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in adipose tissue remodelling to modulate
energy homeostasis by chronic restraint stress
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Abstract

Background Chronic stress in daily life is a well-known trigger for various health issues. Despite advancements
in obesity research, the mechanisms governing lipid metabolism in adipose tissue during cachexia remain poorly
understood.

Methods A chronic restraint stress (CRS) model was used to induce significant physiological and psychological stress
in mice. Mice were subjected to 6 h of restraint daily in 50 mL plastic tubes for seven consecutive days. A fasting
control group was included for comparison. Post-stress assessments included behavioural tests, glucose and insulin
tolerance tests and indirect calorimetry. Blood and adipose tissue samples were collected for mRNA and protein
analyses.

Results CRS induced significant psychological and physiological changes in mice, including depression-like
behaviours, weight loss and reduced insulin sensitivity. Notably, CRS caused extensive adipose tissue remodelling.
White adipose tissue (WAT) underwent significant 'browning’accompanied by an increase in the expression of
thermogenic proteins. This counteracted the stress-induced ‘whitening’ of brown adipose tissue (BAT), which
exhibited impaired thermogenesis and functionality, thereby maintaining energy balance systematically. The
glucocorticoid receptor (GR) plays a crucial role in lipid metabolism regulation during these changes. GR expression
levels were inversely correlated in BAT and WAT, but aligned with the expression patterns of thermogenic proteins
across adipose tissues. These findings suggest that under chronic metabolic stress, GR mediates tissue-specific
responses in adipose tissues, driving functional and phenotypic transitions in BAT and WAT to maintain energy
homeostasis.

Conclusions This study provides novel insights into the contrasting thermogenic phenotypes of BAT and WAT
under emaciation and highlights the critical role of GRs in adipose tissue remodelling during CRS and its potential
as a therapeutic target. Addressing GR-mediated changes in adipose tissues may help alleviate BAT dysfunction in
cachexia and promote WAT browning, enhancing metabolic stress resistance.
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Introduction

Modern society’s increasing competition and mount-
ing psychological and physiological pressures have led
to the widespread prevalence of chronic stress, char-
acterised by persistent feelings of pressure and being
overwhelmed over extended periods [1]. Chronic stress
triggers a cascade of cellular, physiological and behav-
ioural effects, resulting in various health issues, including
emotional disorders [2, 3], binge eating [4, 5] or anorexia
[6, 7], endocrine and metabolic disorders [8, 9], immuno-
logic dissonance [10—12] and even cancer development
[13-15].

Concurrently, metabolic abnormalities within different
adipose tissue depots frequently result in chronic stress-
related obesity or cachexia. Adipose tissue is traditionally
classified into two primary types: brown adipose tissue
(BAT), responsible for non-shivering thermogenesis and
white adipose tissue (WAT), the primary site of energy
storage [16, 17]. Moreover, a third type, beige adipocytes,
originates from white adipocyte progenitors and can
undergo browning in response to specific stimuli, thereby
acquiring characteristics of brown adipocytes [18].
Brown adipocytes have an abundance of multicham-
bered lipid droplets and elevated mitochondrial content,
indicative of their ability to enhance energy expenditure
[19]. This is facilitated by the presence of uncoupling pro-
tein 1 (UCP1) [20], enabling the dissipation of the pro-
ton gradient across the mitochondrial inner membrane,
thereby decoupling respiration from ATP synthesis [21].
Adipose tissue functions not only as an energy reservoir
but also as an active endocrine organ, regulating lipid
metabolism, thermoregulation and glucose homeostasis
[22]. While considerable research has focused on adipose
tissue metabolism in obesity, limited attention has been
given to its role during emaciation, a state characterised
by reduced adipose mass and depot-specific alterations in
adipocyte type and function.

Glucocorticoids (GCs), the primary stress hormones
particularly in chronic stress, are secreted in response
to psychological and physiological stressors and mediate
their effects through the glucocorticoid receptors (GRs),
a ligand-activated transcription factor. The GC-GR sig-
nalling network involves multiple genomic and non-
genomic pathways influenced by exposure duration,
adipose tissue location and species-specific factors [23].
GR’s transcriptional activity exhibits strong tissue speci-
ficity due to its dependence on environmental determi-
nants. The hypothalamic-pituitary-adrenal (HPA) axis
play a critical role in chronic stress by regulating GCs
secretion through a cascade of hormonal events [24].
GRs influence adipogenesis and lipolysis, but their dual
role remains contentious due to the complexity of these
processes [25—28].
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This study investigates the physiological and metabolic
alterations under chronic stress and primarily explores
the lipid metabolism and underlying mechanisms, using
a chronic restraint stress (CRS) model [29, 30] to induce
significant psychological and physiological trauma in
mice. Alongside behavioural changes and weight loss,
CRS led to pronounced adipose tissue remodelling.
Notably, BAT exhibited significant ‘whitening’ and ther-
mogenic dysfunction, while WAT demonstrated adaptive
browning. Diverging from previous fat-related research,
this study provides novel insights into the contrast-
ing thermogenic phenotypes of BAT and WAT under
cachectic conditions and underscores the pivotal role of
GR in adipose tissue remodelling.

