Pro-inflammatory cytokines, such as IFN-γ,
in macrophages can also activate the cAMP–PKA–pCREB
signaling pathway [62]. We found that in comparison to
warm temperature-exposed microbiota, cold temperature-
exposed microbiota increased SCFA (particularly butyric
acid) concentrations, FFAR2 expression, NE levels in the
small intestine and BAT, and activated the
cAMP–PKA–pCREB signaling pathway in the small
intestine in vivo. We also showed that cold microbiota
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transplant-induced BAT thermogenesis was significantly
attenuated by both a β3-adrenoceptor antagonist and a PKA
inhibitor. The cAMP–PKA–pCREB signaling pathway may
be co-activated through increased SCFAs, inflammatory
cytokines, UCP1, and lipolysis during cold acclimation
[60–64]. All these data indicate that cold-induced thermo-
genesis is regulated by gut microbiota and the gut–brain
axis via co-activated cAMP signaling pathways. FFAR2
expression in BAT was also increased in voles transplanted
with cold temperature-exposed microbiota compared to
warm temperature-exposed transplant voles, implying that
circulating SCFAs acting on FFAR2 in BAT may also
directly regulate BAT thermogenesis. The specific
mechanism underlying how SCFAs regulate thermogenesis
need to be further investigated. The voles are herbivore and
need to rely on cecal bacteria to digest the high-fiber food.
For animal safety, we chose the antibiotic treatment regimen
for short time. We should point out that 3-day treatment
regimen may impact the transplant effect in comparison to
longer antibiotic treatments which induce a more substantial
bacterial knockdown. In addition, we acknowledge the
technical limitations for protein quantification in this pre-
sent study. Multiple protein/transcript quantitative methods
to be used would validate these results.

Increasing evidence suggests that the communication
between gut microbiota and the host brain is bidirectional.
Monoamine neurotransmitters are most likely involved in
the communication between the microbiota and the brain by
sensing SCFAs and/or gut hormones [25, 65, 66]. Microbial
endocrinology studies have shown that a number of bacteria
colonized in the gastrointestinal tract, such as Lactobacillus,
Bifidobacterium, and Escherichia strains, can produce
neurotransmitters including 5-HT, dopamine, NE, and
gamma-aminobutyric acid (GABA), which can then bind to
host receptors and are essential in regulating ENS devel-
opment and neurophysiological and behavioral changes of
the host [25, 66, 67]. In the opposite direction, host neu-
rotransmitters, such as NE, can alter proliferative activity of
microbiota and increase virulent properties of some strains
of enteric pathogens in vitro [68]. Substantially less work
has been done to determine whether host-derived neuro-
transmitters can influence gut microbiota. Our present data
show that NE manipulation induced long-lasting alterations
in the composition and structure of fecal microbiota, and the
cAMP signaling pathway in the small intestine was acti-
vated in the NE-R7 group, suggesting that host neuro-
transmitters can also affect gut bacterial diversity. In
addition, NE manipulations resulted in long-term, physio-
logical changes, including increased body temperature and
UCP1 expression in BAT, and decreased food intake and
body mass. Taken together, these finding suggest that
crosstalk between gut microbiota and NE mediated host
metabolism and thermogenesis.

Conclusion

Air temperature varies with annual cycles, and small
mammals adjust their metabolic physiology and microbial
symbionts accordingly. The present study, which integrates
microecology and physiological ecology, illustrates the
relationship and regulatory pathways between host meta-
bolic phenotypes and gut microbiota during cold acclima-
tion in male Brandt’s voles. Our data clearly show that cold
acclimation initiated a wide range of physiological changes,
such as increased food intake, increased levels of UCP1,
ghrelin, and TH, and an increase in turnover rates of DA
and 5-HT in different body tissues. Cold acclimation also
caused a significant alteration in cecal microbiota, which
was accompanied by an increase in total concentration of
SCFAs in cold-acclimated voles. We also confirmed that
cold temperature, rather than overfeeding, influenced
microbiota structure. Further, CMT into antibiotic-treated
voles appeared to recapitulate the observed cold phenotype,
thus providing a link between physiological changes in
response to the cold and modulation of this adaptation by
gut microbiota. Moreover, the increases in NE appeared to
be driven by transplanted microbiota, and NE increases lead
to a higher expression of UCP1, cAMP-PKA, and pCREB,
as well as changes in cecal microbiota. These findings
indicate that microbiota–gut–brain interactions via cAMP
signaling pathways mediate host energetics and thermo-
genesis during cold acclimation. This sheds a considerable
new light on the mechanisms of communication between
the host and microbial symbionts used to improve the sur-
vival of small mammals in seasonal environments. Male
and female voles have a similar metabolic adaptation to cold
[2, 69], photoperiod [2, 27], and food quality [70, 71];
however, sex differences in the gut microbiota and its
impact on cold tolerance have not been investigated. Further
comparative studies in mammalian microbiota responses to
diverse environmental and social factors between sexes are
needed to fully illustrate the crucial cues that drive the co-
evolution of host and microbial symbionts.

Data availability

Raw sequence data are deposited in the NCBI Sequence
Read Archive under accession PRJNA555499,
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