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Abstract
Obesity is driven by an imbalance between caloric intake and energy expendi-
ture, causing excessive storage of triglycerides in adipose tissue at different sites 
around the body. Increased visceral adipose tissue (VAT) is associated with dia-
betes, while pericardial adipose tissue (PAT) is associated with cardiac pathology. 
Adipose tissue can expand either through cellular hypertrophy or hyperplasia, 
with the former correlating with decreased metabolic health in obesity. The aim 
of this study was to determine how VAT and PAT remodel in response to obesity, 
stress, and exercise. Here we have used the male obese Zucker rats, which car-
ries two recessive fa alleles that result in the development of hyperphagia with 
reduced energy expenditure, resulting in morbid obesity and leptin resistance. At 
9 weeks of age, a group of lean (Fa/Fa or Fa/fa) Zucker rats (LZR) and obese (fa/
fa) Zucker rats (OZR) were treated with unpredictable chronic mild stress or ex-
ercise for 8 weeks. To determine the phenotype for PAT and VAT, tissue cellular-
ity and gene expression were analyzed. Finally, leptin signaling was investigated 
further using cultured 3T3- derived adipocytes. Tissue cellularity was determined 
following hematoxylin and eosin (H&E) staining, while qPCR was used to exam-
ine gene expression. PAT adipocytes were significantly smaller than those from 
VAT and had a more beige- like appearance in both LZR and OZR. In the OZR 
group, VAT adipocyte cell size increased significantly compared with LZR, while 
PAT showed no difference. Exercise and stress resulted in a significant reduction 
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1  |  INTRODUCTION

Exposure to chronic psychosocial stress with sustained 
hyperactivity of the endocrine stress system has been im-
plicated in visceral obesity,1 insulin resistance,2 and the 
development of diabetes mellitus.3 The visceral adipose 
tissue (VAT) involved in these metabolic pathologies is 
those which surround the abdominal organs, particu-
larly the perigonadal region, as well as the retroperito-
neal fat pads located on the kidneys, and the mesenteric 
fat pad located alongside the intestinal tract. In response 
to chronic psychosocial stress, the persistent release of 
cortisol leads to overeating, reduced lipid mobilization, 
increased adipocyte differentiation, and obesity despite 
high circulating leptin concentrations.4,5 However, the 
visceral fat depot around the heart has not been stud-
ied in detail. This fat depot is referred to as pericardial 
adipose tissue (PAT). PAT is distinct from epicardial ad-
ipose (EAT) in that it does not make physical contact 
with the heart muscle but is separated by the pericardial 
sac. Little is known about the impact of chronic psycho-
social stress on PAT phenotype. Computed tomography 
(CT) scanning showing the presence of PAT in humans 
shows an increased volume in response to a poor diet,6 
as well as in patients with type 2 diabetes mellitus.7 It 
has been suggested that the mechanical effects of in-
creased PAT thickness may limit the distensibility of the 
heart even in healthy subjects with normal cardiac func-
tion and could contribute to diastolic dysfunction.8 It 
was demonstrated in obese minipigs that PAT exhibits a 

different fatty acid profile9 and a higher level of inflam-
matory adipokines including leptin and lipid peroxides 
than VAT which are all associated with the severity of 
myocardial fibrosis.10 Therefore, excessive amounts of 
PAT may have a direct impact and modulate the struc-
ture, as well as the function, of the adjacent myocar-
dium through paracrine signaling.11,12

Specifically, the change in adipokine profiles from anti- 
inflammatory to proinflammatory adipokines influences 
cardiac function.13 Studies have reported a strong rela-
tionship between PAT volumes with the incidence of coro-
nary artery disease,14,15 however, little is known about the 
adipokines produced by PAT in clinical settings. A study 
reported that PAT from the patients with chronic valvular 
heart disease expressed high levels of uncoupling protein 1 
(UCP1) which is mainly expressed in brown adipose tissue, 
and acts in thermogenesis, the regulation of energy expen-
diture, but is markedly reduced in PAT from patients with 
coronary artery disease.16 In addition, the transcriptome of 
PAT from patients with CAD revealed an upregulation of 
genes involved in immune and inflammatory processes.14,17

Exercise training has shown numerous beneficial ef-
fects on adipose tissue health in rodents18 and humans.19 
In well- conditioned athletes, the mass of adipose tissue 
accounts for 2% to 3% of body weight, suggesting the ben-
eficial role of exercise in reducing fat mass.20 A clinical 
study demonstrated that aerobic exercise significantly re-
duced the total body fat mass and increased muscle mass 
in overweight women after 12 weeks of training.21 Some 
other studies from rodents demonstrated that exercise 

in VAT cellularity in OZR, while PAT showed no change. This suggests that PAT 
cellularity does not remodel significantly compared with VAT. These data indi-
cate that the extracellular matrix of PAT is able to remodel more readily than in 
VAT. In the LZR group, exercise increased insulin receptor substrate 1 (IRS1) 
in PAT but was decreased in the OZR group. In VAT, exercise decreased IRS1 
in LZR, while increasing it in OZR. This suggests that in obesity, VAT is more 
responsive to exercise and subsequently becomes less insulin resistant compared 
with PAT. Stress increased PPAR- γ expression in the VAT but decreased it in the 
PAT in the OZR group. This suggests that in obesity, stress increases adipogenesis 
more significantly in the VAT compared with PAT. To understand the role of 
leptin signaling in adipose tissue remodeling mechanistically, JAK2 autophos-
phorylation was inhibited using 5 μM 1,2,3,4,5,6- hexabromocyclohexane (Hex) 
in cultured 3T3- derived adipocytes. Palmitate treatment was used to induce cel-
lular hypertrophy. Hex blocked adipocyte hypertrophy in response to palmitate 
treatment but not the increase in lipid droplet size. These data suggest that lep-
tin signaling is necessary for adipocyte cell remodeling, and its absence induces 
whitening. Taken together, our data suggest that leptin signaling is necessary for 
adipocyte remodeling in response to obesity, exercise, and psychosocial stress.
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training increased mitochondrial biogenesis in visceral22 
and subcutaneous adipose tissue.23

The beneficial effects of exercise training are not lim-
ited to weight loss and maintenance, but their positive 
impact on reducing the symptoms and risk of depression 
and anxiety has also been documented in humans.24,25 
However, the mechanisms behind the effects of exercise 
on physiological adaptation to psychosocial stress are lim-
ited. It has been reported that the physiological adaptation 
to exercise and psychosocial stress shares the similarities 
of hyperactivity of the hypothalamic–pituitary–adrenal 
axis.26 In this study, we investigated the differential ef-
fects of obesity, exercise training, and chronic psychoso-
cial stress on the VAT and PAT phenotype in obese Zucker 
rats to determine the potential role of leptin signaling.

2  |  MATERIALS AND METHODS

2.1 | Animal study

The aerobic exercise training and unpredictable chronic 
mild stress protocols were performed in the animal care 
facility at the West Virginia University Health Science 
Centre (WVUHSC), United States of America. It was ap-
proved by the WVUHSC Animal Care and Use Committee, 
which follows the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals as re-
ported in the previous publication.27 Male lean (LZR) and 
obese (OZR) rats of the Zucker strain aged 16–17 weeks 
were used for this study. At 8–9 weeks of age, LZR and 
OZR were divided into four separate experimental groups 
with at least 14 rats per group: (1) age- matched controls; 
(2) unpredictable chronic mild stress (UCMS); (3) tread-
mill exercise (Ex); or (4) UCMS with treadmill exercise 
(UCMS/Exercise). VAT and PAT tissues were collected at 
the end of the experiment and stored at - 80°C prior to use.