Materials and methods

Mice care

C57BL/6] male and female mice (8 weeks old) were
obtained from GemPharmatech (Jiangsu, China) and
housed in groups of five in a specific pathogen-free facil-
ity. Mice were maintained under a 12-hour light-dark
cycle at a controlled room temperature (22 +0.5 °C) with
unrestricted access to water and a standard diet (10%
calories from fat) unless otherwise stated. All animal
experiments were conducted according to the guidelines
of the Institutional Animal Care and Use Committee of
the Centre for Experimental Research in Clinical Medi-
cine, Shengli Clinical Medical College of Fujian Medical
University, Fuzhou, China (Permission Number: IACUC-
FPH-PZ-20240624 [0012] ).

Experimental design

The CRS model was established by restraining mice in 50
mL plastic centrifuge tubes with ventilation holes for 6 h
daily (8:00 a.m. to 2:00 p.m.) over seven consecutive days
[29-31]. A fasting control group was included to account
for the metabolic effects of food and water deprivation
during the restraint period. Mice were randomly assigned
to groups (15-18 mice per group, total n=100). For the
fasting and stress groups, mice were allowed ad libitum
access to food except during the 6-hour restraint period.
The study meticulously measured the daily food intake
and body weight at 8:00 AM for seven consecutive days
of restraint stress and calculated the total food consump-
tion and body weight reduction. Following the restraint
period, behavioural tests, glucose tolerance tests (GTT),
insulin tolerance tests (ITT) and metabolic cage studies
were performed in batches (Fig. 1). After the experiments
ended, mice were deeply anaesthetised with pentobarbi-
tal (Sigma Aldrich, Missouri, USA). Blood samples were
collected for plasma hormone analysis and adipose tis-
sues were harvested. Tissues were flash-frozen in liquid
nitrogen and stored at — 80 °C for subsequent analyses.
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Fig. 1 Experimental design. In this experiment, 8-week-old wild-type C57BL/6 mice were subjected to chronic restraint stress (CRS) for six hours per day
for seven consecutive days. On the eighth day, behavioural tests were conducted. The mice were conducted in two batches, with one batch undergoing
glucose tolerance tests (GTT) and insulin tolerance tests (ITT) on days nine and ten, while the other batch was subjected to metabolic cage analyses. At

the end, mice were dissected for blood and adipose tissue samples

Behavioural experiments

Stress-exposed mice underwent behavioural assessments,
including the open field test (OFT), elevated plus maze
(EPM) and tail suspension test (TST), to evaluate loco-
motor activity and depression-like behaviours. All tests
were conducted in a dimly lit room, with mice acclimated
overnight prior to testing. Experiments were performed
between 8:00 a.m. and 6:00 p.m. to minimise circadian
influences. After each test, the surfaces of the equipment
were cleaned with 75% ethanol to eliminate odour trails.

OFT

Mice were individually placed at the centre of a square
arena (50x50x50 cm) constructed from grey polyvinyl
chloride and monitored for 5 min using an automated
video tracking system. Locomotor activity was recorded,
and the digitised movement data were analysed using the
DigBehv animal behaviour analysis programme (Shang-
hai, China). The central area, defined as one-quarter of
the arena’s total size, was used to measure depression-like
behaviour by tracking the time spent and the number of
entries into the central zone.

EPM

The EPM consisted of two open arms (10x 30 cm) and
two enclosed arms (10 x 30 x 20 cm), positioned opposite
each other, with a central platform measuring 10x 10 cm
and elevated 40 cm above the ground. Mice were placed
individually at the centre of the maze, facing an open
arm, and their activity was recorded for 5 min [32]. The
time spent in the open arms and the number of open arm
entries were quantified using the Smart v3.0 system (Pan-
lab, Barcelona, Spain) (Supplementary Fig. 1A-D).

TST

For the TST, each mouse’s tail was affixed to a hanging
hook approximately 1 cm from the tip, suspending the
mouse in an inverted position about 10 cm above the

ground. Behaviour was recorded for 6 min, and the last
4 min of immobility time were analysed. The latency
to the first instance of immobility was also calculated
using the Smart v3.0 system (Panlab, Barcelona, Spain)
to assess depression-like behaviour [33] (Supplementary
Fig. 1E-H).

