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Abstract

Chronic stress induces depression and insulin resistance, between
which there is a bidirectional relationship. However, the mecha-
nisms underlying this comorbidity remain unclear. White adipose
tissue (WAT), innervated by sympathetic nerves, serves as a central
node in the interorgan crosstalk through adipokines. Abnormal
secretion of adipokines is involved in mood disorders and meta-
bolic morbidities. We describe here a brain–sympathetic nerve–
adipose circuit originating in the hypothalamic paraventricular
nucleus (PVN) with a role in depression and insulin resistance
induced by chronic stress. PVN neurons are labelled after inocula-
tion of pseudorabies virus (PRV) into WAT and are activated under
restraint stress. Chemogenetic manipulations suggest a role for
the PVN in depression and insulin resistance. Chronic stress
increases the sympathetic innervation of WAT and downregulates
several antidepressant and insulin-sensitizing adipokines, includ-
ing leptin, adiponectin, Angptl4 and Sfrp5. Chronic activation of
the PVN has similar effects. b-adrenergic receptors translate sym-
pathetic tone into an adipose response, inducing downregulation
of those adipokines and depressive-like behaviours and insulin
resistance. We finally show that AP-1 has a role in the regulation
of adipokine expression under chronic stress.
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Introduction

Numerous studies show links between chronic stress and metabolic

and neuropsychiatric disorders, including depression, anxiety, meta-

bolic syndrome, hyperglycaemia, insulin resistance, diabetes

mellitus type 2 (T2DM), cognitive dysfunction and hypertension

(Chrousos, 2009; Joseph & Golden, 2017; Branyan et al, 2018; Kostov

& Halacheva, 2018; Amadio et al, 2020; Price & Duman, 2020). Per-

sistent stress results in organismal adaption failure and affects the

vital organs such as the brain, heart and liver, in various aspects that

increases susceptibility to psychiatric, cardiovascular, cognitive and

metabolic disorders. The pathophysiology or pathogenesis of those

diseases induced by chronic stress is mainly attributed to two path-

ways, the hypothalamic–pituitary–adrenal (HPA) axis and the sym-

pathetic nervous system (SNS) axis (Dai et al, 2020; Lightman

et al, 2020; Daniela et al, 2022).

Among these diseases related to chronic stress, depression and

insulin resistance are major public health concerns worldwide,

and numerous epidemiological studies have demonstrated a bidirec-

tional association between depression and insulin resistance (Stuart &

Baune, 2012; Moulton et al, 2015). Recently, research focusses on find-

ing the shared biological pathways that may simultaneously predis-

pose to both diseases, such as the HPA axis, autonomic dysfunction,

poor dietary habits, environmental, economic and sociocultural risk

factors, physical inactivity and sedentary lifestyle (Gangwisch, 2009;

Stetler & Miller, 2011; Courtet & Oli�e, 2012; Holt et al, 2014; Mahar

et al, 2014; Westfall et al, 2021; Wu et al, 2021). Such research may

yield novel insights for the prevention and treatment of comorbid

depression and insulin resistance. The HPA axis has been extensively

studied regarding its effects on depression and insulin resistance
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during exposure to chronic stress, while the SNS has not been fully

investigated, despite growing evidence suggesting its role in depression

and insulin resistance (Pedersen, 2019; Prabhakar et al, 2020).

White adipose tissue (WAT), the most abundant adipose tissue

and innervated by the SNS, serves as the primary organ for energy

storage and responds to sympathetic activation to supply energy in

conditions of cold or nutrient deprivation. WAT is also a major

endocrine organ that secretes a diverse range of protein signals and

factors termed adipokines. Some adipokines, such as leptin, adipo-

nectin, resistin, visfatin, asprosin, Sfrp5 and Angptl4, are involved

in modulating mood disorders and insulin resistance (Fasshauer &

Bl€uher, 2015; Romere et al, 2016; Chen et al, 2018; Petersen

& Shulman, 2018; Lee et al, 2019; Gonzalez-Gil & Elizondo-

Montemayor, 2020; Sepandar et al, 2020; Yuan et al, 2020), indicat-

ing that dysfunctional WAT and dynamic changes in the expression

of these adipokines under chronic stress may serve as a common

pathogenesis for depression and insulin resistance.

The brain is the key organ in the orchestration of processing sen-

sory information and coordinating behavioural and metabolic

changes response to stress. It has been reported that several hypotha-

lamic regions are critical in mediating the physiology and function of

organs and tissues through the SNS responding to various stress. The

ventromedial hypothalamic nuclei (VMH) mediates chronic stress-

induced bone loss through the SNS (Yang et al, 2020). The dorsome-

dial hypothalamic nuclei (DMH) contribute to the cardiac sustained

elevated cardiac sympathetic tone and arrhythmias evoked by

chronic stress (Fontes et al, 2014). Both the DMH and VMH play criti-

cal roles in the regulation of glucose and energy balance through

sympathetic nerves innervating brown fat tissue (BAT; DiMicco

et al, 2002; Dimicco & Zaretsky, 2007; Choi et al, 2013). The hypotha-

lamic paraventricular nucleus (PVN) projects directly to spinal auto-

nomic regions and serves a primary role in integrating the autonomic

and endocrine response to stress (Jiang et al, 2019). Cardoso et al’s

study has shown that the PVN is involved in the regulation of adipose

tissue metabolism through the SNS (Cardoso et al, 2021). Therefore,

we hypothesized that dysfunction of a presumptive brain–adipose cir-

cuit, the PVN–sympathetic–adipose pathway, may be involved in

dysfunctional WAT endocrine, and subsequent depressive-like

behaviours and insulin resistance, under chronic stress.

To address this hypothesis, we first performed retrograde polysyn-

aptic pseudorabies virus (PRV) tracing, combined with c-Fos immu-

nostaining, in restraint stress-treated mice to show that a subset of

PVN neurons connecting polysynaptically to WAT was activated.

Our data suggested that the PVN–sympathetic nerve–adipose circuit

is important for the regulation of adipokine expression and subse-

quent insulin resistance and depressive-like behaviours induced by

chronic restraint stress. Furthermore, we explored the molecular

mechanism by which b-adrenergic receptors translate sympathetic

tone into the adipose response under chronic restraint stress.

Results

Chronic restraint stress induces depressive-like behaviours and
insulin resistance

To confirm the relationship between chronic stress and depression

and insulin resistance in our experimental system, the mice were

subjected to 2 h of restraint stress per day for 42 consecutive days.

Then, we conducted the sucrose preference test (SPT), female urine

sniff test (FUST), forced swim test (FST), glucose tolerance test

(GTT) and insulin tolerance test (ITT), to evaluate depression and

insulin resistance, respectively (Fig 1A). In our study, chronic

restraint stress induced depressive-like behaviours, as evaluated by

the SPT (Fig 1B), FUST (Fig 1C) and FST (Fig 1D), while locomotor

activity was not affected (Fig 1E). The restraint group mice also

displayed impaired responses in the GTT and ITT (Fig 1F and G),

which were applied to determine the insulin resistance. These

results suggest that chronic restraint stress can induce both

depressive-like behaviours and insulin resistance.

Chronic restraint stress increases sympathetic innervation
of WAT

Since various stimuli alter sympathetic innervation of adipose tis-

sue and subsequently induce physiological changes, such as ther-

mogenesis in BAT and lipolysis in WAT under cold or fasting

conditions (Wang et al, 2020), we next evaluated sympathetic

innervation in subcutaneous inguinal WAT (iWAT) and visceral

epididymal WAT (eWAT) after chronic stress examined by immu-

nolabelling for tyrosine hydroxylase (TH)-positive nerves. Com-

pared with those from the control group, iWAT and eWAT from

the chronic restraint group, as evaluated by whole-tissue 3D imag-

ing (Fig 1H and I, left panel), displayed significantly more sympa-

thetic innervation. Quantitation of whole-tissue 3D imaging data

revealed that chronic stress significantly increased the mean nerve

fibre density (by 344.51% in iWAT and by 71.22% in eWAT),

mean nerve fibre length (by 55.21% in iWAT and no significant

change in eWAT) and mean nerve branching points (by 85.54%

in iWAT and by 94.57% in eWAT; Fig 1H and I, right panel).

These data show that chronic restraint stress induced alterations

in sympathetic structure, which may cause physiological changes

in WAT and account for subsequent mental and metabolic

disorders.

PVN is involved in the regulation of sympathetic innervation in
WAT under chronic restraint stress