2.1.1 | UCMS protocol

The UCMS protocol is a well- defined model to induce a 
depressive state in rodents.28 Rodents undergoing UCMS 
manifest with clinically relevant depressive symptoms 
such as anhedonia and learned helplessness28 with altera-
tions in brain structure and function parallel to clinical 
depression.29 Rats were singly housed in UCMS groups 
and exposed to the following mild environmental stress-
ors in randomly chosen sequences for 8 h each day, 5 days/
week, over the course of 8 weeks: Damp bedding—10 oz. of 
water was added to each standard cage, bath—all bedding 
was removed and ~0.5 inches of water was added to empty 
cage, water temperature was room temperature, ~24°C, 

cage Tilt—cage was tilted to 45 degrees without bedding, 
social stress—each rat was switched into a cage of a neigh-
boring rat, no bedding—all bedding was removed from the 
cage, alteration of light/dark cycles—turning lights off/on 
in random increments for scheduled period.

2.1.2 | UCMS and exercise 
combination protocol

LZR UCMS/Ex and OZR UCMS/Ex underwent 8 weeks 
of treadmill running. Animals ran 5 days/week in indi-
vidual lanes on a motor- driven treadmill at a 5% grade. 
During the first week, animals were acclimatized to the 
treadmill by progressively increasing running time form 
20 min until a duration of 60 min was achieved. A maxi-
mum speed test was then performed on each animal and 
target running speed was set for 60%–70% of that maxi-
mum. Workouts for the following 7 weeks were 60 min in 
duration and consisted of 15 min of gradual increases in 
speed until reaching target speed, which was maintained 
for remaining 45 min. Mild electrical stimulation was used 
to encourage running. Treadmill running was performed 
first thing in the morning immediately followed by subjec-
tion to the UCMS protocol as described above.

2.1.3 | Coat score

The rodents' coat scores were evaluated throughout the 
duration of the 8- wk protocol. Each week, the rats were 
weighed and inspected for grooming habits. The total cu-
mulative coat score was computed by giving an individual 
score of 0 (clean) or 1 (dirty) to eight different body parts 
(i.e., the head, neck, back, forelimbs, stomach, hind limbs, 
tail, and genitals).

2.1.4 | Terminal procedures

Terminal procedures were performed a minimum of 48 h 
following the last bout of Ex or UCMS to eliminate the 
acute effects of Ex or UCMS on experiments. At time of 
terminal procedures, animals were weighed then deeply 
anesthetized with pentobarbital sodium (50 mg/kg ip). All 
rats then received carotid artery and jugular vein cannula-
tion to measure mean arterial pressure.

2.1.5 | Circulating cortisol

Corticosterone is a glucocorticoid produced by the adre-
nal cortex in response to corticotropic hormone and is the 

 15306860, 2024, 1, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202300269R

R
R

 by <
Shibboleth>

-m
em

ber@
reading.ac.uk, W

iley O
nline L

ibrary on [16/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 26 |   IGE et al.

precursor to aldosterone. Corticosterone is the main glu-
cocorticoid in rodents because cortisol is in humans. The 
production of glucocorticoids is increased by stress. Using 
a commercially available enzyme- linked immunosorb-
ent assay kit (Cayman Chemical, item no. 501320) serum 
samples, collected at the time of terminal surgery, were 
examined for corticosterone levels in duplicate according 
to the manufacturer's instructions.

2.2 | Histological analysis

The isolated VAT and PAT were embedded in Optimal 
Cutting Temperature (OCT) media and sectioned at 13 μm 
thickness using Bright cryostat at −33°C and −35°C 
for specimen and chamber temperatures, respectively. 
Sections were stained with Hematoxylin and Eosin (H&E) 
to quantify adipocyte cellularity. To evaluate total extra-
cellular matrix deposition, we performed picrosirius red 
staining of collagen fibrils on VAT and PAT sections from 
LZR and OZR using Picrosirius Red (PSR) staining kit 
(ab150681, Abcam). The distinct architecture of adipose 
tissue allows the visualization of the collagen accumula-
tion in the interstitial space and pericellular matrix when 
sections were visualized using a Nikon TE200 Brightfield 
Inverted Microscope at 10× objective lens. As previously 
described (Hadi et al., 2011), the quantification of the im-
ages was carried out using Image J software by converting 
the image into greyscale before using the “Threshold” tool 
on ImageJ. Using Image>Type>RGB Stack command, the 
RGB image produced by PSR was deconvoluted into sepa-
rate channels. The “Threshold” tool detected the fibrosis 
and automatically highlighted the PSR- stained collagen in 
red. The channel with the best image quality was selected 
for the quantification. Moreover, the scale bar and other 
artifacts were removed from each image using the color 
picker tool (Image>Color>Color Picker) to exclude them 
from being included in the calculated area. The total fibro-
sis for each image was expressed as the percentage ratio of 
the signal intensity from the picrosirius red staining to the 
area of the total adipocytes (i.e., area of fibrosis / (area of 
adipocytes + area of fibrosis) × 100).

2.3 | RNA isolation and 
RT- qPCR analysis

As previously described,30 frozen VAT and PAT sam-
ples were homogenized in Invitrogen™ TRI Reagent™ 
solution (1 mL of TriZol for ≤200 mg of tissue) to extract 
RNA. The RNA isolation was performed according to 
manufacturer instructions packed with Invitrogen™ TRI 
Reagent™ Solution (Fisher Scientific). The quality of the 

purified RNA was prepared according to the Agilent RNA 
6000 Nano Kit quick start guide (Cat# 5067- 1511) and as-
sessed on the Agilent 2100 bioanalyzer. The total RNA 
was reversely transcribed using the Applied Biosystems™ 
High- Capacity cDNA Reverse Transcription Kit (Fisher 
Scientific) and Invitrogen™ RNaseOUT™ Recombinant 
Ribonuclease Inhibitor (Fisher Scientific) according to 
manufacturer instructions, performed using the T100™ 
Thermal cycler (Bio- Rad). The mRNA abundance was 
measured by RT- qPCR using TaqMan Assays and 2x qP-
CRBIO Probe Mix No- ROX (PCR Biosystems, UK). Real- 
time quantitative PCR was performed in 20 μL reaction 
mixtures by pipetting 5 μL of diluted cDNA into all 96 
wells (depending on the number of samples) in duplicate 
and 15 μL probe mix was added into the duplicate wells. 
The plate was sealed with optical film and centrifuged for 
2 min at 2500 rpm to get all liquids to the bottom of the 
wells. The reaction was performed with a sequence de-
tection system (MyiQ™ Bio- Rad UK) as follows: 95°C for 
2 min, 95°C for 5 s (40 cycles of denaturation), and 60°C for 
25 s (annealing/extension). The list of primers (TaqMan™ 
Gene Expression Assay (FAM- MGB) were purchased 
from Fisher Scientific (Table 1).

2.4 | Differentiation and 
culture adipocytes

3T3- l1 preadipocytes were induced to differentiate 
into mature adipocytes, and cells were treated with a 
base media composed of high glucose Dulbecco modi-
fied eagle medium (4500 mg/mL), 10% fetal bovine 
serum and 100 I.U./ml penicillin–streptomycin, which 
we refer to as DMEM10. The induction of adipogenesis 
was achieved when the cells were exposed to 0.5 mM 
3- Isobutyl- 1- methylxanthine (IBMX), 10 mM dexameth-
asone, and 10ug/mL insulin. 72 h later, cells were then 
treated with both DMEM10 and insulin10ug/mL for the 
remaining 6 days of the culture, cells were maintained in 
DMEM10 only, with the media being refreshed every 78 h. 
The whole adipogenesis experiment lasted for a total of 
10 days at 37°C in 5% CO2.