Intraperitoneal glucose and insulin tolerance test

The GTT test was performed on mice of both sexes that
were fasted for 12 h (7:00 p.m. to 7:00 a.m. the follow-
ing day). Glucose at a dose of 2 g/kg of body weight was
administered intraperitoneal injection. For ITT, mice
were fasted for 6 h (8:00 a.m. to 2:00 p.m.) and received
an intraperitoneal injection of insulin (Novo Nordisk,
Copenhagen, Denmark) of 1U/kg of body weight. Blood
glucose concentrations were determined at 15, 30, 60, 90,
120, and 180-minute time pointes after glucose or insulin
injection using a glucometer from Roche (Basel, Switzer-
land) and calculated the area under the curve (AUC).

Indirect calorimetry test

The metabolic parameters of mice were monitored using
TSE PhenoMaster animal monitoring system (Hofheim,
Germany) during the recovery phase following stress.
Mice were acclimated for 24 h before measurements
were taken. The oxygen consumption (VO2), exhaled
carbon dioxide (VCO2), respiratory exchange ratio (RER)
[34], energy expenditure (EE) [35] and food consump-
tion, water intake of each mouse were determined for a
24-hour period. The RER and EE were calculated based
on the VO2 and VCO2 data. Analysis of covariance
(ANCOVA) was used to compare metabolic parameters
of mice, in which body weight was used as covariate.

Biochemical analyses of the plasma

The blood of mice in each group was collected from
the medial canthus vein with stand for 4 h, then centri-
fuged at 3000 rpm for 15 min at 4 ‘C, and taken out the



Luo et al. Lipids in Health and Disease (2025) 24:121

supernatant. The serum level of corticosterone (CORT),
luteinizing hormone (LH), follicle stimulating hormone
(FSH) detected respectively by enzyme-linked immu-
nosorbent assay (ELISA) kits from Meimian (Jiangsu,
China) and testosterone (T), oestradiol (E2) detected by
ELISA kit from Beyotime (Shanghai, China), listed in
supplementary Table 1. The procedures were performed
according to the manufacturer’s instructions.

Hematoxylin and Eosin staining (H&E) of adipose tissues
Adipose tissues were fixed in 4% paraformaldehyde for
24 h, embedded in paraffin and sectioned at a thick-
ness of 5 um. Following deparaffinisation and rehydra-
tion, slides were stained with H&E and imaged using a
Nikon Eclipse Ci-L microscope (Tokyo, Japan). Adipo-
cyte counts and lipid droplet areas were quantified using
AdipoCount software (Shanghai, China) in at least three
fields per slide at 200x magnification [36].

Quantitative real-time polymerase chain reaction (RT-PCR)
Samples were extracted using RNA isolater Total RNA
Extraction Reagent (Vazyme, Jiangsu, China). Total RNA
(1000 ng) was reverse transcribed to generate comple-
mentary DNA using PrimeScipt RT Reagent Kit with
genomic DNA Eraser (Takara, Kusatsu, Japan). Quantita-
tive RT-PCR was performed on CFX 96 Real-Time sys-
tem (Bio-Rad, California, USA) using SYBR Premix Ex
Taq II Kit (Takara, Kusatsu, Japan) with specific primers
synthesized by Shangya (Fuzhou, China), listed in Sup-
plementary Table 2. § actin was used as an internal con-
trol for adipose tissues.

Immunohistochemistry and Immunofluorescence

For immunohistochemistry, adipose tissues were fixed
with 4% paraformaldehyde overnight, permeabilized with
0.2% Triton X-100 for 10 min, and blocked with 5% nor-
mal goat serum at room temperature for 60 min. After
that, samples were incubated with anti-UCP1 (1:100, Cell
Signaling Technology (CST), Massachusetts, USA) anti-
body at 4 °C overnight. The following day, images were
collected following incubation with the secondary anti-
body and staining with diaminobenzidine (DAB) and
haematoxylin (Supplementary Fig. 4G—H).

For immunofluorescence, paraffin embedded tis-
sue slides were deparaffinised and subjected to antigen
retrieval in citric acid buffer, blocked with 5% normal
goat serum. Incubated with anti-GR (1:50, Santa Cruz,
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California, USA) or anti-UCP1 (1:100, CST, Massachu-
setts, USA) antibody at 4 °C overnight and then incu-
bated with the corresponding secondary antibody at
room temperature for 1 h, finally stained with diamidino-
2-phenylindole (DAPI) 20 min. Images were captured
using a Nikon Eclipse Ci-L microscope (Tokyo, Japan).
The used primary antibodies were listed in Supplemen-
tary Table 3.

Western blotting

Total protein was extracted and protein concentrations
were measured using protein assay kits from Solarbio
(Beijing, China). The following procedures were per-
formed: total protein was separated and transferred to
PVDF membranes (Millipore, Massachusetts, USA).
After blocking the membrane with 5% bovine serum
albumin (BSA, Beyotime, Shanghai, China), incubated
the membrane with various primary antibodies (Supple-
mentary Table 3) at 4 ‘C overnight and then incubated
with secondary antibodies at room temperature for
30 min. Finally, protein detection was performed using a
chemiluminescence instrument.