To determine which brain regions might be involved in the regula-

tion of stress-evoked increases in sympathetic innervation in WAT,

we injected PRV-CAG-EGFP or PRV-CAG-mRFP into iWAT or

eWAT, respectively, for retrograde tracing. 72 h after injection, both

PRV-CAG-EGFP and PRV-CAG-mRFP were found in the thoracic ver-

tebra (T8 to T12; Fig 2A, B and A0, B0). Our data showed that the

spread of infection in the brain increased with the length of the post-

injection interval. Three days after injection, PRV-labelled cells were

found in the hindbrain and midbrain, including medial vestibular

nucleus (MVe), intermediate reticular nucleus (IRt; Fig 2C–F and C0–
F0) and substantia nigra (SNR; Fig 2G–I and G0–I’). At the 4th day

after injection, PRV-labelled cells were found in the PVN (Fig 3A–C

and A0–C0). The other two hypothalamus regions which are involved

in mediating the SNS, DMH and VMH, were labelled at the 5th and

6th day, respectively (Fig 3D–F and D0–F0). Four days after the sur-

gery, we subjected these mice to 2 h of restraint stress and

performed c-Fos staining (Fig 4A). The PVN was labelled with PRV-

CAG-EGFP from iWAT (Fig 4B, left) or PRV-CAG-mRFP from eWAT
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(Fig 4C, left), and most labelled neurons were positive for c-Fos, a

marker of cell activation (83.26 � 3.832% for iWAT and

84.28 � 2.575% for eWAT, Fig 4B and C, right). Without restraint

stress, the percentage of c-Fos positive of PRV-labelled cells

decreased significantly (Fig EV1). This anatomic evidence indicated

that PVN may regulate sympathetic innervation in WAT under

restraint stress. To test this hypothesis, we injected AAV-DIO-

hM3D-mcherry into the PVN of Fos-CreERT2 mice. After exposure to

2 h of restraint stress, Fos-CreERT2 mice were intraperitoneally

injected with 4-hydroxytamoxifen (4-OHT, 50 mg/kg) to induce the

expression of hM3D-mcherry in order to label PVN-activated neu-

rons during that restraint stress. Three weeks later, we

intraperitoneally injected clozapine-N-oxide (CNO, 0.3 mg/kg, every

2 days for 42 days) to activate previous hM3D-mcherry-labelled

PVN neurons (Fig 4D). TH staining showed that chronically activat-

ing PVN neurons responding to restraint stress increased sympa-

thetic innervation in iWAT and eWAT (Fig 4E and F). Previous

studies showed that acute activation of the sympathetic outputs

in WAT induced lipolysis under cold exposure or fasting

(Zeng et al, 2015; Wang et al, 2020). Our data showed that

there was no significant difference in the serum free fatty acids

(FFA), the mass of WAT, food intake and body weight after chronic

restraint (Fig EV2A–E) or chronic activation of PVN paradigm

(Fig EV2F–J).
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PVN neurons responding to restraint stress increase
susceptibility to depressive-like behaviours and insulin resistance
under chronic restraint stress

We next explored whether repeatedly activating PVN neurons

responding to restraint stress also led to depression and insulin

resistance. Our results showed that only chronically activating PVN

neurons did not induce depressive-like behaviours evaluated by SPT

(Fig 4G) and FUST (Fig 4H), while additional 6 days of restraint

stress treatment following chronic PVN activation paradigm induced

depressive-like behaviours in hM3D group mice but not in mcherry

controls (Fig 4G–J). And our data suggested that chronically activat-

ing PVN neurons impaired glucose tolerance and insulin sensitivity

of hM3D group mice (Fig 4K and L). Collectively, these experiments

showed that chronically activating PVN neurons responding to

restraint achieved effects similar to those of chronic restraint stress,

enhancing sympathetic innervation in WAT, insulin resistance and

susceptibility to stress-induced depressive-like behaviours. We next

explored whether chronically activating the other brain areas that

were activated by restraint stress could achieve same effects as PVN.

Six days after PRV injection, the paraventricular thalamic nucleus

(PV) was not labelled by PRV-CAG-mRFP from eWAT (Fig EV3A

and C) or PRV-CAG-EGFP from iWAT (Fig EV3D and F), which was

activated by restraint stress (Fig EV3A, B, E and F). Chronically acti-

vating PV with the same viral approach than the PVN (Fig EV3G and

H) did not affect sympathetic innervation in WAT (Fig EV3I–L),

depressive-like behaviours (Fig EV4A–D) or insulin resistance

(Fig EV4E and F). These results highlighted the importance of PVN

in the increased sympathetic innervation, depressive-like behaviours

and insulin resistance induced by chronic restraint stress.

The PVN–sympathetic nerve–b-adrenergic receptor pathway is
involved in depression and insulin resistance induced by chronic
restraint stress

To further verify the role of PVN neurons responding to restraint

stress in depressive-like behaviours and insulin resistance induced

by chronic restraint stress, we specifically expressed hM4D in PVN

neurons activated under restraint stress (Fig 5A). Inhibition of those

labelled PVN neurons diminished the increased sympathetic inner-

vation in WAT induced by chronic stress (Fig 5B and C). With the

sympathetic innervation of WAT restored to the control level, both

the depression level (Fig 5D–G) and insulin sensitivity (Fig 5H and

I) were ameliorated in the hM4D group of mice. These data

suggested that PVN neurons activated by restraint were required for

the chronic stress-induced sympathetic innervation in WAT,

depressive-like behaviours and insulin resistance.

Our results revealed a correlation between increased sympathetic

innervation in WAT and depression and insulin resistance. In addi-

tion, previous studies have shown that the b-adrenergic receptors

located in the membranes of adipocytes mediate the regulation of

adipose tissue metabolic and endocrine functions by the SNS,

including lipolysis, thermogenesis and adipokine secretion (Zeng

et al, 2015; Schweizer et al, 2019; Wang et al, 2020). Together, these

findings raised the question of whether b-adrenergic signalling in

adipose tissue was required for chronic restraint stress-induced

depression and insulin insensitivity. To answer this question, we

used L748337 (5 lM, 10 ml/kg, intraperitoneal injection, once every

day), a b-adrenergic receptor antagonist, to block b-adrenergic sig-

nalling in adipose tissue during chronic restraint stress (Fig 6A).

L748337 did not influence the increased sympathetic innervation

induced by chronic restraint stress (Fig 6B and C), but ameliorated

the depressive-like behaviours (Fig 6D–G) and impaired insulin sen-

sitivity (Fig 6H and I). Taken together, these results suggest that the

brain–adipose circuit, PVN–sympathetic nerve–b-adrenergic recep-

tor pathway, serves an important role in depression and insulin

resistance induced by chronic restraint stress.

Regulation of adipokines related to depression and insulin
resistance under chronic restraint stress

Our results showed that chronic restraint stress increased sympa-

thetic innervation in WAT which raised the question of what physi-

ological changes in WAT occurred and which candidates

◀ Figure 1. Chronic restraint stress induces depressive-like behaviours and insulin resistance and increases sympathetic innervation of WAT.

A The experimental timeline.
B–E Chronic restraint stress induced depressive-like behaviours, as evaluated by sucrose preference test (SPT) (B, Mann–Whitney U-test, P < 0.0001), female urine

sniffing test (FUST) (C, two-tailed unpaired t-test, t(28) = 4.118, P = 0.0003) and forced swim test (FST) (D, two-tailed unpaired t-test, t(28) = 6.710, P < 0.0001), but
did not influence the locomotor activity (E, Mann–Whitney U-test, P = 0.8381).

F, G Insulin resistance was evaluated by glucose tolerance test (GTT) (F, left, fasting blood glucose level, two-tailed unpaired t-test with Welch’s correction,
t(15.29) = 5.277, P < 0.0001; middle, glucose tolerance test, subgroups, F(1, 26) = 38.06, P < 0.0001; time, F(4, 104) = 782.3, P < 0.0001; subgroups × treatment, F(4,
104) = 5.171, P = 0.0008; right, the area under the curve of GTT, two-tailed unpaired t-test, t(26) = 5.977, P < 0.0001) and insulin tolerance test (ITT) (G, left, insulin
tolerance test, subgroups, F(1, 26) = 22.59, P < 0.0001; time, F(5, 130) = 155.6, P < 0.0001; subgroups × treatment, F(5, 130) = 10.19, P < 0.0001; right, the area under
the curve of ITT, two-tailed unpaired t-test with Welch’s correction, t(17.46) = 3.707, P = 0.0017).

H Left, representative images of immunohistochemical staining of TH in iWAT; right, statistical analysis of the histological data, mean nerve fibre density (Mann–
Whitney U-test, P = 0.0012), mean nerve fibre length (two-tailed unpaired t-test, t(11) = 4.081, P = 0.0018) and mean branching points (two-tailed unpaired t-test,
t(11) = 6.637, P < 0.0001).

I Left, representative images of immunohistochemical staining of TH in eWAT; right, statistical analysis of the histological data, mean nerve fibre density (Mann–
Whitney U-test, P = 0.0221), mean nerve fibre length (two-tailed unpaired t-test, t(11) = 0.2241, P = 0.8268) and mean branching points (two-tailed unpaired t-test,
t(11) = 5.155, P = 0.0003).

Data information: Control group n = 15, restraint group n = 15 in (B–E); control group n = 13, restraint group n = 15 in (F) and (G); control group n = 6, restraint group
n = 7 in (H) and (I). Shapiro–Wilk test and F-test were used to test the normality and equal variance assumptions, respectively. Two-tailed t-tests were performed to
assess differences between two experimental groups with normally distributed data and equal variance. Two-tailed t-tests with Welch’s correction were used when a
two-sample comparison of means with unequal variances. For non-normally distributed data, Mann–Whitney U-tests were performed to compare two groups. For multi-
ple groups, two-way ANOVAs followed by Sidak multiple comparisons test were used. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001. Data are presented as means � SEM. Scale bar: H and I, 2000 lm.
Source data are available online for this figure.
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contributed to the development of depression and insulin resistance

under chronic restraint stress. In addition to playing a pivotal role in

glucose and lipid metabolism, adipose tissue is a highly active endo-

crine organ that secretes a large number of adipokines. These adipo-

kines are involved in diverse processes, including appetite control,

inflammation, insulin sensitivity and mood disorders (Fasshauer &

Bl€uher, 2015; Petersen & Shulman, 2018; Lee et al, 2019). RNA

sequencing results showed that some adipokines exerting beneficial

effects on insulin sensitivity decreased under chronic restraint

stress, including leptin, adiponectin, Angptl4 and Sfrp5 (Fig 7A, left

iWAT, right eWAT). The mRNA level of Fbn1 gene also decreased

(Fig 7A), encoding a proprotein which undergoes post-translational

proteolytic processing and generates two proteins, a mature fibrillin-

1 and C terminus asprosin. Romere et al (2016) have reported that

asprosin levels increase in insulin-resistant humans and mice, and

immunologic sequestration of asprosin could ameliorate insulin

resistance. ELISA (Fig 7B), Real-time PCR analysis (Fig 7C, upper

iWAT, lower eWAT) and western blotting (Fig 7D, upper iWAT,

lower eWAT) confirmed the RNA-seq results. Chronic activation of

PVN neurons responding to restraint stress achieved effects similar

to those of chronic restraint stress, while the expression of adipo-

nectin was unchanged in eWAT, even increased in iWAT (Fig 8A–

D). As the HPA axis is a major neuroendocrine system associated

with the stress response and links to the function of WAT in physio-

logic and in pathologic conditions, we assayed the expression of

corticotropin-releasing hormone (CRH) in the PVN, the serum adre-

nocorticotropin (ACTH) and corticosterone (CORT) levels, under

chronic restraint stress or PVN activation paradigms (Fig EV5). Our

results showed that chronic restraint treatment increased the serum

CORT level (Fig EV5E), while chronic activation of PVN did not

affect the serum CORT level (Fig EV5J). It is shown that CORT

inhibited the expression of adiponectin (Dang et al, 2017; Kaikaew

et al, 2019). These data indicated that increased CORT level may

account for the downregulation of adiponectin under chronic

restraint stress. Both leptin and adiponectin have been extensively

investigated, showing insulin sensitivity and antidepressant effects.