2.5 | Inhibition of JAK2 signaling 
through the addition of Hex

Once the adipocytes were fully mature, the addition of 
5 μM Hex was used to inhibit JAK2 signaling. A 9 mM Hex 
stock was prepared by dissolving Hex in DMSO, a 5 μM 
hex working solution was generated in DMEM10. The 
adipocytes were maintained in Hex for an additional 48 h 
at 37°C in 5% CO2 before analysis.
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2.6 | Palmitate treatment to generate 
hypertrophic adipocytes

After the full 10 days of adipogenesis, mature adipocytes 
were treated with 500uM palmitate diluted in 0.25% bo-
vine serum Dulbecco modified eagle medium for an ad-
ditional 48 h. The preparation of the palmitate stock was 
done as follows: Sodium palmitate was sonicated in a 
heated water bath in pure ethanol. The stock was heated 
up to 60 degrees to allow the palmitate to melt, in 0.25% 
bovine serum Dulbecco modified eagle medium, 50uL of 
the palmitate stock was added. The mix was heated to 30 
degrees prior to being added to the cells. To investigate the 
effects of JAK2 inhibition on adipocyte hypertrophy, adi-
pocytes were incubated in Hex alone for 2 h prior to the ad-
dition of palmitate and hex for an additional 48 h at 37°C 
in 5% CO2.

2.7 | Adipocyte and lipid droplet 
surface area quantification

Brightfield images were captured using the NikonTi2 epi-
fluorescent microscope at 40× magnification. Using the 
Java- based image processing program ImageJ, both adi-
pocyte and lipid droplet area was manually quantified to 
be further analyzed.

2.8 | Data analysis

Data analysis was performed using GraphPad Prism 
software. Normality was evaluated by the Shapiro–Wilk 
normality test. All data are expressed as mean ± SEM. 
Differences between LZR and OZR were assessed using 
an unpaired t- test to determine differences between the 
groups for parametric data. Non- parametric data were 
assessed using Mann–Whitney U test to determine dif-
ferences between the groups. The effects of the experi-
mental interventions were determined with one- way 
ANOVA (i.e., Control vs. UCMS, Ex and UCMS/Ex). Non- 
parametric data were assessed using Kruskal–Wallis' test, 
followed by Dunn's multiple comparison test to determine 
the effects of the experimental interventions. The size dis-
tribution was analyzed using two- way ANOVA followed 
by Bonferroni post hoc test to the differences. Results 
were considered significant when p < .05.

3  |  RESULTS

3.1 | Impaired metabolic profiles in 
obese Zucker rats

Various physiological measurements were taken from 
the animals used in this study following the various 

T A B L E  1  Details of the TaqMan® probes used for real- time PCR assays.

Gene

Order number
Amplicon  
length (bp) Probe context sequenceID Catalogue

PPIA Rn00690933_m1 4331182 149 TCATG TGC CAG GGT GGT GAC TTCAC

PPARG Rn00440945_m1 4331182 105 TCTCA GTG GAG ACC GCC CAG GCTTG

PGC1A Rn00580241_m1 4331182 94 TGGAA CTG CAG GCC TAA CTC CTCCC

UCP1 Rn00562126_m1 4331182 69 CTCTT CAG GGA GAG AAA CGC CTGCC

FABP4 Rn00670361_m1 4331182 69 AGGAA AGT GAA GAG CAT CAT AACCC

CANX Rn01459976_m1 4331182 84 GGCTG CAG AGC CAG GTG TAG TGGGG

IRS1 Rn02132493_s1 4331182 147 AGAGA CAT GAG CGA TCC CTT CAAGT

HSD11B1 Rn00567167_m1 4331182 80 TCTCC TCC ATG GCT GGG AAA ATGAC

CAV1 Rn00755834_m1 4331182 64 CGACG ACG TGG TCA AGA TTG ACTTT

TNFA Rn99999017_m1 4331182 108 ACCCT CAC ACT CAG ATC ATC TTCTC

ADIPOQ Rn00595250_m1 4331182 63 GGGAG ACG CAG GTG TTC TTG GTCCT

LEP Rn00565158_m1 4331182 92 TTTCA CAC ACG CAG TCG GTA TCCGC

EMR1 Rn01527631_m1 4331182 100 CTGTC TGC TCA ACC GCC AGG TACGA

CTGF Rn01537277_g1 4331182 56 GATTG GCG TGT GCA CTG CCA AAGAT

POSTN Rn01494627_m1 4331182 78 AAGGC TGC CCA GCA GTG ATG CCCAT

TIMP3 Rn00441826_m1 4331182 59 CTCCG ACA TCG TGA TCC GGG CCAAA
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treatments. These are shown in Table  2. At the end of 
the treatment period, the body weight (BW) of the OZR 
was about 25% (p < .0001) higher than LZR. Irrespective 
of their experimental conditions. In response to UCMS 
treatment, exercise (p < .01) and UCMS/exercise (p < .05), 
there was a significant weight loss across the experimen-
tal group in LZR. The body weight of OZR also decreased 
in response to UCMS (p < .001), and UCMS/exercise 
(p < .0001). However, there was no significant change ob-
served in the body weight of the OZR when compared to 
the control group following 8 weeks of exercise training. 
The effects of the various physiological treatments and 
their impact on body weight can be seen over the 8- week 
treatment period (Figure S1A–C).

Compared to LZR, OZR developed hyperinsulinemia 
and hyperglycemia when biological parameters were mea-
sured in the blood. While UCMS, exercise, and UCMS/
exercise had no significant effect on the circulating insu-
lin levels in LZR, UCMS increased (p < .05) and exercise 
decreased (p < .05) circulating insulin levels in OZR when 
compared to their respective controls. Although glucose 
levels were significantly higher in OZR (21.4%, p < .001) 
than in age- matched LZR under the control conditions, 
the experimental interventions did not significantly affect 
glucose levels in LZR and OZR.

There was also an increase in the circulating total cho-
lesterol levels among all groups when compared OZR to 
LZR (p < .001). Both exercise (p < .05) and UCMS/exercise 
(p < .001) reduced the circulating total cholesterol levels 
in OZR with no effect in LZR when compared to the con-
trols. The effect of obesity was noted in the amount of 
the circulating triglyceride levels among all groups when 
compared OZR to LZR (p < .001). However, UCMS, exer-
cise, and UCMS/exercise have no significant impact on 
the circulating triglyceride levels in LZR and OZR when 
compared to their respective controls.

A rise in the mean artery pressure (MAP) was noted in 
the OZR compared with the LZR under control (p < .01), 
UCMS (p < .01), and exercise (p < .05) conditions. While 
UCMS (p < .01) only increased the MAP in LZR, both 
UCMS (p < .01) and exercise (p < .05) significantly raised 
MAP in OZR. Serum levels of corticosterone were sig-
nificantly increased in OZR control (p < .01), and exer-
cise (p < .05) groups compared to LZR. In the LZR group, 
UCMS (p < .05), exercise (p < .01), and UCMS/exercise 
(p < .05) resulted in increased corticosterone levels versus 
LZR control, whereas only UCMS (p < .05) and exercise 
(p < .05) increased the serum levels of corticosterone in 
OZR. Moreover, the coat score (a behavioral measure of 
stress) of OZR under UCMS (p < .05), exercise (p < .05), 
and UCMS/exercise (p < .05) conditions were higher 
compared with LZR under the same experimental condi-
tions, indicating heightened stress levels in OZR groups. 

The combination of UCMS and exercise consistently re-
sulted in an increase in coat score which suggested poor 
grooming and heightened stress in LZR (p < .05) and OZR 
(p < .05) compared to their respective controls.

3.2 | Visceral adipose tissue cellularity in 
LZR and OZR

To determine the effects of UCMS and/or exercise on 
VAT cellularity in LZR and OZR, visceral adipose tissue 
was stained with H&E (shown in Figure 1A,B). The tis-
sue contained typical white adipocytes, characterized by 
unilocular lipid droplets. Quantitation of adipocyte cellu-
larity showed an increase in size distribution in the OZR 
compared with LZR (Figure 1C).

The histomorphometry of VAT showed that OZR had 
hypertrophic visceral adipocytes of about 40%–60% higher 
in the analysis that compared OZR to LZR (Figure  1D, 
p < .0001), irrespective of the experimental conditions.