Statistical analysis

Prior to analysis, data were subjected to normality
tests. Differences between stressed mice and wild-type
(WT) controls or fasting controls were evaluated using
unpaired Student’s t-test for comparisons between two
groups, ordinary one-way ANOVA with Bonferroni post
hoc tests for comparisons among three or more groups,
or two-way ANOVA with Bonferroni post hoc tests for
interactions between factors, all performed in GraphPad
Prism 9 (GraphPad Software, California, USA). Data were
presented as mean *standard error of the mean (SEM),
and P<0.05 was considered statistically significant.

Results

Mice subjected to CRS exhibit depression-like behavioural

manifestations

Behavioural and locomotor changes in CRS-exposed
mice were assessed through the OFT (Fig. 2), EPM and
TST (Supplementary Fig. 1). Stress-exposed mice dem-
onstrated reduced track distance and average speed in
the OFT (Fig. 2A-B, H-I), decreased exploratory behav-
iour (Fig. 2C, J). Even though there was no significant
difference in the time spent in the central and periph-
eral areas (Fig. 2D-G, K-N). EPM testing revealed a
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Fig. 2 Behavioural experiments of mice under chronic restraint stress (CRS). Impact of chronic stress on behavioural changes in locomotor activity and
depression-like behaviour for female mice in the open field area (A-G), and in male mice (H-M). For the open field test (OFT), total track distance for fe-
males (A) and in males (H), and average speed during the test for females (B) and in males (1), and the number of standing for females (C) and in males (J)
were recorded. Percentage (%) of distance spent in the periphery zone for (D) females and (K) males, and percentage (%) of distance spent in the centre
zone for (E) females and (L) males. Time spent in the centre zone (5 min total test time) for (F) females and (M) males, and track during the test for females
(G) and in males (N). Data are expressed as the mean +SEM (n=15-23) as determined by one-way ANOVA with Bonferroni post hoc tests. *P<0.05,
**P<0.01, and ***P<0.001 for stress mice versus WT control or fasting control mice. Ns, means not significant. Error bars represent SEM



Luo et al. Lipids in Health and Disease (2025) 24:121

reduction in time spent in the open arms, meanwhile
TST showed prolonged immobility time in female mice
(Supplementary Fig. 1A—H). Collectively, these results
indicate depression-like behavioural phenotypes in CRS-
exposed mice.

CRS induced a lean phenotype and hormone disturbance
in mice

Mice exposed to CRS exhibited a negative energy bal-
ance. Over the 7-day restraint stress period, these mice
consumed less food (Supplementary Fig. 2A-B) and
experienced significant weight loss (Fig. 3A-B, H-I).
Additionally, when restrained, the mice exhibited intense
struggling and sweating due to the physical and psycho-
logical stress of confinement. These observations led to
the conclusion that the mice were in a state of negative
energy balance during the restraint stress period, with
energy expenditure exceeding intake. Organ weights
measured at the end of the experiment revealed contrast-
ing phenotypes among adipose tissues: increased inter-
scapular brown adipose tissue (iBAT) weight (Fig. 3D, K)
and reduced weights of subcutaneous (sWAT), gonadal
(gWAT) and retroperitoneal (rWAT) white adipose tis-
sues (Fig. 3E, L). Moreover, serum corticosterone levels
were elevated in female mice (Fig. 3F) but not in males
(Fig. 3M). Testosterone levels significantly increased in
both female and male mice (Fig. 3G, N). In male mice, LH
and FSH levels decreased (Supplementary Fig. 2F-Q),
whereas no significant changes were observed in female
mice (Supplementary Fig. 2C-E), possibly due to dif-
ferences related to the oestrous cycle and sex-specific
responses.

CRS impairs insulin sensitivity and enhances RER, with
carbon-based foods as the primary energy source

In CRS-exposed mice, glucose tolerance remained
largely unchanged, except for a higher glucose level at
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the 30-minute time point compared to the control group
(Fig. 4A-B, E-F). Female fasting mice exhibited lower
blood glucose levels (Fig. 4B). However, insulin sensi-
tivity was markedly impaired in stress-exposed mice of
both sexes, as evidenced by reduced glucose excursions
(Fig. 4C, G) and a significantly lower inverse AUC com-
pared to controls (Fig. 4D, H).