The serum levels of Angptl4 and Sfrp5 are negatively correlated

with insulin resistance, while asprosin is positively correlated with

insulin resistance. There is no research about the effect of Angptl4,

Sfrp5 and asprosin on mood disorders. Taken together, the findings

suggested that decreased levels of adipokines, including leptin,

adiponectin, Angptl4 and Sfrp5, may account for the depressive-like

behaviours and insulin resistance induced by chronic restraint

stress.

We next explored whether the sympathetic nerve–b-adrenergic
receptor mediated the expression regulation of the adipokines

mentioned above under chronic restraint stress. In vivo study

showed that blocking the b-adrenergic receptors by L748337

restored the expression of adipokines to the control level (Fig 9A

and B, upper iWAT, lower eWAT). Then, we performed in vitro

experiments in adipocytes differentiated from primary preadipo-

cytes. Adipose stem cells/preadipocytes were extracted and differen-

tiated into mature adipocytes (Fig 9C and D, left). We added

BRL37344 (a b-adrenergic receptor agonist) to the culture medium

to activate the b-adrenergic receptors. Real-time PCR analysis

(Fig 9C and D, right) showed that the expression of leptin, adipo-

nectin, Angptl4, Sfrp5 and Fbn1 decreased. Together, our results

show that the b-adrenergic receptor plays an important role in the

regulation of adipokine expression involved in depression and insu-

lin resistance under chronic restraint stress.

Roles of AP-1 proteins in the transcriptional regulation of
adipokines

We next explored the underlying molecular mechanism by which

chronic restraint stress regulated the expression of these adipokines,

leptin, adiponectin, Angptl4, Sfrp5 and fibrillin-1/asprosin. We

analysed the promoters of these genes (from �2,000 to +200) to

identify potential transcription factor (TF)-binding motifs using the

online bioinformatics software ALGGEN-PROMO and JASPAR

(Fig 10A). Among the predicted TFs by both PROMO and JASPAR,

we focussed on those whose expression changed, including c-Jun,

Junb, Jund, Myc, Ebf1 and PPARa (Fig 10B–G). c-Jun, Junb and

Jund belong to the activator protein-1 (AP-1) family, which includes

the Jun (c-Jun, Junb and Jund) and Fos (c-Fos, Fosl1, Fosl2 and

FosB) subfamilies (Shaulian & Karin, 2002; Wagner & Eferl, 2005).

The Jun proteins form both homodimers with other Jun-family

members and heterodimers with Fos proteins (Shaulian &

Karin, 2002; Wagner & Eferl, 2005), which raised the possibility that

the Fos proteins may also be involved in transcriptional regulation

of those adipokines mentioned above. RNA-seq and real-time PCR

analyses showed that the mRNA level of a member of Fos subfam-

ily, Fosl2, decreased in iWAT under chronic stress (Fig 11A) or

chronic activation of PVN (Fig 11C), but not changed in eWAT

(Fig 11B and D), which made it another transcriptional regulatory

candidate for further investigation.

We performed ChIP assays to verify the interaction between

those transcriptional regulatory candidates and their predicted bind-

ing motifs of target genes in our experimental system. There are two

predicted Fos:Jun DNA-binding motif and one Ebf1 DNA-binding

motif in the promoter region of leptin gene (Fig 12A, upper). The

ChIP results showed that the binding of candidate TFs (c-Jun, Junb,

◀ Figure 2. Time course of infection of spinal cord and brain by pseudorabies virus.

A–I The time course of infection of spinal cord and brain after PRV-mRFP injected into eWAT; A0–I0 , the time course of infection of spinal cord and brain after PRV-EGFP
injected into iWAT. (A and B) Photomicrograph illustrating the PRV-mRFP labelling in the spinal cord (thoracic vertebra T12-T8) 48 and 72 h after PRV-mRFP
injected into eWAT. (A0 and B0) Photomicrograph illustrating the PRV-EGFP labelling in the spinal cord (thoracic vertebra T12-T8) 48 and 72 h after PRV-EGFP
injected into iWAT.

C–F Photomicrograph illustrating the PRV-mRFP labelling in the hindbrain 3–6 days after PRV-mRFP injected into eWAT. (C0–F0) Photomicrograph illustrating the PRV-
EGFP labelling in the hindbrain 3–6 days after PRV-EGFP injected into iWAT, MVe: medial vestibular nucleus, IRt: intermediate reticular nucleus.

G–I Photomicrograph illustrating the PRV-mRFP labelling in the midbrain 3–5 days after PRV-mRFP injected into eWAT. (G0–I0) Photomicrograph illustrating the PRV-
EGFP labelling in the midbrain 3–5 days after PRV-EGFP injected into iWAT, PAG: periaqueductal grey, SNR: substantia nigra, reticular part.

Source data are available online for this figure.
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Figure 3. Time course of infection of hypothalamus by pseudorabies virus.

A–C Photomicrograph illustrating the PRV-mRFP labelling in the hypothalamus 3–5 days after PRV-mRFP injected into eWAT. (A0–C0) Photomicrograph illustrating the
PRV-EGFP labelling in the hypothalamus 3–5 days after PRV-EGFP injected into iWAT, PVN: paraventricular nucleus of hypothalamus.

D–F Photomicrograph illustrating the PRV-mRFP labelling in the hypothalamus 4–6 days after PRV-mRFP injected into eWAT. (D0–F0) Photomicrograph illustrating the
PRV-EGFP labelling in the hypothalamus 4–6 days after PRV-EGFP injected into iWAT, DMH: dorsomedial hypothalamus, VMH: ventromedial hypothalamus, ARC:
arcuate nucleus. Scale bar: 200 lm.

Source data are available online for this figure.
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Jund, Fosl2 and Ebf1) to corresponding DNA motifs decreased in

both iWAT and eWAT under chronic restraint stress (Fig 12A,

lower left), while chronically activating PVN neurons responding

to restraint stress achieved similar effect in iWAT, but not in

eWAT (Fig 12A, lower right). These ChIP results were consistent

with the decreased expression of leptin shown in Figs 7 and 8. In

the promoter region of Angptl4, there were two predicted Fos:Jun

DNA-binding motif and one Myc DNA-binding motif (Fig 12B,

upper). The ChIP results showed that the binding of AP-1 proteins

(c-Jun, Junb, Jund and Fosl2) to corresponding DNA motifs

decreased in both iWAT and eWAT under chronic restraint stress

(Fig 12B, lower left) and chronically activating PVN neurons

achieved similar effect in iWAT and eWAT (Fig 12B, lower right).

These ChIP results may explain the decreased expression of

Angptl4 shown in Figs 7 and 8. For Sfrp5, the binding of AP-1 pro-

teins (c-Jun, Junb, Jund and Fosl2) to corresponding DNA motifs

(Fig 12C, upper) decreased in both iWAT and eWAT, under

chronic restraint stress (Fig 12C, lower left) or chronically activat-

ing the PVN neurons (Fig 12C, lower right), along with decreased

expression of Sfrp5 (Figs 7 and 8). There are three predicted Fos:Jun

DNA-binding motif and one PPARa DNA-binding motif in the pro-

moter region of adiponectin gene (Fig 12D, upper). The binding of

AP-1 proteins (c-Jun, Junb, Jund and Fosl2) to corresponding DNA

motifs decreased in both iWAT and eWAT, while the binding of

PPARa increased (Fig 12D, lower left), under chronic restraint stress.

Chronically activating PVN neurons achieved similar effect in iWAT,

but not in eWAT (Fig 12D, lower right). Under chronic restraint

stress, the expression of adiponectin decreased in both iWAT and

eWAT (Fig 7), which indicated that the decreased binding of AP-1

proteins played a significant role in the expression regulation of

adiponectin under stress. While chronically activating the PVN neu-

rons, the expression of adiponectin increased in iWAT (Fig 8),

which indicated that the increased binding of PPARa served more

important role than AP-1 proteins in the expression regulation of

adiponectin in this situation. As shown in Fig 12E, the binding of

predicted TFs on the promoter of Fbn1 gene did not change. Overall,

the recruitment of the AP-1 family members (c-Jun, Junb, Jund and

fosl2) and Ebf1 to the predicted DNA motifs decreased, while that of

◀ Figure 4. Subset of neurons in PVN are activated by restraint stress and chronic activation induces depressive-like behaviours and insulin resistance.