We then evaluated the effects of the experimental inter-
ventions on VAT. In LZR, only UCMS/exercise significantly 
decreased the average adipocyte size and neither exercise 
nor UCMS induced a change in VAT when compared to the 
control. We did not observe any change in visceral average 
adipocyte size in OZR in response to UCMS, exercise, or 
UCMS/exercise compared to the control group. However, 
a significant change was noted between OZR UCMS versus 
OZR exercise with a significant decrease in VAT size in OZR 
exercise compared to OZR UCMS (Figure 1D, p < .05).

We further characterized the distribution of adipocyte 
size in VAT in response to the various threats in LZR and 
OZR. We observed a bimodal shape in the distribution 
of visceral adipocyte sizes in the control groups of LZR 
(Figure 1E, black bar) and OZR (Figure 1F, black bar), char-
acterized by a fraction of smaller adipocytes and a fraction 
of large adipocytes, as previously described.31,32 We clas-
sified the area of adipocytes less than 4000 μm2 as smaller 
adipocytes and the proportion of adipocytes with the size 
exceeding 4000 μm2 as hypertrophied adipocytes.33,34

Smaller adipocytes were more prevalent in VAT of LZR 
than the hypertrophied adipocytes and accounted for 77% 
of the adipocyte population (Figure 1E). The peak in the 
small size falls around 2250–2999 μm2 and the other peak 
for the larger adipocytes falls at the maximal observed 
area of >4500 μm2 (Figure 1E). The proportion of hyper-
trophic adipocytes present in the maximal observed area 
of >4500 μm2 (23%, Figure 1E, black bar) was reduced sig-
nificantly in response to UCMS (4.25%, p < .001), exercise 
(4.3%, p < .001), and UCMS/exercise (0.8%, p < .001). This 
suggests that the experimental interventions increased the 
population of smaller adipocytes from 77% in the control 
group to about 90%–98% in the experimental groups.
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In OZR, hypertrophied adipocytes were predominant 
in VAT and accounted for 69% of the cell population 
(Figure 1F). Compared to the control, there was no signifi-
cant change in the population of smaller and hypertrophic 
adipocytes in VAT of OZR. However, exercise training sig-
nificantly reduced the proportion of hypertrophic adipo-
cytes (8.3%, Figure 1F) in the fraction of largest adipocytes 
of >12 000 μm2 category when compared UCMS (21.1%, 
p < .05) and UCMS/exercise (18.1%, p < .05).

3.3 | Pericardial adipose tissue 
cellularity in LZR and OZR

Next, we quantified adipose cellularity in PAT of LZR 
and OZR and evaluated the effects of the experimental 
interventions on PAT. In contrast to VAT morphology, 
PAT contained smaller adipocytes and less proportion 
of brown- like adipocytes dispersed with PAT in LZR 
(Figure  2A) and OZR (Figure  2B). The individual data 
points collected from PAT cellularity measurement 
showed more concentrated smaller adipocyte sizes in LZR 
than in OZR (Figure 2C). Unlike VAT cellularity, we did 
not observe any effect of obesity on PAT cellularity in con-
trol, UCMS or UCMS/exercise groups, however, exercised 
OZR had pericardial adipocyte size of about 56% (p < .05) 
higher than the exercised LZR (Figure 2D). We then eval-
uated the impacts of the experimental interventions on 
PAT cellularity. In LZR, there was no notable change in 
the average adipocytes' size of PAT in both LZR and OZR 
in response to UCMS and/or exercise (Figure 2D). Next, 

we analyzed the size distribution of PAT to determine the 
effects of the experimental interventions. Regardless of 
the experimental interventions, the distribution of peri-
cardial adipocyte sizes in LZR (Figure  2E) is character-
ized by positive skewness and a shift towards hyperplastic 
adipocytes characterized by a 100% proportion of smaller 
adipocytes (<4000 μm2). We noted a significant increase 
in the proportion of smaller adipocytes of about 50% in the 
category of 450–899 μm2 in response to UCMS/exercise 
when compared to control (43.6%, p < .05, Figure 2F) or 
UCMS (44%, p < .05, Figure 2F). This corresponds with the 
decrease in the proportion of adipocytes in the category 
of 1800–2249 μm2 when compared UCMS/exercise (1.3%) 
to the control (3.5%, p < .05, Figure 2F) or UCMS (3.1%, 
p < .05, Figure 2F).

PAT from both LZR and OZR displayed characteris-
tics of cellular heterogeneity, composed of both white 
and brown- like adipocytes compared with VAT. To in-
vestigate the heterogeneity of PAT, tissue cellularity 
was analyzed further by breaking down the surface 
area analysis into two categories, representing the two 
types of adipocytes found in PAT. Morphologically, the 
first type observed resembled white adipocytes, with a 
larger unilocular lipid droplet and a nucleus pushed 
to the periphery of the cell. The second type of adipo-
cyte analyzed resembled brown adipocytes, which were 
smaller, with a densely packed cytosol with multiple 
lipid droplets (Figure  3A). Further surface area anal-
ysis revealed that on average, multilocular adipocytes 
are approximately 400 μm2 smaller than unilocular 
ones (Figure  3B, p < .0002). We then investigated the 

F I G U R E  1  The effects of chronic psychosocial stress and treadmill exercise on the morphology of visceral adipose tissue (VAT). (A) 
Representative HE section of VAT in LZR (×100 magnification; scale bars: 100 μm). (B) Representative HE section of VAT in OZR (×100 
magnification; scale bars: 100 μm). (C) Scatter plot of individual adipocyte size measured directly from the images (D) Average adipocyte 
size in VAT was measured in LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions following 8 weeks of UCMS and/
or exercise interventions. Results are presented as the mean of adipocyte size ± SEM. LZR control versus OZR control, p < .001, n = 8; LZR 
UCMS versus OZR UCMS, p < .001, n = 4–7; LZR exercise versus OZR exercise, p < .001, n = 6–7; LZR UCMS/exercise versus OZR UCMS/
exercise, p < .001, n = 5–8; LZR control versus LZR UCMS/exercise, p < .05, n = 5–8; OZR UCMS versus OZR exercise, p < .05, n = 6–7. (E) 
Adipocyte size distribution in LZR showing the adipocyte profile area in different sizing classes. For the adipocyte profile area measuring 
<750 μm2, LZR control versus LZR UCMS, p < .01, n = 4–8. For the adipocyte profile area measuring between 750 and 1499 μm2, LZR control 
versus LZR UCMS, p < .001 n = 4–8; LZR control versus LZR exercise, p < .001, n = 7–8; LZR control versus LZR UCMS/exercise, p < .001, 
n = 5–8; LZR exercise versus LZR UCMS/exercise, p < .01, n = 5–7. For the adipocyte profile area measuring between 1500 and 2249 μm2, 
LZR control versus LZR exercise, p < .01, n = 7–8; LZR control versus LZR UCMS/exercise, p < .001, n = 5–8; LZR UCMS versus LZR UCMS/
exercise, p < .01, n = 4–5; LZR exercise versus LZR UCMS/exercise, p < .05, n = 5–7. For the adipocyte profile area measuring between 
2250 and 2999 μm2, LZR exercise versus LZR UCMS/exercise, p < .05, n = 5–7. For the adipocyte profile area measuring between 3000 and 
3749 μm2, LZR control versus LZR UCMS/exercise, p < .01, n = 5–8. For the adipocyte profile area measuring between 3750 and 4499 μm2, 
LZR control versus LZR UCMS/exercise, p < .01, n = 5–8. For the adipocyte profile area measuring >4000 μm2, LZR control versus LZR 
UCMS, p < .001, n = 4–8; LZR control versus LZR exercise, p < .001, n = 7–8; LZR control versus LZR UCMS/exercise, p < .001, n = 5–8. (F) 
Adipocyte size distribution in OZR showing the adipocyte profile area in different sizing classes. For the adipocyte profile area measuring 
>12 000 μm2, LZR UCMS versus LZR exercise, p < .01, n = 6–7; LZR exercise versus LZR UCMS/exercise p < .05, n = 6–8. The statistical 
differences between LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions were determined by unpaired t- test, 
and the effects of UCMS and/or exercise were determined by one- way ANOVA followed by a Tukey post hoc test to compare the mean for 
different groups within the same strain.
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   | 9 of 26IGE et al.