Metabolic cage analyses revealed that apart from
the elevated oxygen consumption in the fasting group
during the daytime (Supplementary Fig. 3A-B, G-H),
no other significant differences were observed, and
no significant changes in carbon dioxide production
(Supplementary Fig. 3C-D, I-]) of stressed mice fol-
lowing seven days of CRS. Consequently, only the fast-
ing group of mice exhibited an increase in total energy
expenditure, while the restraint-stressed mice did not
show any significant difference during the recovery
phase following restraint stress (Fig. 4I-J, O-P). How-
ever, the RER significantly increased, particularly dur-
ing the dark cycle (Fig. 4K-L, Q-R). There was also
an increased food consumption (Fig. 4M-N, S-T)
and water intake over 24 h (Supplementary Fig. 3E-F,
K-L) of restraint-stressed mice during the recov-
ery phase. These findings suggest that CRS-exposed
mice predominantly relied on carbohydrates as their
primary energy source to compensate for the reduc-
tion in WAT caused by excessive energy expenditure
during the restraint stress period [35, 37]. The results
indicate that, following adjustments in their energy-
related behaviour and adaptive changes in fat metab-
olism, the mice achieved a state of adaptive energy
balance. In contrast, male fasting mice exhibited lower
RER values (Fig. 4Q-R) [38] and demonstrated slightly
higher energy expenditure (Fig. 40-P) [39, 40], which
indicated the gender-specific differences in metabolic
response.
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Fig. 3 CRS induced a lean phenotype and hormone disturbance in mice. Time course of body weight in seven days' restraint stress for females (A)
and males (H), and final body weight gains (B, I). Appearance of representative mice after CRS versus normal diet and fasting stress, and their tissues
for females (C) and males (J). Percentage (%) weights of dissected iBAT in females (D) and males (K), and sWAT, gWAT, rWAT weights in females (E) and
males (L). All data are expressed as the mean +SEM (n=15-18). Serum corticosterone and testosterone levels in females (F, G) and males (M, N). Data are
expressed as the mean + SEM (n=6-8). Data were determined by one-way ANOVA or two-way ANOVA with Bonferroni post hoc tests. *P < 0.05, **P < 0.01,
***P<0.001 and ****P<0.0001 for stress mice versus WT control or fasting control mice. Ns, means not significant. Error bars represent SEM

Mice exposed to CRS underwent significant adipose tissue
remodelling as a metabolic stress adaptation
Representative H&E staining of iBAT, sWAT and gWAT
revealed significant changes in adipose tissue morphol-
ogy in CRS-exposed mice (Fig. 5A, F). Adipose tissue
mass is influenced by both the average size and the num-
ber of constituent adipocytes [41]. A notable browning
effect was observed in WAT, characterised by a reduc-
tion in lipid droplet size (Fig. 5B, G) and an increase in
the number of lipid droplets (Supplementary Fig. 4B-C,
E-F). In contrast, BAT exhibited an accumulation of lipid
droplets (Fig. 5B, G; Supplementary Fig. 4A, D), con-
sistent with changes in tissue weight (Fig. 3C-E, J-L).
Moreover, the expression of thermogenic genes, includ-
ing Ucpl, Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (Pgcla), Peroxisome prolifer-
ator-activated receptor gamma (Ppary) and Cytochrome
¢ oxidase subunit 8b (Cox8b), was upregulated in WAT,
particularly in gWAT (Fig. 5D-E, I-]). Conversely, these
genes were significantly downregulated in BAT (Fig. 5C,
H), indicating impaired thermogenesis.

Western blotting analysis uncovers a correlation between
GRs and thermogenic proteins, indicating their role in
adipose tissue remodelling

In chronic stress, the HPA axis is activated [42], and GRs
play an important role in adipose tissue lipid metabo-
lism [23, 43]. Therefore, this study examined GR protein
expression in various adipose tissues and found it aligned
with thermogenic protein expression in both BAT and
WAT. Specifically, in the ‘whitening’ BAT of metaboli-
cally stressed mice, the expression of UCP1, PGCla
and PPARy proteins was reduced, accompanied by a

significant decrease in GR expression (Fig. 6A-B, G-H).
Conversely, in the ‘browning’ sWAT and gWAT, UCP]I,
PGCla and PPARy protein levels were elevated cor-
relating with increased GR expression (Fig. 6C-E, I-L).
Immunohistology analysis of UCP1 protein in BAT and
gWAT tissues mirrored the trends observed in mRNA
expression (Supplementary Fig. 4G-H). GR expres-
sion levels were inversely correlated in BAT and WAT,
but aligned with the expression patterns of thermogenic
proteins across adipose tissues. These findings suggest
that under chronic metabolic stress, GRs mediate tissue-
specific responses in adipose tissues, driving functional
and phenotypic transitions in BAT and WAT to maintain
energy homeostasis.