A Diagram illustrating retrograde tracing virus injection and subsequent experiments.
B, C Both PRV-EGFP tracing from iWAT (B, left) and PRV-mRFP tracing from eWAT (C, left) colocalized with c-Fos in PVN neurons. The percentage of colocalization (B

and C, right).
D Upper, diagram illustrating virus injection in PVN and subsequent experiments; lower, mcherry and hM3D-mcherry expression in PVN.
E, F Immunohistochemical staining of TH in iWAT and eWAT (E and F, left). Statistical analysis of the histological data of iWAT and eWAT (E and F, right).
G–J Chronically reactivating hm3D-labelled PVN neurons increased susceptibility to stress-induced depressive-like behaviours, as evaluated by SPT (G, subgroups, F(1,

28) = 11.22, P = 0.0023; treatment, F(2, 56) = 17.57, P < 0.001; subgroups × treatment, F(2, 56) = 1.583, P = 0.2144), FUST (H, subgroups, F(1, 28) = 3.800, P = 0.0613;
treatment, F(1, 28) = 21.54, P < 0.001; subgroups × treatment, F(1, 28) = 4.162, P = 0.0509) and FST (I, two-tailed unpaired t-test, t(28) = 4.075, P = 0.0003), but did
not influence the locomotor activity (J, two-tailed unpaired t-test, t(28) = 0.1614, P = 0.8729).

K, L Chronically reactivating hM3D-labelled PVN neurons also induced insulin resistance evaluated by GTT (K, left, fasting blood glucose level, two-tailed unpaired t-test,
t(26) = 2.021, P = 0.0537; middle, glucose tolerance test, subgroups, F(1, 26) = 28.77, P < 0.0001; time, F(4, 104) = 1,195, P < 0.0001; subgroups × treatment, F(4,
104) = 8.362, P < 0.0001; right, the area under the curve of GTT, two-tailed unpaired t-test, t(26) = 5.274, P < 0.0001) and ITT (L, left, subgroups, F(1, 26) = 16.60,
P = 0.0004; time, F(5, 130) = 103.0, P < 0.0001; subgroups × treatment, F(5, 130) = 4.292, P = 0.0012; right, the area under the curve of ITT, two-tailed unpaired t-test
with Welch’s correction, t(17.85) = 5.124, P < 0.0001).

Data information: N = 5 in (B) and (C); mcherry group n = 6, hM3D group n = 6 in (E) and (F); mcherry group n ≥ 13, hM3D group n = 15 in (G–L). Shapiro–Wilk test and
F-test were used to test the normality and equal variance assumptions, respectively. Two-tailed t-tests were performed to assess differences between two experimental
groups with normally distributed data and equal variance. Two-tailed t-tests with Welch’s correction were used when a two-sample comparison of means with unequal
variances. For non-normally distributed data, Mann–Whitney U-tests were performed to compare two groups. For multiple groups, two-way ANOVAs followed by Sidak
multiple comparisons test were used. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as means � SEM. Scale
bar: B–D, 100 lm; E and F, 2,000 lm.
Source data are available online for this figure.

▸Figure 5. PVN neurons responding to restraint stress mediate sympathetic innervation in WAT, depressive-like behaviours and insulin resistance under

chronic restraint stress.

A Left, Diagram illustrating virus injection in PVN and subsequent experiments; right, representative images of mcherry and hM4D-mcherry expression in PVN.
B, C Representative images of immunohistochemical staining of TH in iWAT (B, left) and eWAT (C, left). Statistical analysis of the histological data of iWAT (mean nerve

fibre density (F(2, 17) = 46.51, P < 0.001), mean nerve fibre length (F(2, 17) = 13.75, P = 0.0003) and mean branching points (Kruskal–Wallis test, P = 0. 0009) (B, right)
and eWAT (mean nerve fibre density (Kruskal–Wallis test, P = 0. 0084), mean nerve fibre length (F(2, 19) = 0.1589, P = 0.8542) and mean branching points (F(2,
19) = 27.78, P < 0.0001) (C, right).

D–I Depression was evaluated by SPT (D, Kruskal–Wallis test, P < 0.0001), FUST (E, Kruskal–Wallis test, P < 0.0001), FST (F, Kruskal–Wallis test, P < 0.0001) and
locomotor activity (G, F(2, 44) = 2.511, P = 0.0928). Insulin resistance was evaluated by GTT (H, left, fasting blood glucose level, Kruskal–Wallis test, P = 0.0002;
middle, glucose tolerance test, subgroups, F(2, 40) = 36.63, P < 0.0001; time, F(4, 160) = 1,209, P < 0.0001; subgroups × treatment, F(8, 160) = 3.636, P = 0.0006; right,
the area under the curve of GTT, F(2, 40) = 36.60, P < 0.0001) and ITT (left, I, subgroups, F(2, 40) = 50.42, P < 0.0001; time, F(5, 200) = 276.8, P < 0.0001;
subgroups × treatment, F(10, 200) = 7.833, P < 0.0001; right, the area under the curve of ITT, F(2, 40) = 73.45, P < 0.0001). * for mcherry-restraint vs. mcherry, # for
hM4D-restraint vs. mcherry in (H) and (I).

Data information: mcherry group n = 6, mcherry-restraint group n ≥ 7, hM4D-restraint group n ≥ 7 in (B) and (C); mcherry group n ≥ 13, mcherry-restraint group
n ≥ 15, hM4D-restraint group n ≥ 15 in (D–I). Shapiro–Wilk test was used to test the normality. For three groups with normally distributed data, one-way analyses of
variance (ANOVAs) followed by Tukey’s multiple comparisons test were used. For non-normally distributed data, the Kruskal–Wallis test followed by Dunn’s multiple com-
parisons test was used. For multiple groups, two-way ANOVAs followed by Sidak multiple comparisons test were used. P < 0.05 was considered statistically significant.
*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ###P < 0.001. Data are presented as means � SEM. Scale bar: A 100 lm; B and C, 2000 lm.
Source data are available online for this figure.
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PPARa increased, under chronic restraint stress or chronic activation

of PVN neurons, indicating the potential roles of the predicted TFs

in regulating the expression of those adipokines. We next performed

in vitro experiments to further address this possibility. Our results

showed that T-5224, which inhibits the binding activity of AP-1 to

the DNA motifs, decreased the expression of leptin, adiponectin,

Angptl4 and Sfrp5 (Fig 13A). WY14643, a PPARa agonist, which

augments the recruitment of PPARa to the predicted PPAR response

element (PPRE), increased the expression of adiponectin (Fig 13B).

Collectively, the expression of AP-1 family members (c-Jun, Junb,

Jund and fosl2) decreased in our experimental system, inducing

downregulation of binding to their corresponding DNA motifs and

subsequent decreases in the expression of target genes. In contrast,

the expression of PPARa increased, resulting in augmented
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recruitment of PPARa to PPRE and thus enhancing the transcription

of adiponectin.

Discussion

The comorbidity of depression and insulin resistance is a major

challenge for health care worldwide, as the outcomes of both condi-

tions are worsened by the other. Previous studies have focussed on

the direction of association between depression and insulin resis-

tance and provided evidence for a bidirectional association (Stuart &

Baune, 2012; Moulton et al, 2015). Recently, many researchers have

made increasing efforts to uncover the shared biological pathways

that may simultaneously predispose patients to both depression and

insulin resistance. With this shift, researchers aim to find mecha-

nisms common to the development of both depression and insulin

resistance and thereby improve treatment and preventative strate-

gies. Prior studies have suggested some common mechanisms,

including HPA axis dysfunction, chronic inflammation and auto-

nomic dysfunction (Gangwisch, 2009; Stetler & Miller, 2011; Courtet

& Oli�e, 2012; Holt et al, 2014; Mahar et al, 2014; Westfall

et al, 2021; Wu et al, 2021).

WAT, receiving sympathetic nerve intervention, is not only the

major site of energy storage but also an active endocrine organ. A

large number of protein factors are released by adipocytes, which

are termed adipokines. Adipokines signal the functional status of

adipose tissue to targets in the brain, muscle, liver, pancreas,

immune system, vasculature, heart and other organs and tissues,

contributing to the regulation of appetite and satiety, fat distribu-

tion, insulin sensitivity, energy expenditure, endothelial function,

blood pressure, haemostasis, mood regulation and cognitive perfor-

mance. Dysregulation of adipokines has been implicated in insulin

resistance, depression, anxiety, cardiovascular disease and inflam-

mation (Fasshauer & Bl€uher, 2015; Romere et al, 2016; Chen

et al, 2018; Petersen & Shulman, 2018; Lee et al, 2019). The most

prominent and abundant adipokines are leptin and adiponectin.

Leptin is involved in the regulation of appetite, angiogenesis, insulin

sensitivity, depression, anxiety and cognition (Zhang & Chua

Jr, 2017), while adiponectin has insulin-sensitizing, antidepressant,

antidiabetic, antiatherogenic, anti-inflammatory and angiogenic

properties (Fang & Judd, 2018). Within the past few years, more

newly discovered adipokines have been found to participate in the

regulation of insulin sensitivity, such as chemerin, RBP4, omentin,

Nampt, Angptl4, Sfrp5, asprosin and Fgf21 (Fasshauer &

Bl€uher, 2015; Romere et al, 2016; Chen et al, 2018; Petersen

& Shulman, 2018; Lee et al, 2019; Gonzalez-Gil & Elizondo-

Montemayor, 2020; Sepandar et al, 2020; Yuan et al, 2020). There-

fore, alterations in adipokine secretion may link WAT dysfunction

to both depression and insulin resistance.