effects of the treatments on the cellularity of both ad-
ipocyte populations. In response to UCMS, OZR PAT 
unilocular adipocytes expanded through hypertrophy, 
with an approximate increase of 300 μm2 in surface area 
relative to the control group (Figure  3C, p < .037). We 

then sought to investigate the relative change in surface 
area relationship between unilocular and multilocular 
adipocytes in response to the various treatments, and 
then compare this ratio obtained for both LZR and OZR 
(Figure  3D). The effects of UCMS appear to be most 
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10 of 26 |   IGE et al.

pronounced in OZR than in LZR, where unilocular 
cells from the obese group were approximately 3 times 
the size of multilocular adipocytes, whereas this ratio 
difference was only by 2 in the LZR group (Figure 3D, 

p < .01). The results in Figure 3D indicate that the OZR 
group were more sensitive to the effects of exercise, as 
the surface area ratio between the unilocular and mul-
tilocular group decreased to approximately 2, which is 
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   | 11 of 26IGE et al.

very similar to the ratio obtained for the LZR group, 
suggesting that exercise decreased the difference in sur-
face area between unilocular to multilocular adipocytes 
in the OZR group (Figure 3D, p < .01). However, this ef-
fect was no longer seen in the OZR group when exercise 
was combined with UCMS. OZR Unilocular adipocytes 
returned to being 3 times the size of multilocular ad-
ipocytes, suggesting that the presence of psychosocial 
stress contributes to the increased difference in surface 
area between white and brown- like adipocytes. We next 
considered the second mechanism by which adipose 
tissue remodels; hyperplasia. To do so, we counted the 
number of each cell type separately and then divided 
and then expressed the data as a percentage for both 
unilocular and multilocular adipocytes. The results 
suggest that OZR PAT underwent an increase in brown- 
like adipocytes in response to the combination of 
UCMS and exercise (Figure 3E, p < .0152). Figure 3C,D 
indicate that the surface area of PAT unilocular adipo-
cytes from the OZR group increased, suggesting that in 
response to stress, PAT from OZR remodels predomi-
nantly through hypertrophy, whereas the results shown 
in Figure  3E suggest that the combination of both 
UCMS and exercise favors a shift in the number of mul-
tilocular adipocytes, which is indicative of remodeling 
through hyperplasia.

3.4 | Regional and phenotypic selectivity 
in adipose tissue fibrosis

To determine the role of adipose depot- specific differ-
ences in the development of adipose tissue fibrosis in LZR 
and OZR and the effects of the experimental interven-
tions, we quantified the amount of collagen accumula-
tion in VAT (Figure 4A,B) and PAT (Figure 4C,D) using 
picrosirius red staining. We observed higher levels of fi-
brosis in PAT compared with VAT. The 8- week of UCMS 
protocol decreased fibrosis in PAT of OZR compared to 
the OZR control (Figure 4E, p < .05). Considering the size 

differences and mechanism of adipose tissue expansion 
between VAT and PAT, particularly in OZR, we evalu-
ated the differences in fibrosis between the VAT and PAT 
under each experimental condition. PAT obtained from 
OZR showed higher levels of fibrosis when compared to 
VAT in the control (Figure 4F, p < .05) and UCMS/exer-
cise (Figure 4F, p < .05) groups.

3.5 | The effects of chronic psychosocial 
stress and treadmill exercise on 
markers of lipogenic, thermogenic, and 
adipogenic mRNA expression in adipose 
tissue obtained from LZR and OZR

To assess the effects of UCMS and/or exercise on the lipo-
genic, thermogenic, and adipogenic responses of VAT and 
PAT, LZR, and OZR were exposed to environmental stress-
ors and treadmill exercise for 8 weeks and compared to their 
respective controls. There was no significant change in VAT 
in the analysis that compared OZR to LZR irrespective of 
their experimental conditions; however, UCMS/exercise sig-
nificantly downregulated the expression of leptin mRNA in 
PAT of OZR when compared with LZR (Figure 5A, p < .01). 
We then determined the effects of UCMS and/or exercise on 
leptin mRNA expression. We observed an upregulation of 
leptin mRNA expression in LZR UCMS/exercise versus LZR 
exercise (Figure 5A, p < .01). UCMS significantly downreg-
ulated the expression of leptin mRNA in OZR (Figure 5A, 
p < .05) when compared to control but the expression was 
unaffected by exercise and UCMS/exercise interventions. 
We did not observe any change in adipoQ mRNA expres-
sion in LZR and OZR in response to the experimental inter-
ventions when compared to their respective controls (data 
not shown). The expression of adipoQ mRNA in PAT was 
upregulated in OZR UCMS/exercise versus OZR exercise 
(Figure 5B, p < .05).

The gene expression levels of UCP1 were upregulated 
in VAT in the analysis that compared OZR to LZR in con-
trols (Figure 5C, p < .05), UCMS (Figure 5C, p < .01), and 

F I G U R E  2  The effects of chronic psychosocial stress and treadmill exercise on pericardial adipose tissue (PAT) cellularity. (A) 
Representative HE section of PAT in LZR (×100 magnification; scale bars: 100 μm). (B) Representative HE section of PAT in OZR (×100 
magnification; scale bars: 100 μm). (C) Scatter plot of individual adipocyte size measured directly from the images (D) Average adipocyte 
size in PAT was measured in LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions following 8 weeks of UCMS and/
or exercise interventions. Results are presented as the mean of adipocyte size ± SEM. LZR exercise versus OZR exercise, p < .05, n = 6–8. 
(E) Adipocyte size distribution in LZR showing the adipocyte profile area in different sizing classes. (F) Adipocyte size distribution in OZR 
showing the adipocyte profile area in different sizing classes. For the adipocyte profile area measuring between >450 and 899 μm2, OZR 
control versus OZR UCMS/exercise, p < .05, n = 8; OZR UCMS versus OZR UCMS/exercise p < .05, n = 6–8. For the adipocyte profile area 
measuring >1800–2249 μm2, OZR control versus OZR UCMS/exercise, p < .05, n = 8; OZR UCMS versus OZR UCMS/exercise p < .05, n = 6–8. 
The statistical differences between LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions were determined by 
unpaired t- test, and the effects of UCMS and/or exercise were determined by one- way ANOVA followed by a Tukey post hoc test to compare 
the mean for different groups within the same strain.
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12 of 26 |   IGE et al.

UCMS/exercise (Figure  5C, p < .05). Considering that 
the morphological analysis showed that PAT was a beige 
depot, we compared the expression of UCP1 mRNA in 

PAT to VAT. The expression of UCP1 mRNA was upreg-
ulated in PAT when compared to VAT in LZR (Figure 5D, 
p < .05).
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When we compared OZR to LZR under the same ex-
perimental conditions, UCMS significantly upregulated 
the expression of PPAR- γ in VAT (Figure  5E, p < .05) 
but downregulated PPAR- γ mRNA expression in PAT 
(Figure 5E, p < .05). There was no notable change in the 
expression of PPAR- γ mRNA in VAT across the experi-
mental interventions when compared to control in both 
LZR and OZR. However, UCMS (Figure 5F, p < .05) and 
exercise (Figure  5F, p < .05) significantly downregulated 
the expression of PPAR- γ mRNA in PAT of OZR when 
compared to control. Additionally, FABP4 and PGC1a 
were also measured at the level of the message but showed 
no change in expression levels.