Downregulation of UCP1 and GR in ‘whitening’ BAT
accompanied by organelle dysfunction

Furthermore, immunofluorescence colocalization assays
further demonstrated that depolarised BAT in stressed
mice exhibited a significant reduction in cytoplasmic GRs
(Fig. 7A-B). As reported, the process of BAT ‘whitening’
has been associated with both autophagy [44] and mito-
chondrial dysfunction [45]. To explore the mechanisms
underlying the ‘whitening’ phenotype of BAT in stressed
mice, the study identified mitochondrial dysfunction, evi-
denced by reduced mRNA expression of key mitochon-
drial dynamics regulators, including Dynamin-related
protein 1 (Drpl), Optic atrophy 1 (Opal) and Mitofusin
1 (Mfnl) (Fig. 7C, F). Autophagy was also impaired, as
indicated by decreased mRNA expression of autophagy-
related genes, such as Microtubule-associated protein
light chain 3 (LC3), Sequestosome 1 (p62), Autophagy-
related protein 5 (Atg5) and Autophagy-related protein
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Fig. 4 The insulin sensitivity of mice under CRS decreased, and the RER increased. The intraperitoneal glucose tolerance test (GTT) was performed on
females (A) and males (E) (dose 2 g/kg), and the corresponding area under the curve (AUC) were calculated for females (B) and males (F). The intraperito-
neal insulin tolerance test (ITT) was performed on females (C) and males (G) (dose 1U/kg). Area above the ITT curves for females (D) and males (H) (n=5-8
mice per group). Energy expenditure (EE) and respiratory exchange ratio (RER) were determined by metabolic cages in females (I-L) and males (O-R).
Cumulative food intake over 24 h also calculated for females (M-N) and males (S-T) (n=3-6 mice per group). Data are expressed as the mean + SEM and
were determined by one-way ANOVA or two-way ANOVA with Bonferroni post hoc tests. In (A), (C), (E), (G), #P < 0.05, ##P < 0.01, and ###P < 0.001 for stress
versus fasting mice; *P<0.05, **P<0.01, **P<0.001 and ****P <0.0001 for stress mice versus control mice. Others, *P<0.05, **P<0.01, **P<0.001 and

****p < 0,0001 for stress mice versus WT control or fasting control mice. Ns, means not significant. Error bars represent SEM

7 (Atg?7) (Fig. 7D, G). Additionally, inflammation was
exacerbated, with increased levels of Interleukin-1p (IL-
1f3) observed in female mice (Fig. 7E) but in male mice
(Fig. 7H). These alterations may be linked to the reduced
expression of GR, which could further aggravate the
dysfunctional phenotype of BAT under chronic stress
conditions.

Fasting exerts a subtle influence on metabolic shifts in
mice under CRS

CRS significantly affected mice, leading to alterations
in emotional behaviour, body weight and adipose tis-
sue remodelling. Both female and male mice exhibited
consistent outcomes, although some results showed
gender-specific responses. Notably, a comprehensive
analysis of the majority data indicated that the pheno-
types of the fasting control group were largely aligned
with those of the blank control group, while both groups
displayed pronounced metabolic differences compared
to the restraint stress group. It should be noted that the
restraint stress model inherently includes fasting as one
of the stressors, and the certain impact of fasting on the
metabolic changes caused by restraint stress cannot be
denied. Overall, the phenotypic changes observed during
the restraint stress period were not primarily attributable
to fasting or water deprivation.

Discussion

Adipose tissue remodelling is influenced by various exog-
enous and endogenous factors, including energy status
fluctuations and hormonal changes [22] and is closely

associated with the pathophysiology of metabolic dis-
orders. Once regarded merely as a passive lipid reser-
voir, adipose tissue is now recognised as a metabolically
active organ playing a central role in whole-body energy
homeostasis. It contributes to critical processes such as
immune responses, glucose metabolism, insulin sensitiv-
ity and thermogenesis [19]. While lipolysis is known to
fulfil energy demands during negative energy balance [7],
the mechanisms underlying adipose tissue remodelling in
states of emaciation remain poorly understood.

Auger C et al. highlight the heterogeneity of adipose
tissue, emphasising its regional variations in metabolic
processes and hormonal responses [22]. This emerging
perspective has drawn significant attention. The pres-
ent study primarily investigated the pathophysiological
implications of adipose tissue metabolism and associated
mechanisms under CRS.