Diverse and chronic stresses disturb the internal homeostasis of

organs and tissues. Long-term disturbance of homeostasis has been

implicated in various disease states, including depression, neurode-

generative disorders, metabolic syndrome, insulin resistance, diabe-

tes and cardiovascular diseases (Chrousos, 2009; Joseph &

Golden, 2017; Branyan et al, 2018; Kostov & Halacheva, 2018;

Amadio et al, 2020; Price & Duman, 2020). In our study, chronic

restraint stress induced both depressive-like behaviours and insulin

resistance (Fig 1B–G). Next, we examined whether the adipose tis-

sue endocrine function changed and what candidates may be

responsible for the development of depression and insulin resistance

under chronic stress. Our previous research has shown that

decreased expression of adiponectin in WAT under chronic stress is

responsible for the cognitive dysfunction associated with depression

(You et al, 2021). In this study, our data showed that the expression

of several adipokines related to depression and insulin resistance

changed, including leptin, adiponectin, Angptl4, Sfrp5 and fibrillin-

1/asprosin (Fig 7A–D). Previous studies have reported that brain

leptin levels are significantly lower in depressive patients than in

healthy controls, which coincides with the antidepressant effects of

leptin in animal models of depression (Eikelis et al, 2006; Ge

et al, 2018). Both people with congenital leptin deficiency and

leptin-deficient ob/ob mice exhibit severe insulin resistance, while

leptin administration improves whole-body insulin sensitivity

(Moon et al, 2013; Chaurasia et al, 2021). Adiponectin levels

decrease in patients with depression (Hara et al, 2002), and adipo-

nectin haploinsufficiency has been found to increase susceptibility

to stress-induced depression in a mouse model (Liu et al, 2012).

Adiponectin has emerged as a potential therapy for T2DM, as it can

increase the insulin sensitivity of liver and skeletal muscle (Lin

et al, 2013). In addition to leptin and adiponectin, more recently

◀ Figure 6. b-adrenergic receptors are required for the induction of depressive-like behaviours and insulin resistance by chronic restraint stress.

A The experimental timeline.
B Left, representative images of immunohistochemical staining of TH in iWAT; right, statistical analysis of the histological data, mean nerve fibre density (Kruskal–

Wallis test, P = 0.0006), mean nerve fibre length (F(2, 19) = 8.808, P = 0.0020) and mean branching points (F(2, 19) = 12.39, P = 0.0002).
C Left, representative images of immunohistochemical staining of TH in eWAT; right, statistical analysis of the histological data, mean nerve fibre density (F(2,

19) = 5.631, P = 0.0120), mean nerve fibre length (F(2, 19) = 0.1791, P = 0.8374) and mean branching points (F(2, 19) = 11.98, P = 0.0004).
D–I Depression was evaluated by SPT (D, Kruskal–Wallis test, P < 0.0001), FUST (E, F(2, 44) = 16.24, P < 0.0001), FST (F, F(2, 44) = 12.18, P < 0.0001) and locomotor

activity (G, F(2, 44) = 1.482, P = 0.2383). Insulin resistance was evaluated by GTT (H, left, fasting blood glucose level, Kruskal–Wallis test, P = 0.0016; middle, glucose
tolerance test, subgroups, F(2, 42) = 13.61, P < 0.0001; time, F(4, 168) = 1,158, P < 0.0001; subgroups × treatment, F(8, 168) = 3.177, P = 0.0022; right, the area under
the curve of GTT, F(2, 42) = 11.49, P = 0.0001) and ITT (I, left, subgroups, F(2, 42) = 34.29, P < 0.0001; time, F(5, 210) = 442.7, P < 0.0001; subgroups × treatment, F(10,
210) = 9.277, P < 0.0001; right, the area under the curve of ITT, F(2, 42) = 93.23, P < 0.0001).

Data information: Control group n = 6, restraint group n = 8, restraint-L748337 group n = 8 in (B) and (C); control group n = 15, restraint group n = 15, restraint-
L748337 group n = 17 in (D–G); control group n = 13, restraint group n = 15, restraint-L748337 group n = 17 in (H) and (I). Shapiro–Wilk test was used to test the nor-
mality. For three groups with normally distributed data, one-way analyses of variance (ANOVAs) followed by Tukey’s multiple comparisons test were used. For non-
normally distributed data, the Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used. For multiple groups, two-way ANOVAs followed by Sidak mul-
tiple comparisons test were used. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as means � SEM. Scale bar: B
and C, 2,000 lm.
Source data are available online for this figure.
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Figure 7. Regulation of adipokines associated with depression and insulin resistance under chronic restraint stress.

A Heat map showing relative expression levels for the adipokines involved with insulin resistance under chronic restraint stress (left iWAT, right eWAT). Control group
(Con-1,2,3) n = 3, Restraint group (Res-1,2,3) n = 3.

B ELISA result showing decreased serum leptin level under chronic restraint stress. Control group n = 6, Restraint group n = 6.
C Real-time PCR analysis of leptin, Angptl4, Sfrp5, adiponectin and Fbn1 under chronic restraint stress (upper iWAT, lower eWAT).
D Representative immunoblots and quantification of Angptl4, Sfrp5 and adiponectin proteins (upper iWAT, lower eWAT).

Data information: control group n = 6, restraint group n = 6 in (B); control group n ≥ 6, restraint group n ≥ 6 in (C) and (D). Shapiro–Wilk test and F-test were used to
test the normality and equal variance assumptions, respectively. Two-tailed t-tests were performed to assess differences between two experimental groups with normally
distributed data and equal variance. Two-tailed t-tests with Welch’s correction were used when a two-sample comparison of means with unequal variances. For non-
normally distributed data, Mann–Whitney U-tests were performed to compare two groups. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001. Data are presented as means � SEM.
Source data are available online for this figure.
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Figure 8. Regulation of adipokines associated with depression and insulin resistance under chronic activation of PVN neurons responding to restraint stress.

A Heat map showing relative expression levels for the adipokines involved with insulin resistance after chronically activating PVN neurons responding to restraint stress
(left iWAT, right eWAT). Control group (mcherry-1,2,3) n = 3, hM3D group (hM3D-1,2,3) n = 3.

B ELISA result showing decreased serum leptin level.
C Real-time PCR analysis of leptin, Angptl4, Sfrp5, adiponectin and Fbn1 (upper iWAT, lower eWAT).
D Representative immunoblots and quantification of Angptl4, Sfrp5 and adiponectin (upper iWAT, lower eWAT).

Data information: mcherry group n = 6, hM3D group n = 6 in (B); mcherry group n ≥ 7, hM3D group n ≥ 7 in (C) and (D). Shapiro–Wilk test and F-test were used to test
the normality and equal variance assumptions, respectively. Two-tailed t-tests were performed to assess differences between two experimental groups with normally dis-
tributed data and equal variance. Two-tailed t-tests with Welch’s correction were used when a two-sample comparison of means with unequal variances. For non-
normally distributed data, Mann–Whitney U-tests were performed to compare two groups. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001. Data are presented as means � SEM.
Source data are available online for this figure.
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discovered adipokines, Angptl4, Sfrp5 and asprosin, have been

shown to be associated with energy homeostasis and insulin resis-

tance. The levels of circulating Sfrp5 are significantly lower in

insulin-resistant patients than in healthy controls, and Sfrp5�/�

mice display significant impairment in insulin sensitivity compared

with that of wild-type (WT) mice under high-fat/high-sucrose feed-

ing conditions (Ouchi et al, 2010; Hu et al, 2013). Xu et al (2005)

have reported that serum Angptl4 levels are significantly decreased

in patients with T2DM and that Angptl4 markedly improves insulin

sensitivity in a diabetic mouse model. However, another study

shows that Angptl4 plays a required role in glucocorticoid-induced

insulin resistance by promoting lipolysis in WAT (Chen et al, 2017).

Previous studies have shown that asprosin levels are elevated in

mice and human with insulin resistance and that intraperitoneal

injection of asprosin deteriorates insulin sensitivity and glucose

tolerance (Duerrschmid et al, 2017; Yuan et al, 2020). Further inves-

tigation is needed to illuminate their respective roles. The

depressive-like behaviours and insulin resistance are probably due

to the combined effects of those adipokines under chronic stress.

We further explored the biological pathway by which chronic

restraint stress regulated the expression of these adipokines and

subsequently induced depression and insulin resistance. Previous

studies have shown that adipose tissue function is organized by the

central nervous system through the regulation of sympathetic activ-

ity, including tissue homeostasis, lipolysis, thermogenesis and endo-

crine responses to various conditions (Zeng et al, 2015; Ryu &

Buettner, 2019; Wang et al, 2021). In our study, chronic restraint

stress increased sympathetic innervation in both iWAT and eWAT
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Figure 9. Activation of b-adrenergic receptor is required for the regulation of adipokines involved in depression and insulin resistance under chronic

restraint stress.

A–D Real-time PCR analysis (A, upper iWAT, lower eWAT) western blotting (B, upper iWAT, lower eWAT) showing blocking the b-adrenergic receptors by L748337 restored
the expression of adipokines to the control level. In vitro experiments showing activating the b-adrenergic receptors by BRL-37344 increased the expression of
adipokines (C and D). * for restraint vs. control, # for restraint vs. restraint-L748337 in (A) and B. control group n = 8, restraint group n = 8, restraint-L748337 group
n = 8 in (A); control group n = 10, restraint group n = 10, restraint-L748337 group n = 10 in (B); vehicle group n = 6, BRL-37344 group n = 6 in (C) and (D).
Shapiro–Wilk test and F-test were used to test the normality and equal variance assumptions, respectively. Two-tailed t-tests were performed to assess differences
between two experimental groups with normally distributed data and equal variance. Two-tailed t-tests with Welch’s correction were used when a two-sample
comparison of means with unequal variances. For three groups with normally distributed data, one-way analyses of variance (ANOVAs) followed by Tukey’s multiple
comparisons test were used. For non-normally distributed data, Mann–Whitney U-tests were performed to compare two groups, and the Kruskal–Wallis test
followed by Dunn’s multiple comparisons test was used for analysis of three groups. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001. Data are presented as means � SEM.