3.6 | The effects of chronic psychosocial 
stress and treadmill exercise on the key 
molecules involved in insulin signaling in 
adipose tissue obtained from LZR and OZR

We then determined the transcriptional profiles of the key 
molecules involved in insulin signaling. The evaluation of 
the expression of IRS1 in OZR compared to LZR showed 
that exercise upregulated IRS1 mRNA in VAT (Figure 6A, 
p < .01) of OZR exercise versus LZR exercise. In contrast, 
exercise downregulated IRS1 mRNA in PAT (Figure 6B, 
p < .01) of OZR exercise versus LZR exercise. In response 
to the experimental intervention, exercise training down-
regulated IRS1 mRNA expression (Figure  6A, p < .01) 
in VAT of LZR and upregulated IRS1 mRNA expres-
sion (Figure 6A, p < .01) in VAT of OZR when compared 
to their respective controls. Furthermore, we observed 
downregulation of IRS1 mRNA expression in VAT of LZR 
exercise compared to LZR UCMS (Figure  6A, p < .05). 
In PAT, exercise training upregulated IRS1 mRNA 

expression (Figure 6B, p < .05) in LZR and downregulated 
IRS1 mRNA expression (Figure 6B, p < .05) in OZR when 
compared to their controls. We also noted a downregu-
lation of IRS1 mRNA expression in PAT of LZR UCMS/
exercise compared to LZR exercise (Figure 6B, p < .05).

We showed that exercise (Figure  6C, p < .05) and 
UCMS/exercise (Figure  6C, p < .05) in OZR upregulated 
HSD11B1 mRNA in VAT when compared to LZR under 
the same experimental conditions. Exercise, on the other 
hand, downregulated HSD11B1 mRNA in PAT (Figure 6D, 
p < .05) when comparing the OZR group to LZR group. 
However, there was no notable change in the expression of 
HSD11B1 mRNA in VAT (Figure 6C) and PAT (Figure 6D) 
across the experimental interventions when compared to 
controls.

In addition, we demonstrated that exercise (Figure 6E, 
p < .05) and UCMS/exercise (Figure  6E, p < .05) upregu-
lated the expression of calnexin mRNA in VAT and both ex-
ercise (Figure 6F, p < .01) and UCMS/exercise (Figure 6F, 
p < .01) suppressed calnexin mRNA in PAT in the analysis 
that compared OZR to LZR. However, there was no nota-
ble change in the expression of calnexin mRNA in VAT 
(Figure 6E) and PAT (Figure 6F) across the experimental 
interventions when compared to controls.

3.7 | The effects of chronic psychosocial 
stress and treadmill exercise on 
inflammatory and fibrotic markers of 
adipose tissue obtained from LZR and OZR

To investigate whether VAT and PAT had altered the 
transcriptional profile of inflammatory markers in re-
sponse to obesity and experimental interventions, we as-
sessed the expression of inflammatory markers in VAT 

F I G U R E  3  Pericardial adipose tissue shows evidence of cellular heterogeneity, composed of both unilocular and multilocular 
adipocytes both of which remodel differently in response to UCMS and the combination of exercise and UCMS. (A) Lean control H&E- 
stained PAT section containing two types of fat cells. The magnifying box on the left displays white- like adipocytes with a single large lipid 
droplet occupying most of the cell. The second cell type is a brown- like adipocyte, with multiple small lipid droplets occupying the cytosol 
(×100 magnification, scale bars 100 μm). (B) Multilocular adipocytes have a smaller surface area when compared to unilocular adipocytes. 
(C) UCMS causes hypertrophy in PAT unilocular adipocytes from obese Zucker rats. (D) Cell surface ratio unilocular: multilocular 
comparison between LZR and OZR models. OZR adipocytes were more sensitive to UCMS as the unilocular cells were three times the size 
of the multilocular adipocytes, this difference is significantly larger than that observed in the lean condition. When comparing this ratio in 
the OZR group between the UCMS and the exercise group, exercise alone reduced the difference in surface area between unilocular and 
multilocular adipocytes. The combination of UCMS and exercise increased the surface area difference between the two cell types in the 
OZR group compared to the cells counted from the LZR group. (E) Comparison of the cell number percentage of multilocular adipocytes in 
lean and obese samples. In response to the combination of UCMS and exercise, there appears to be an increase in multilocular adipocytes 
in obese PAT. Data presented as Mean ± SEM, all groups n = 6, Comparisons in Figure 4C were done using a one- way ANOVA followed by 
Tukey post hoc test to compare the means within the same strain. LZR Unilocular versus Multilocular ***p < .0002. OZR Unilocular surface 
area control versus UCMS *p < .037. Multilocular cell number % UCMS + exercise OZR versus LZR *p < .0449. Multilocular cell number % 
OZR UCMS + exercise versus Control *p < .0152. Pairwise comparisons were calculated using a Student t- test, all levels of significance were 
at p < .05. UCMS OZR versus LZR **p < .0081, OZR UCMS versus exercise *p < .0127. OZR exercise versus UCMS + exercise **p < .0069. 
UCMS + exercise LZR versus OZR **p < .0067.
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14 of 26 |   IGE et al.

and PAT of LZR and OZR. The evaluation of the expres-
sion of TNF- α in the analysis that compared OZR to 
LZR showed that UCMS/exercise downregulated TNF- α 
mRNA (Figure  7A, p < .05) in VAT irrespective of the 

experimental conditions. The expression of TNF- α was 
downregulated in PAT when comparing OZR UCMS ver-
sus LZR UCMS (Figure 7B, p < .01). There was no notable 
change in the expression of TNF- α mRNA in VAT in both 

(A) (B)

(C) (D)

(E) (F)
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LZR and OZR when compared to their respective controls 
(Figure 7A). In LZR, the expression of TNF- α mRNA in 
PAT was downregulated by UCMS (Figure  7B, p < .05), 
and UCMS/exercise (Figure 7B, p < .05) when compared 
to control. To help explain the changes in tissue fibrosis 
observed in the PAT, we also examined the expression 
of key fibrotic markers periostin (POSTN), connective 
tissue growth factor (CTGF), tissue metalloproteinase 
1&3 (TIMP1 and TIMP3). In OZR, UCMS, exercise, and 
UCMS/exercise, all resulted in a decreased expression of 
POSTN, CTGF, and TIMP1 (Figure  7C–E respectively). 
TIMP3 was only decreased following UCMS treatment 
(Figure 7F). In LZR, these treatments had no significant 
impact on these fibrotic markers in PAT. In VAT how-
ever, UCMS decreased CTGF expression in LZR relative 
to controls (Figure S1G) but showed no changes to POSTN 
(Figure S1F). In VAT, exercise decreased TIMP3 expres-
sion and in the OZR the combination of exercise and 
stress increased TIMP3 expression relative to UCMS only 
(Figure S1H).

Next, we evaluated the expression of caveolin- 1 
mRNA in VAT. The analysis that compared OZR to LZR 
showed that both UCMS (Figure  S1D, p < .05) and exer-
cise (Figure S1D, p < .05) upregulated caveolin- 1 mRNA in 
VAT. In response to the experimental interventions, UCMS 
significantly elevated the expression of caveolin- 1 in OZR 
VAT (Figure  S1D, p < .05). Next, we showed that the ex-
pression of EMR1 mRNA was suppressed in PAT when 
comparing OZR exercise to LZR exercise (Figure  S1E, 
p < .05).

3.8 | Leptin signaling is necessary 
for adipocyte hypertrophy but not lipid 
droplet size

The in vivo data so far indicate that remodeling of adi-
pose tissue in response to stress and exercise is different 
between LZR and OZRs. However, since the OZRs have 
deficient leptin signaling and obesity, it is unclear which 
is the most important for mediating the observed effects. 