BAT, specialised for energy expenditure, is pivotal
in maintaining energy homeostasis through adaptive
thermogenesis [18]. This study demonstrated that mice
subjected to CRS exhibited a pronounced ‘whitening’
phenotype in BAT, coupled with impaired thermogenic
function. This may be attributed to the intense physical
struggle during restraint, which likely triggered a sub-
stantial increase in skeletal muscle shivering thermo-
genesis. Consequently, non-shivering thermogenesis in
BAT was reduced, thereby decreasing BAT’s energy con-
sumption for thermogenesis. These findings align with
prior research, suggesting that individuals with anorexia
nervosa experience a compensatory reduction in basal
metabolic rate to mitigate chronic energy deficits caused
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Fig. 5 Mice exposed to CRS underwent significant adipose tissue remodelling. Representative H&E-staining images of iBAT, SWAT, and gWAT with 200x
magnification from WT control, fasting and stress mice in females (A) and males (F). Distribution of lipid droplets area (um?) in iBAT, SWAT, and gWAT in
females (B) and males (G) (n=4-6 mice per group). The mRNA expression levels of thermogenic genes were evaluated in iBAT, SWAT, and gWAT from
females (C-E) and males (H-J) (n=5-10 mice per group). Data are expressed as the mean + SEM and were determined by one-way ANOVA or two-way
ANOVA with Bonferroni post hoc tests. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 for stress mice versus WT control or fasting control mice. Ns,

means not significant. Error bars represent SEM

by restrictive eating behaviours [46, 47]. Furthermore,
the study revealed that chronic and excessive GC expo-
sure contributes to lipid accumulation in specific body
regions, particularly in BAT. This GC-induced lipid depo-
sition promotes a ‘whitening’ phenotype in BAT, impair-
ing its thermogenic capability [48, 49].

WAT plays a crucial role in regulating various physi-
ological processes that impact energy balance. It is also
a significant target for other organs, contributing to
energy homeostasis by managing the storage and utili-
sation of fatty acids [17]. This study demonstrated that
under conditions of chronic stress and substantial energy
expenditure, the mobilisation of glucocorticoid hor-
mones for adipose remodelling in mice serves a protec-
tive role against metabolic stress. Both sWAT and gWAT
participated in the browning process, compensating for
BAT dysfunction to maintain energy homeostasis. These
findings align with the research of Schulz et al. [50] and
Wu et al. [51]. Furthermore, a notable reduction in fat
mass among stressed mice led to an increase in the RER,
with carbohydrates becoming the primary energy sub-
strate. Conversely, fasting male mice exhibited a decrease
in RER due to restricted dietary intake. As a pivotal
endocrine tissue, WAT secretes various hormones and
inflammatory factors and expresses multiple receptors
for insulin, leptin, steroid hormones (e.g., glucocorti-
coids, androgens, oestrogens) and catecholamines [52],
enabling homeostatic regulation.

Chronic stress is widely recognised to activate the HPA
axis [42], leading to GCs release, which reallocates energy
reserves to meet immediate or anticipated demands. This
study highlights the interaction between GRs and adi-
pose remodelling, suggesting that GRs specific-changes
related to inducing insulin resistance, regulating lipids

metabolism, and exacerbating inflammation. In general,
chronic stress results in heightened HPA axis activ-
ity and diminished hypothalamic-pituitary-gonadal
(HPG) axis activity. The elevated serum GC levels were
observed in female mice, whereas no significant differ-
ences were detected in males. This discrepancy may be
attributed to circadian fluctuations of the HPA axis and
inconsistent blood collection times. Regarding repro-
ductive hormones, both sexes exhibited significantly
increased testosterone levels. However, other reproduc-
tive hormones were reduced in males but not in females,
potentially due to the hormonal fluctuation character-
istic of the female oestrous cycle. In this stress model,
the gender-specific differences in metabolic response to
chronic stress were also demonstrated in several indi-
ces. Hormones significantly influence body fat [53]. This
study revealed increased levels of glucocorticoids and
testosterone, both of which are known lipolytic hor-
mones [54, 55]. Although GRs are nearly ubiquitous
throughout the body, GCs exert cell- and tissue-specific
effects [56]. In this study, the observed differential activ-
ity of the GRs across various adipose tissues has led to
distinct adipose tissue-specific changes, resulting in
phenotypic and functional transformations. These find-
ings not only underscore the tissue-specific expression
characteristics of GR but also reflects the dual role of the
GC-GR axis in lipolysis and lipid accumulation. More-
over, stress models can result in distinct adipose phe-
notypes. For instance, Rebuffé-Scrive et al. observed an
increase in mesenteric fat pad mass without changes in
the epididymal, retroperitoneal, or inguinal regions in
their stress model [57], contrasting with the findings in
the current model. Meanwhile, testosterone, a fat-reduc-
ing hormone, appears to have a more pronounced effect
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Fig. 6 Western blotting analysis uncovers a correlation between GRs and thermogenic proteins. Western blotting analysis of the BAT from control, fasting
and stress mice and densitometric quantification of the western blots normalized to a-Tubulin in females (A-B) and males (G-H). Western blotting analy-
sis of the SWAT, gWAT and densitometric quantification of the western blots normalized to a-Tubulin in females (C-F) and males (I-L). Data are expressed
as the mean = SEM (n=3) and were determined by two-way ANOVA with Bonferroni post hoc tests. *P < 0.05, **P<0.01, **P <0.001 and ****P <0.0001 for
stress mice versus WT control or fasting control mice. Ns, means not significant. Error bars represent SEM

on visceral adipose tissue [55], which also showed signifi-
cant increases in this study.