Source data are available online for this figure.
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(Fig 1H and I). We next investigated which brain regions regulated

sympathetic outflow into WAT under chronic restraint stress. To

address this issue, we performed retrograde polysynaptic tracing by

injecting PRV encoding enhanced green fluorescent protein (EGFP)

or monomeric red fluorescent protein (mRFP) into iWAT or eWAT,

respectively (Figs 2 and 3). The PVN was labelled by EGFP or mRFP

from iWAT or eWAT on the 4th day after PRV injection (Fig 4B and

C). Furthermore, we observed that the vast majority of those

labelled cells were activated by restraint stress (Figs 4B and C, and

EV1). Then, we assessed the roles of PVN neurons activated by

restraint stress for adipokine expression and subsequent depression

and insulin resistance using chemogenetic technology. We specifi-

cally expressed the excitatory hM3D in PVN-activated neurons by

restraint stress in Fos-CreERT2 mice. Repeatedly activating the

labelled PVN neurons increased sympathetic innervation (Fig 4E

and F) and achieved similar effects on the regulation of the expres-

sion of those adipokines, while the adiponectin was unchanged in

eWAT, even increased in iWAT (Fig 8A–D). Our data showed that

chronic restraint stress increased the serum level of CORT

(Fig EV5E), end-hormones of HPA axis, which inhibited the expres-

sion of adiponectin (Dang et al, 2017; Kaikaew et al, 2019). In the

PVN activation paradigm, there was no significant difference in

the serum level of CORT (Fig EV5J). Taken together, increased

CORT may play an important role in the downregulation of adipo-

nectin under chronic restraint stress.

The hM3D group mice displayed impaired insulin sensitivity and

susceptibility to stress-induced depressive-like behaviours (Fig 4G–

L). Inhibiting PVN neurons responding to restraint through the

CNO/hM4D system blocked the effect of chronic restraint stress on

sympathetic innervation (Fig 5B and C). Both the depressive-like

behaviours and insulin resistance induced by chronic restraint stress

were all ameliorated in the hM4D group (Fig 5D–I). The PV was

activated by restraint stress, but not traced by PRV from WAT

(Fig EV3A–F). Chronically activating the PV with the same viral

approach than the PVN (Fig EV3G and H) did not affect the sympa-

thetic innervation in WAT (Fig EV3I–L) or induce depressive-like

behaviours and insulin resistance (Fig EV4). These results

highlighted the importance of PVN in the increased sympathetic

innervation, depressive-like behaviours and insulin resistance

induced by chronic restraint stress. It is indicated that there are sev-

eral neuron types in the PVN that respond to stress, including preau-

tonomic neurons and corticotropin-releasing hormone (CRH)

neurons. The HPA axis activity is initiated through releasing CRH

response to stress. The end-hormones of HPA axis, CORT, are

involved in the occurrence and development of depression and insu-

lin resistance (Herman et al, 2016; Jiang et al, 2019). Our results

showed that chronic restraint treatment increased the serum CORT

level (Fig EV5E), which may account for the downregulation of

adiponectin. Taken together, these data suggested that both auto-

nomic and neuroendocrine compartments of PVN were involved in

mediating the effects of chronic restraint stress.

Furthermore, in vivo (Fig 9A and B) and in vitro (Fig 9C and D)

pharmacological experiments suggested that the b-adrenergic recep-

tor translated the sympathetic signal into intracellular responses

under chronic restraint stress. Together, these data delineate a

brain–adipose circuit, the PVN–sympathetic nerve–b-adrenergic
receptor pathway, that serves an important role in the depression

and insulin resistance induced by chronic stress.

We further explored the intracellular molecular mechanism by

which these adipokines were regulated in WAT under chronic

restraint stress. Based on the RNA-seq data and the predictions of

the online bioinformatics software (ALGGEN-PROMO and JASPAR),

we identified several potential TFs for further investigation, includ-

ing c-Jun, Junb, Jund, fosl2, Myc, Ebf1 and PPARa (Figs 10 and 11).

The ChIP–qPCR results confirmed the interactions between these

potential TFs and their predicted binding motifs in target genes.

More importantly, the results showed the changed strength of TF–

DNA interactions, indicating their potential roles in the regulation of

target gene expression in our experimental system (Fig 12A–E). The

binding of AP-1 family members (c-Jun, Junb, Jund and fosl2) and

Ebf1 to the predicted DNA motifs decreased, while that of PPARa
increased, under chronic restraint stress or chronic activation of

PVN neurons. To clarify the effects of TFs on the regulation

of adipokine expression, we performed pharmacological experi-

ments in cultured primary adipose cells. Our results demonstrated

that inhibiting the binding activity of AP-1 proteins resulted in

decreased expression of leptin, adiponectin, Angptl4 and Sfrp5

(Fig 13A), while augmenting the binding of PPARa to the predicted

PPAR response element increased the expression of adiponectin

(Fig 13B). Fretz et al’s study showed that Ebf1 knockout induces

decreased expression of leptin in eWAT but not in iWAT (Fretz

et al, 2010). This research indicates that Ebf1 may participate in the

downregulation of the expression of leptin, especially in eWAT,

when repeatedly activating PVN neurons responding to restraint

stress. Collectively, these data suggest that the AP-1 proteins (Jun,

Junb, Jund and Fosl2) play large roles in the downregulation of

those adipokines, while Ebf1 collaborates to regulate the expression

of leptin and PPARa antagonizes the decrease in adiponectin.

In conclusion, our data provide strong evidence that the PVN

neurons responding to restraint stress are involved in sympathetic

innervation of WAT under chronic stress and suggest that increased

sympathetic innervation in WAT is correlated with alterations in

◀ Figure 10. Identification of TF involved in the regulation of adipokines.

A Diagram showing the identification of potential transcription factor (TF) which may be involved in the regulation of adipokines under chronic restraint stress and
chronic activation of PVN by the online bioinformatics software (ALGGEN-PROMO and JASPAR) and RNA-seq data.

B–G Heat map showing relative expression levels for the predicted TFs under chronic restraint stress (B and C) or chronic activation of PVN neurons responding to
restraint stress (E and F). Real-time PCR analysis confirmed RNA-seq results of the predicted TFs (D and G).

Data information: control group n ≥ 6, restraint group n ≥ 6 for Real-time PCR in (B) and (C); mcherry group n ≥ 6, hM3D group n ≥ 6 for Real-time PCR in (D) and (G).
Shapiro–Wilk test and F-test were used to test the normality and equal variance assumptions, respectively. Two-tailed t-tests were performed to assess differences
between two experimental groups with normally distributed data and equal variance. Two-tailed t-tests with Welch’s correction were used when a two-sample compar-
ison of means with unequal variances. For non-normally distributed data, Mann–Whitney U-tests were performed to compare two groups. P < 0.05 was considered sta-
tistically significant. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as means � SEM.
Source data are available online for this figure.
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Figure 11. Expression of Fos proteins under chronic restraint stress or chronic activation of PVN neurons.

A–D MA-plot (abundance vs fold change) of significantly downregulated (green) and upregulated (red) genes (fold change ≥ 0.58 and P < 0.05) between the control and
restraint group (left, A and B) or mcherry and hM3D group (left, C and D). Real-time PCR analysis of Fos subfamily (c-Fos, Fosl1, Fosl2 and FosB) (right, A–D).

Data information: control group n = 8, restraint group n = 8 for Real-time PCR in (A–D). Shapiro–Wilk test and F-test were used to test the normality and equal variance
assumptions, respectively. Two-tailed t-tests were performed to assess differences between two experimental groups with normally distributed data and equal variance.
Two-tailed t-tests with Welch’s correction were used when a two-sample comparison of means with unequal variances. For non-normally distributed data, Mann–Whit-
ney U-tests were performed to compare two groups. P < 0.05 was considered statistically significant. **P < 0.01, ***P < 0.001. Data are presented as means � SEM.
Source data are available online for this figure.
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adipokine secretion, depressive-like behaviours and insulin resis-

tance. Our results identify a brain–adipose circuit, the PVN–sympa-

thetic nerve–b-adrenergic receptor pathway, that translates stress

stimuli into the adipocyte response, and clarify the intracellular

molecular mechanism by which the expression of adipokines is reg-

ulated. This study not only suggests that dysfunction of WAT endo-

crine function serves as a common pathogenesis for depression and

insulin resistance induced by chronic stress but also describes the

panoramic dynamic changes that occur from brain to adipose tissue,

providing potential intervention targets for improving prevention

and treatment.

Materials and Methods

Mice

C57BL/6J male mice were purchased from Pengyue laboratory

(Jinan, China), and Fos-CreERT2 mice (021882) were purchased

from the Jackson laboratory. The mice were housed in a tempera-

ture and humidity-controlled animal facility, which was maintained

on a 12 h light/dark cycle, food and water were given ad libitum.

The protocols of animal studies were approved by the Institutional

Animal Care and Use Committee of Binzhou Medical University

Hospital (20210808-1), and performed in compliance with the

National Institutes of Health Guide for the Care and Use of Labora-

tory Animals. All efforts were made to minimize animal suffering

and the number of animals used.

Drugs and antibody

The following primary antibodies were used: c-Fos (CST, #2250);

TH (Merck, AB152); Angptl4 (Thermo Scientific; 40-9800); Sfrp5

(Novus, NBP2-20331); adiponectin (R&D Systems, AF1119); c-Jun

(CST, #9165); Junb (Santa cruz, sc-8051); Jund (Merck,

HPA063029); Fosl2 (Merck, MABS1261); Myc (Santa cruz, sc-40);

Ebf1 (CST, #50752); PPARa (Rockland, 600-401-421); zbtb14

(Novus, NBP2-57846); Yy1 (Santa cruz, sc-7341); CRH (abcam,

ab272391); and b-Actin (CST, #4970). The used secondary anti-

bodies used, including Alexa Fluor 546, Goat anti-Rabbit (A-11035,

Life Technologies); Alexa Fluor 488, Goat anti-Rabbit (A-11008, Life

Technologies); IRDye� 800CW Donkey anti-Goat IgG (925-32214,

LI-COR Biosciences); and IRDye� 800CW Donkey anti-Rabbit IgG

(925-32213, LI-COR Biosciences). WY14643 was purchased from

◀ Figure 12. Binding of AP-1 proteins to the promoters of adipokines under chronic restraint stress or chronic activation of PVN neurons.