To separate the obesogenic effects from downstream lep-
tin signaling, cultured 3T3- L1- derived adipocytes were 
treated with palmitate (an obesogenic stimulus) and/or 
Hex to inhibit Jak2 autophosphorylation downstream of 
the leptin receptor. These experiments were designed 
to determine the impact of impaired leptin signaling 
on adipocyte remodeling in response to an obesogenic 
stimulus. Following these treatments, adipocyte cell 
size, droplet size, and number measured and shown in 
Figure 8A–D. To investigate the potency of Hex inhibitor 
in inhibiting the Jak2 autophosphorylation downstream 
of the leptin receptor, 3T3- L1 adipocytes were treated 
with 5 μM Hex for 48 h. Western blotting of 3T3- L1 adi-
pocyte lysates following 48 h of Hex treatment revealed 
the attenuation of Jak2 autophosphorylation by JAK2 in-
hibitor. (Figure 8E). The treatment of 3T3- L1 adipocytes 
with 5 μM Hex for 48 h did not change the adipocyte size, 
however, while palmitate increased the adipocyte area 
(Figure 8F, p < .001), the combination of Hex and palmi-
tate significantly reduced the adipocyte area (Figure 8F, 
p < .001). To mimic the mechanism of adipocyte expan-
sion when leptin signaling is impaired, the cells were 
treated with Hex and/or palmitate, and the size of the 
lipid droplets was measured. The results showed that 
both palmitate and Hex+palmitate treatments induced 
significantly cellular hypertrophy (Figure  8G, p < .001 
respectively) that was inhibited by Hex treatment after 
48 h (Figure  8G, p < .05). In the palmitate- only group, 
cellular hypertrophy and increased lipid droplet size 
was associated with a reduction in droplet number 
(Figure 8H, p < .001) which was further reduced by the 
addition of Hex. (Figure 8H, p < .001). This suggests that 
the combination of an obesogenic stimulus and inhibi-
tion of leptin signaling results in adipocyte whitening.

4  |  DISCUSSION

With the increased prevalence of obesity, there is a need to 
understand how different adipose depots adapt to obesity 
and physiological stimuli such as exercise and psychosocial 

F I G U R E  4  Increased fibrosis in obese pericardial adipose tissue was reduced by UCMS. (A) Representative PSR- section of VAT in 
LZR (×100 magnification; scale bars: 100 μm). (B) Representative PSR- section of VAT in OZR (×100 magnification; scale bars: 100 μm). 
(C) Representative PSR- section of PAT in LZR (×100 magnification; scale bars: 100 μm). (D) Representative PSR- section of VAT in OZR 
(×100 magnification; scale bars: 100 μm). (E) Total fibrosis in PAT is expressed as a percentage of the total cellular membranes in LZR and 
OZR under control, UCMS, exercise, or UCMS/exercise conditions. Results are presented as the mean of percentage total fibrosis ± SEM. 
LZR control versus OZR control, p < .05, n = 6–7; OZR control versus OZR UCMS, p < .05, n = 6–8. (F) Total fibrosis in VAT and PAT are 
expressed as the percentage of the total cellular membranes in OZR under control, UCMS, exercise, or UCMS/exercise conditions. Results 
are presented as the mean of percentage total fibrosis ± SEM. VAT control versus PAT control, p < .05, n = 6–7; VAT UCMS/exercise versus 
PAT UCMS/exercise, p < .05, n = 7–8. The statistical differences between LZR and OZR under control, UCMS, exercise, and UCMS/exercise 
conditions were determined by unpaired t- test, and the effects of UCMS and/or exercise were determined by one- way ANOVA followed by a 
Tukey post hoc test to compare the mean for different groups within the same strain.
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stress. Here we show for the first time that visceral and per-
icardial adipose tissue display differential remodeling in re-
sponse to exercise and psychosocial stress and these effects 
are highly dependent on leptin receptor signaling. Our 
data indicate that in the presence of leptin receptor sign-
aling, visceral adipose tissue is very plastic and remodels 

significantly in response to both exercise and psychosocial 
stress. In contrast, pericardial adipose tissue remodels very 
little in response to these physiological stimuli. However, 
the absence of leptin receptor signaling results in patho-
logical remodeling to psychosocial stress that could have 
significant implications for cardiac physiology.

(A) (B)

(C) (D)

(E) (F)
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4.1 | Adipocyte remodeling following 
stress and exercise in VAT

Zucker rats have been shown to be a good model of human 
obesity as they display adipose tissue expansion and in-
creased body weight from 2–4 months.35–38 This increase 
in body weight is associated with significant VAT adipo-
cyte hypertrophy. Partitioned analysis of the cellularity 
data demonstrated that in lean animals with normal leptin 
receptor signaling, both exercise and stress significantly 
increased the number of smaller adipocytes compared 
with untreated controls. Combining exercise and stress 
augmented this reduction in adipocyte size. Interestingly, 
these changes were not observed in the OZRs with im-
paired leptin receptor signaling. This suggests that adipo-
cyte remodeling in response to these physiological stimuli 
requires functional leptin receptor signaling. Additional 
in vitro experiments using 3T3- derived adipocytes showed 
that adipocyte remodeling in response to palmitate, that 
mimics the obesogenic diet, is blocked by Hex treatment 
which inhibits downstream signaling via the leptin recep-
tor. Interestingly, lipid droplet hypertrophy on the other 
hand was unaffected by leptin inhibition suggesting that 
other pathways may regular droplet dynamics within the 
adipocyte. Leptin signaling has been shown to induce adi-
pose tissue browning,39 so the whitening induced by pal-
mitate and Hex treatment is in keeping with that finding. 
It has been previously shown that early exposure of mice 
to chronic stress disrupts leptin signaling and results in 
higher vulnerability to becoming obese in adulthood when 
fed with a moderate Western- style diet.40 Another study 
showed that chronic psychosocial stress contributed to the 
development of obesity, with the selective accumulation 
of visceral fat in humans.41 Mechanistically, psychosocial 

stress is associated with increased plasma corticosterone 
levels in rodents and cortisol in humans.42,43 Weight loss is 
a predominant response to chronic stress in animal studies 
as previously demonstrated in obesity- prone as well as in 
obesity- resistant mice,44 male and female rats45 and male 
Wistar rats.46 However, evidence for weight loss caused 
by psychosocial stress in humans is limited and contrasts 
with animal studies. A few studies suggest that weight 
loss is prominent in lean humans due to an inhibition 
of food intake by the hyperactivity of the hypothalamic–
pituitary–adrenal (HPA) axis under stressful events.47 
While obese subjects gain more weight due to binge eat-
ing in response to psychosocial stress.48–50 Hyperphagia in 
response to stress has been associated with hyperleptine-
mia among overweight women.51,52 A study showed that 
early exposure of mice to chronic stress disrupts leptin 
signaling and results in higher vulnerability to developing 
obesity in adulthood when fed with a moderate Western- 
style diet.40 However, our data strongly suggest that the 
response to psychosocial stress can also be influenced by 
leptin signaling.