The classic and well-established mechanism for
enhancing thermogenesis in organisms involves the acti-
vation of B-adrenergic receptors (AR) by sympathetic
nerve signals. This activation leads to an upregulation
of PGCla-driven mitochondrial biogenesis, while UCP1
facilitates the decoupling of the electron transport chain.
This process generates heat and increases energy expen-
diture, further amplified by proton conductance using
long-chain fatty acids derived from lipolysis [19]. Indi-
viduals exposed to chronic stress often experience dys-
regulation of the HPA axis, accompanied by heightened
secretion of glucocorticoids and catecholamines. GCs
enhance the lipolytic response in WAT to various hor-
mones. Previous research has demonstrated that GRs are
essential for signal transduction from B-AR to adenylate
cyclase, leading to the activation of lipolysis [58]. These
findings align with the diminished ability of GR-lacking
adipocytes to undergo lipolysis under postprandial and
fasting states, as a consequence of disrupted signalling
from B-AR to adenylate cyclase, as elucidated by Mueller
et al. [42]. In this study, the alterations in GR expression
within adipose tissue were consistent with the expression
of thermogenic proteins, suggesting that GRs play a key
role in mediating fat remodelling in functional adipose
tissue.

The process of BAT ‘whitening’ has been associated
with both autophagy [44] and mitochondrial dysfunc-
tion [45]. Given the substantial body of research on the
mechanisms underlying the whitening of BAT, this study
conducted preliminary explorations. To further elucidate
the potential mechanisms underlying the dysfunction of
‘whitening’ BAT in this stress model, the mRNA expres-
sion of genes related to mitochondria and autophagy was
analysed. The results revealed mitochondrial dysfunction
in ‘whitening’ BAT, accompanied by impaired autophagy.
This impairment may contribute to excessive lipid accu-
mulation in BAT [59], ultimately leading to impaired
thermogenesis. Additionally, the reduction in GR expres-
sion may trigger an increase in inflammatory factor
expression, potentially exacerbating this dysfunction.

However, these findings require further in-depth investi-
gation to be confirmed.

In addition to severe mental disorders associated with
chronic stress, such as major depressive disorder (MDD)
and post-traumatic stress disorder (PTSD), individuals
subjected to extreme metabolic challenges under chronic
stress, including earthquake survivors trapped in rubble,
patients suffering from severe infections or undergoing
major surgery in intensive care units, all experience psy-
chological and physiological stressors that are compara-
ble to those encountered in animal model. These insights
have significant implications for understanding the meta-
bolic consequences of chronic stress in humans and could
inform the development of novel therapeutic approaches
for metabolic disorders. While the CRS model provides
valuable insights into the effects of chronic stress, it is
important to note that it is an animal model and may not
fully replicate the complexity of human stress responses.

Study strengths and limitations

This study provides a comprehensive evaluation of the
physiological and metabolic alterations induced by CRS
in mice. These include changes in emotional behaviour,
body composition, glucose metabolism, metabolic state
and, most notably, the functional remodelling of different
adipose tissues along with their underlying mechanisms.
The findings underscore the critical yet distinct roles of
GR in adipocytes in maintaining lipid metabolic homeo-
stasis, depending on the specific type of adipose tissue
and its energetic state under CRS. The most prominent
effects are summarised in Fig. 8.

Despite its strengths, this study has several limitations.
While it provides valuable preliminary insights into the
mechanisms driving BAT dysfunction, it does not delve
deeply. Further research is needed to focus on identify-
ing the specific intermediaries or signalling pathways
involved in modulating GR activity in different adipose
tissues to accomplish the ‘whitening’ and ‘browning’
processes. Additionally, the findings obtained from the
mouse model are challenging to fully reflect the meta-
bolic alterations and fat remodelling observed in patients
with cachexia resulting from chronic stress.
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Fig. 7 Brown adipose underwent ‘whitening, which was accompanied by organelle dysfunction. Representative images of immunofluorescence for
UCP1 (green), GR (red), and nuclei (blue) in brown adipocytes with 200x magnification from control mice (A) and stress mice (B). The mRNA expression
levels of mitochondrial function-related genes, autophagy-related genes and inflammatory-related genes were evaluated in females (C-E) and males
(F-H). Data are expressed as the mean +SEM (n=4-9) and were determined by two-way ANOVA with Bonferroni post hoc tests. *P<0.05, **P<0.01,
**¥P<0.001 and ****P<0.0001 for stress mice versus WT control or fasting control mice. Ns, means not significant. Error bars represent SEM
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