A–E ChIP assays showing the binding of AP-1 family members (c-Jun, Junb, Jund and fosl2), Ebf1, PPARa, Yy1 and Myc to the promoters of adipokines (A, leptin; B,
Angptl4; C, Sfrp5; D, adiponectin; E, Fbn1) under chronic stress or chronically activating PVN neurons.

Data information: N = 8 for each group in (A–E). Shapiro–Wilk test and F-test were used to test the normality and equal variance assumptions, respectively. Two-tailed
t-tests were performed to assess differences between two experimental groups with normally distributed data and equal variance. Two-tailed t-tests with Welch’s cor-
rection were used when a two-sample comparison of means with unequal variances. For non-normally distributed data, Mann–Whitney U-tests were performed to com-
pare two groups. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as means � SEM.
Source data are available online for this figure.
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Figure 13. Roles of AP-1 proteins in the transcriptional regulation of adipokines.

A, B In vitro experiments showing that inhibiting the binding activity of AP-1 proteins induced decreased expression of leptin, adiponectin, Angptl4 and Sfrp5, but did
not influence the expression of Fbn1 (A), and augmenting the recruitment of PPARa to PPRE increased the expression of adiponectin (B).

Data information: n ≥ 6 for each group in (F) and (G). Shapiro–Wilk test and F-test were used to test the normality and equal variance assumptions, respectively. Two-
tailed t-tests were performed to assess differences between two experimental groups with normally distributed data and equal variance. Two-tailed t-tests with Welch’s
correction were used when a two-sample comparison of means with unequal variances. For non-normally distributed data, Mann–Whitney U-tests were performed to
compare two groups. P < 0.05 was considered statistically significant. **P < 0.01, ***P < 0.001. Data are presented as means � SEM.
Source data are available online for this figure.
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Abcam (ab141142) and dissolved in DMSO to a storage solution of

100 mM; L748337 was purchased from Tocris Bioscience (#2760)

and dissolved in DMSO to a storage solution of 50 mM; BRL-37344

was purchased from Santa cruz (sc-200154) and dissolved in dis-

tilled water to a storage solution of 100 mM; T5224 was purchased

from MCE (HY-12270) and dissolved in DMSO to a storage solution

of 100 mM. All drugs would be further diluted to the desired final

concentration.

Stereotaxic surgery

Before microinjection of virus, mice were anaesthetized and

mounted onto a stereotaxic frame (KOPF, USA). For retrograde

labelling of neurons in the brain, an incision was made above the

thigh to expose iWAT or above the hypogastrium region to expose

eWAT. PRV-CAG-EGFP or PRV-CAG-mRFP (BrainVTA, China) was

bilaterally injected into iWAT (each side: 0.2 ll/locus, 1.6 ll total)
or eWAT (each side: 0.2 ll/locus, 1.6 ll total), respectively. AAV-
DIO-hm3D-mcherry, AAV-DIO-hm4D-mcherry and AAV-DIO-

mcherry were purchased from Shanghai Hanheng Biotechnology,

China. These viruses were injected bilaterally into PVN (coordinate:

AP �0.80 mm, ML � 0. 25 mm, DV �4.90 mm; flow rate of

0.10 ll/min and total volume of 0.50 ll (0.25 ll/side)).

Western blot assay

Mice were decapitated rapidly and adipose tissue was quickly dis-

sected. Adipose tissue was lysed in lysis buffer (Beyotime, P0013B)

and centrifuged at 10,000 g for 20 min at 4°C. The supernatant

beneath lipid was collected and subjected to western blotting.

Images were captured and quantitatively analysed with Odyssey Sa

Quantitative Infrared Imaging System (LI-COR Biosciences).

ELISA

Mice were decapitated rapidly, and trunk blood was transferred to

1.5 ml tube containing 20 ll of 0.5% EDTA and then centrifuged at

3,000 g for 5 min at 4°C. The supernatant was transferred to a new

1.5 ml tube and stored at �80°C. Serum Leptin, ACTH and CORT

were determined by ELISA method according to the manufacturer’s

instructions. Mouse ACTH ELISA Kit (Elabscience, E-EL-M0079c),

QuicKey Pro Mouse CORT ELISA Kit (Elabscience, E-OSEL-M0001),

Mouse Leptin/LEP ELISA Kit (BOSTER Biological Technology,

EK0438).

FFA detection

Mice were decapitated rapidly, and trunk blood was transferred to

1.5 ml tube containing 20 ll of 0.5% EDTA and then centrifuged at

3,000 g for 5 min at 4°C. The supernatant was transferred to a new

1.5 ml tube and stored at �80°C. Serum FFA contents were quanti-

fied using a free fatty acid kit according to the manufacturer’s

instructions (Solarbio Life Science, BC0595).

qRT–PCR

Total RNA from the WAT (iWAT or eWAT) or hypothalamus was

extracted with TRIzol (Thermo scientific, Cat: 15596018) and

was reverse transcripted into cDNA using RevertAid First Strand

cDNA Synthesis Kit (Thermo ScientificTM, Cat: K1622). qRT–PCR

was performed using the AceQ qPCR SYBR Green Master Mix

(Vazyme Biotech, Cat: Q141-02) and StepOnePlusTM Real-Time PCR

System (Applied Biosystems). The primer sequences used for qRT–

PCR were as follows: leptin, forward-50-AAGGGGCTTGGGTTTTTCC
A-30, reverse-50-CAGACAGAGCTGAGCACGAA-30; Angptl4, forward-

50-AGCTCATTGGCTTGACTCCC-30, reverse-50-GAAGTCCACAGAGC
CGTTCA-30; Sfrp5, forward-50-CTGGACAACGACCTCTGCAT-30,
reverse-50-TCGGTCCCCGTTGTCTATCT-30; adiponectin, forward-

50-CAGGCATCCCAGGACATCC-30, reverse-50-CCAAGAAGACCTGC
ATCTCCTTT-30; Fbn1, forward-50-CCGAGTGCAAGCAGTAGGTT-30,
reverse-50-AGCACCATTACAAACCCTCACA-30; c-Jun, forward-

50-GGGAGCATTTGGAGAGTCCC-30, reverse-50-TTTGCAAAAGTTCG
CTCCCG-30; Junb, forward-50-AGGCAGCTACTTTTCGGGTC-30,
reverse-50-GCGTCACGTGGTTCATCTTG-30; Jund, forward-50-TACG
CAGTTCCTCTACCCGA-30, reverse-50-AAACTGCTCAGGTTGGCG
TA-30; Fosl2, forward-50-ATCCCCACAATCAACGCCAT-30, reverse-50-
TCTCTCCCTCCGGATTCGAC-30; Fosl1, forward-50-TCATCTGGAG
AGGTGGGTCC-30, reverse-50-CCCGTAGTCTCGGTACATGC-30; FosB,
forward-50-AGCTAAGTGCAGGAACCGTC-30, reverse-50-ACTTGAAC
TTCACTCGGCCA-30; c-Fos, forward-50-TACTACCATTCCCCAGCC
GA-30, reverse-50-GCTGTCACCGTGGGGATAAA-30; Myc, forward-50-
CGACTACGACTCCGTACAGC-30, reverse-50-GTAGCGACCGCAACA
TAGGA-30; Ebf1, forward-50-TGGAACATGCAGCTACTCCC-30,
reverse-50-GTGTCTGAACTCGGATGGCA-30; PPARa, forward-50-
TGCCTTCCCTGTGAACTGAC-30, reverse-50-TGGGGAGAGAGGACA
GATGG-30; CRH, forward-50-CAACCTCAGCCGGTTCTGAT-30,
reverse-50-GGAAAAAGTTAGCCGCAGCC-30; b-Actin, forward-50-
AGCCATGTACGTAGCCATCC-30, reverse-50-TGTGGTGGTGAA
GCTGTAGC-30. The housekeeping gene b-tubulin was used as a ref-

erence gene for normalization of gene expression, and the 2�DDCt

method was used to calculate the relative gene expression (Livak &

Schmittgen, 2001).

Chromatin immunoprecipitation (ChIP)

Mice were decapitated rapidly, and iWAT or eWAT was collected

and chopped into small chunks with fine scissors and then trans-

ferred to a 5 ml tube (iWAT or eWAT of one mice/one tube).

Adding 4 ml ice-cold PBS containing 1% formaldehyde and added

250 ll glycine solution (2 M) 15 min later. Washing with ice-cold

PBS and transferring WAT to a new 5 ml tube. Adding 4 ml nuclear

lysis buffer and homogenizing on ice, centrifuging at 10,000 g for

5 min at 4°C. Transferring the supernatant beneath lipid to a new

5 ml tube and getting DNA fragments using ultrasonication. Cross-

linked chromatin was immunoprecipitated with antibodies (c-Jun,

Junb, Jund, Fosl2, Myc, Ebf1, PPARa, zbtb14 and Yy1) and the

immunoprecipitated samples were subsequently subjected to qPCR.

The primer sequences used were as follows: leptin, Fos::Jun

(�1,463 – �1,456): forward-50-GCATCCGCTAGAAAGTCCCA-30,
reverse-50-CCGGCTGTGCACTTCACTAT-30; Fos::Jun (�1,233 –

�1,227): forward-50-AGCAGGGCCTATGCAAAACA-30, reverse-50-
CCCGTCTCTTATGGGCGTTC-30; Ebf1 (�277 – �268): forward-50-
CCTCTGAGCAGCCAGGTTAG-30, reverse-50-GCGGTAGTTTAAG-
GACGGGT-30. Angptl4, Fos::Jun (�1,677 – �1,665):

forward-50-GCCTTGAGGCATGCAGTTTC-30, reverse-50-AAGCCTGG-
CACAGAAAACCT-30; Fos::Jun (�1,100 – �1,045): forward-50-
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GACTGTTTTAAATTGTGTGC-30, reverse-50-GTGAAGTTCCAGGCCAT
CCA-30; Myc (+45 – +56): forward-50-CGTCCTGATTTGTACGCCCT-
30, reverse-50-CAAGGCAGAAGTTTGCCCAC-30. Sfrp5, Fos::Jun

(�1,646 – �1,652): forward-50-GTAGTTGGGAAAGAGGGGGC-30,
reverse-50-GGGATGGGATGCCTCTGATG-30; Fos::Jun (�1,077 –

�1,033): forward-50-CTGCTTGGAGGACAGAAGCA-30, reverse-50-GG
ATTTGGAGACGTGGGGTT-30; Myc (�1,948 – �1,937): forward-50-
CTCGTCCCTGTGAGCATCTG-30, reverse-50-GCCCCCTCTTTCCCAAC
TAC-30. adiponectin, Fos::Jun (�1,682 – �1,671): forward-50-
GCCTTGGGTCTGTGTCTCTC-30, reverse-50-GGAGCAGGGGCTT-
TACCTAC-30; Fos::Jun (�1,210 – �1,199): forward-50-TGGGGTCA-
CAACTAACAGCC-30, reverse-50-CCAAGCATCTGCTTCCTCCA �30;
Fos::Jun (�300 – �293): forward-50-ATGCCTGAACCACACAGCTT-
30, reverse-50-ACCTCCCTTTCCCATAAGTT-30; PPARa (�192 –

�175): forward-50-GAGGTCTCCTGACCCCTGAA-30, reverse-50-
TTCCAGGCTTTGGCCATTCT-30. Fbn1, Fos::Jun (�1,543 – �1,528):

forward-50-ATCATCTAAGCAGTGCCCCG-30, reverse-50-GGCCCACG-
GATGAATCAGAA-30; Fos::Jun (+113 – +118): forward-50-
ATGTAAGCACCAGGAGAAGA-30, reverse-50-CTAGGTCACATTTTA-
GAAAT-30; Yy1 (�1,090 – �1,079): forward-50-TGAGGCGTGGTC-
CATTTTGA-30, reverse-50-CAGGGACTCCAGTCACCAAC-30; zbtb14

(�453 – �442): forward-50-CCAGACAGCAGAAGACTGGG-30,
reverse-50-CGAGATTCCCGCGATCAGAA-30; zbtb14(�99 – �85):

forward-50-GATCCTGCGAATGAGGGAGG-30, reverse-50-CAGTCTCT
GCCCCAACTCTG-30.

Immunostaining

Mice were anaesthetized and transcardially perfused with cold PBS

and 4% paraformaldehyde (PFA) sequentially, and then brain were

collected. Coronal sections (40 lm) containing the target brain

region were obtained using a freezing microtome (Leica, CM1950).

After immunostaining with the antibody c-Fos (CST, #2250), images

were captured by the Olympus FV10 confocal system (Olympus).

The immunopositive cells were counted manually by experimenters

who were blind to the treatments.

Whole-mount immunostaining and clearing of adipose tissue

Mice were anaesthetized and transcardially perfused with cold PBS

and 4% paraformaldehyde (PFA) sequentially. All harvested sam-

ples were maintained in 4% PFA at 4°C overnight. Adipose tissue

immunostaining and clearing was performed with slightly modified

protocol as described previously (Chi et al, 2018). Briefly, adipose

tissue was washed in ice-cold PBS for 1 h first and subsequently

processed through dehydration, delipidation and permeabilization.

Following 6-day incubation with primary anti-TH antibodies (1:600;

Merck, AB152), adipose tissue was further stained with secondary

antibodies (Alexa Fluor 546) for another 5 days. After an overnight

clearing step in dibenzyl ether (DBE; Sigma-Aldrich, Cat: 33630),

adipose tissue samples were imaged on the light-sheet microscopy

(LS18, Nuohai, Shanghai, China), and subsequent 3D reconstruction

and analysis were performed with Imaris software.

Sucrose preference test (SPT)

Mice were habituated to drinking water from two bottles for 1 week

before beginning testing. Mice had free choice of either drinking 1%

sucrose solution or water for the first 2 h of the dark cycle. Sucrose

preference was calculated as the ratio of the mass of sucrose con-

sumed versus the total mass of sucrose and water consumed during

the test.

Female urine sniffing test (FUST)

The female urine sniffing test was used to assess sex-related reward-

seeking behaviour and performed as previously described

(Malkesman et al, 2010). On the experimental day, male mice were

subjected to the following test procedure: 1. 3-min exposure to the

cotton tip dipped in water; 2. 45-min interval; and 3. 3-min exposure

to the cotton tip infused with fresh urine from female mice in the

oestrus phase. The duration of female urine sniffing time was scored

by experimenters who were blind to treatments.

Forced swim test (FST)

The Plexiglas cylinder used for this test was 25 cm high and 10 cm

in diameter. Each mouse was placed in a Plexiglas cylinder with

water at a 15 cm depth (24°C) for 6 min, which was recorded by a

camera directly above. The duration of immobility during the last

4 min was measured by experimenters who were blind to treat-

ments. Immobility was defined as no movements except those that

maintain their head above water for respiration.

Locomotor activity

This test was performed in SuperFlex open field cages

(40 × 40 × 30 cm, Omnitech Electronics Inc., Columbus, OH), and

mice were allowed to freely explore for 30 min. The total distance

travelled was quantified using Fusion software (Omnitech Electron-

ics Inc., Columbus, OH).

Glucose tolerance test (GTT)

This test was used to detect pathological changes in glucose metabo-

lism which are associated with diabetes and metabolic disease. After

16 h of fasting, about 5 ll blood from the tail vein was collected,

and the glucose concentration was monitored with glucose test strip

representing baseline (time = 0, fasting blood glucose). Then, mice

received intraperitoneal injection of 20% glucose (2 g glucose/kg).

Routinely, blood glucose concentrations were measured at 30, 60,

90 and 120 min after glucose administration.

Insulin tolerance test (ITT)

This test was used to measure the insulin sensitivity. After 4 h of

fasting (from 9 am to 1 pm), blood from the tail vein was collected

and measured (time = 0, baseline). Subsequently, mice were injected

with the diluted insulin (0.5 U/kg) and blood glucose concentration

was measured at 15, 30, 60, 90 and 120 min after insulin injection.

Primary adipocyte culture and chemical treatment

The stromal vascular fraction (SVF), containing adipose stem

cells/preadipocytes, was isolated from iWAT or eWAT as previ-

ously described (Aune et al, 2013; Poret et al, 2021). Briefly, iWAT
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or eWAT of 8–10 weeks C57BL/6J male mice was collected

quickly and chopped into small chunks in ice-cold PBS. Adipose

tissue was digested with Collagenase D (1.5 U/ml, Roche, Cat:

11088858001) and Dispase II (2.4 U/ml, Sigma-Aldrich,

Cat: D4693) at 37°C for 1 h. The digestions were stopped with

DMEM/F12 containing 10% FBS and centrifuged at 1,000 g for

10 min. The precipitation pellet was SVF. Resuspended the pellet

and filtered through 70-lm filters (Beyotime, FSTR070). Subse-

quently, transferred the filtrate to culture dish with DMEM/F12

containing 10% FBS. 3–4 days later, changed the medium to

induction medium (DMEM (high glucose), 10% FBS, indomethacin

(125 lM), dexamethasone (2 lg/ml), 3-Isobutyl-1-methylxanthine

(0.5 mM), Rosiglitazone (1 lM), insulin (10 lg/ml)). Changed the

induction medium every 3 days. About 18 days later, preadipo-

cytes were fully differentiated to mature fat cells (oil red staining

(Solarbio Life Science, G1262), Fig 9C and D). Changed the

medium to DMEM (high glucose) containing 10% FBS and added

WY14643(final concentration in culture medium, 1 lM), BRL-

37344 (final concentration in culture medium, 1.5 lM) or T5224

(final concentration in culture medium, 5 lM). Forty-eight hours

later, collected the cell for subsequent experiments.

RNA-Seq

Total RNA was extracted from iWAT or eWAT using TRIzol reagent

according to the manufacturer’s instructions for Illumina sequenc-

ing. mRNA was isolated using the poly-T oligo-attached magnetic

beads prior to RNA-seq library preparation. The gene expression

and changes were analysed using StringTie. MA-plot analyses and

heat map of gene expression levels were performed using the Omic-

Share tools (https://www.omicshare.com/tools) and BMK Cloud

(www.biocloud.net).

Statistical analyses

Statistical analysis was performed with GraphPad Prism software.

Data are presented as mean � standard error of mean (S.E.M.).

Shapiro–Wilk test and F-test were used to test the normality and equal

variance assumptions, respectively. Two-tailed t-tests were performed

to assess differences between two experimental groups with normally

distributed data and equal variance. Two-tailed t-tests with Welch’s

correction were used when a two-sample comparison of means with

unequal variances. For three or more groups with normally distributed

data, one-way analyses of variance (ANOVAs) followed by Tukey’s

multiple comparisons test were used. For non-normally distributed

data, Mann–Whitney U-tests were performed to compare two groups,

and the Kruskal–Wallis test followed by Dunn’s multiple comparisons

test was used for analysis of three or more groups. For multiple

groups, two-way ANOVAs followed by Sidak multiple comparisons

test were used. P < 0.05 was considered statistically significant.

Data availability

The RNA-seq data have been deposited to Gene Expression Omni-

bus (GEO) database with the accession code GSE216370 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE216370). All data

generated in this study are included in this article. Source data are

provided with this paper or upon request from the corresponding

authors.

Expanded View for this article is available online.
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