Exercise training offers beneficial effects on healthy in-
dividuals, patients with type 2 diabetes mellitus, hyperten-
sion, and cardiovascular disease, irrespective of their body 
weight.53 In obese individuals, exercise improved physical 
fitness, increased insulin sensitivity, and lowered plasma 
lipids and lipoproteins.54–56 In this study, exercise training 
significantly reduced weight, reduced blood lipids, and 
improved glucose homeostasis in the prediabetic OZR, 
following the 8- week experimental interventions. While 
exercise training reduced the body weight of LZR, the 
plasma metabolites remained unchanged since these were 
already in the normal range. A previous study revealed 
that obese and prediabetic individuals exhibited weight 

F I G U R E  5  The effects of chronic psychosocial stress and treadmill exercise on lipogenic, thermogenic, and adipogenic mRNA 
expression in visceral adipose tissue (VAT) and pericardial adipose tissue (PAT) in LZR and OZR. (A) mRNA expression of leptin was 
measured in PAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as 
fold change in gene expression ± SEM. LZR UCMS/exercise versus OZR exercise, p < .01, n = 6–8; LZR exercise versus LZR UCMS/exercise, 
p < .01, n = 4–8; OZR control versus OZR UCMS, p < .05, n = 5–9. (B) mRNA expression of adipoQ was measured in PAT obtained from LZR 
and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. 
OZR exercise versus OZR UCMS/exercise, p < .05, n = 6–9. (C) mRNA expression of UCP1 was measured in VAT obtained from LZR and 
OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. LZR 
control versus OZR control, p < .05, n = 7–8; LZR UCMS versus OZR UCMS, p < .01, n = 5–7; LZR UCMS/exercise versus OZR UCMS/
exercise, p < .05, n = 4–11. (D) mRNA expression of UCP1 was measured in VAT and PAT obtained from LZR under control, UCMS, 
exercise, and UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. VAT control versus PAT control, 
p < .05, n = 4–7. (E) mRNA expression of PPAR- γ was measured in VAT obtained from LZR and OZR under control, UCMS, exercise, and 
UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. LZR UCMS versus OZR UCMS p < .05, n = 6–13. 
(F) mRNA expression of PPAR- γ was measured in PAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise 
conditions. Results are presented as fold change in gene expression ± SEM. LZR UCMS versus OZR UCMS p < .05, n = 4–9; OZR control 
versus OZR UCMS, p < .05, n = 5–9; OZR control versus OZR versus OZR exercise, p < .05, n = 5–9. The statistical differences between LZR 
and OZR under control, UCMS, exercise, and UCMS/exercise conditions were determined by unpaired t- test, and the effects of UCMS and/
or exercise were determined by one- way ANOVA followed by a Tukey post hoc test to compare the mean for different groups within the 
same strain.
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loss and improved metabolic adaptations to exercise train-
ing than the normoglycemic older men and women.57 The 
differences observed between LZR and OZR could be at-
tributed to the higher energy expenditure in obesity due 
to their large body size as observed in obese individuals 
compared with normal- weight individuals.58 It has been 
reported that the physiological adaptation to exercise and 

psychosocial stress share the similarities of hyperactivity 
of the HPA.26,59 In our study, both LZR and OZR were sub-
jected to exercise training first and followed by the UCMS 
stress protocol but is likely to have stressed the animals 
further.

Exercise training has been known to cause physio-
logical adaptations to white adipose tissue through the 

(A) (B)

(C) (D)

(E) (F)
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decrease in adipocyte size and lipid content, as well as the 
browning of white adipose tissue with an increase in mi-
tochondrial proteins.60 Evidence highlights that moderate 
exercise induces mobilization of free fatty acids during 
exercise61 and attenuates postprandial lipemia62 and tri-
glycerides.63,64 Exercise usually induces lipolysis resulting 
in smaller adipocytes in white adipose tissue such as VAT. 
Our data clearly demonstrates this in the lean animals but 
was significantly attenuated in the absence of leptin re-
ceptor signaling in the OZR. In these obese animals, only 
the largest VAT adipocytes showed a significant reduction 
in size, suggesting resistance to lipolysis in the absence of 
leptin signaling.

Our study shows that in VAT, adipose tissue remodeling 
in response to physiological stimuli was associated with 
significant differences in gene expression which was also 
influenced by the presence of leptin signaling. Exercise 
decreased insulin sensitivity as determined by the expres-
sion of IRS1 in the presence of leptin receptor signaling, 
while improving it in its absence. Our data would suggest 
that this increased insulin sensitivity following exercise 
could be inhibited by leptin receptor signaling.

Interestingly, the increase in insulin sensitivity follow-
ing exercise was associated with an increase in caveolin- 1 
expression. Mechanistically, caveolin has been shown to 
regulate insulin sensitivity through the PI3K/Akt pathway 
in VAT and caveolin- 1 knockout mice develop significant 
insulin resistance.65 Although we did not see any major 
effects of stress on insulin signaling in VAT, previous 
work has shown that chronic stress impairs insulin sig-
naling and glucose uptake in VAT in response to insulin 
stimulation in Fisher rats; but upregulates the intracel-
lular signaling molecules that respond to inflammatory 

signals through p65 and p38 and subsequently inhibit the 
phosphorylation of IRS- 1.66 Our data suggest that psycho-
social stress was also associated with increased adipogen-
esis in the absence of leptin signaling suggesting a role 
in pre- adipocyte expansion. This may explain the stress- 
dependent increase in the adipogenesis marker PPAR- γ in 
the OZRs relative to the lean controls.

4.2 | Adipocyte remodeling following 
stress and exercise in PAT

Very little is known about the remodeling of PAT in re-
sponse to physiological stimuli, particularly in obesity. 
Like VAT, PAT has been strongly associated with the 
prevalence of cardiovascular disease in human adults.67,68 
Although the volume of PAT pad is smaller compared to 
VAT, it is likely exerting direct paracrine effects on the 
heart due to its anatomic proximity to the coronary ar-
teries and cardiac muscle via the pericardial fluid.6 Our 
study shows for the first time that in obesity, PAT does 
not expand significantly in obesity unless it is combined 
with psychosocial stress. We have also shown for the 
first time that unilocular and multilocular adipocytes re-
spond independently to exercise and psychosocial stress. 
Moreover, we show for the first time that in the absence 
of leptin receptor signaling, psychosocial stress results in 
hypertrophy of the unilocular adipocytes within the PAT 
depot. This suggests that although the brown- like PAT is 
generally resistant to hypertrophic expansion, the com-
bination of impaired leptin signaling, and psychosocial 
stress leads to a pathological phenotype with potentially 
negative implications for cardiac function. Unlike the 

F I G U R E  6  The effects of chronic psychosocial stress and treadmill exercise on key molecules for insulin and metabolic signaling 
in visceral adipose tissue (VAT) and pericardial adipose tissue (PAT) in LZR and OZR. (A) mRNA expression of IRS1 was measured in 
VAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in 
gene expression ± SEM. LZR exercise versus OZR exercise, p < .01, n = 4–7; LZR control versus LZR exercise, p < .01, n = 7–12; LZR UCMS 
versus LZR exercise, p < .05, n = 6–7; OZR control versus OZR exercise, p < .01, n = 4–6. (B) mRNA expression of IRS1 was measured in PAT 
obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene 
expression ± SEM. LZR exercise versus OZR exercise, p < .01, n = 5–7; LZR control versus LZR exercise, p < .05, n = 5; LZR exercise versus 
LZR UCMS/exercise, p < .05, n = 5–11; OZR control versus OZR exercise, p < .05, n = 5–7. (C) mRNA expression of HSD11B1 was measured 
in VAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change 
in gene expression ± SEM. LZR exercise versus OZR exercise, p < .05, n = 6–7; LZR UCMS/exercise versus OZR UCMS/exercise, p < .05, 
n = 7–12. (D) mRNA expression of HSD11B1 was measured in PAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/
exercise conditions. Results are presented as fold change in gene expression ± SEM. LZR exercise versus OZR exercise, p < .05, n = 5–7. (E) 
mRNA expression of calnexin was measured in VAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise 
conditions. Results are presented as fold change in gene expression ± SEM. LZR exercise versus OZR exercise, p < .05, n = 5–7; LZR UCMS/
exercise versus OZR UCMS/exercise p < .05, n = 7–13. (F) mRNA expression of calnexin was measured in PAT obtained from LZR and OZR 
under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. LZR exercise 
versus OZR exercise, p < .01, n = 5–7; LZR UCMS/exercise versus OZR UCMS/exercise p < .01, n = 5–11. The statistical differences between 
LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions were determined by unpaired t- test, and the effects of UCMS 
and/or exercise were determined by one- way ANOVA followed by a Tukey post hoc test to compare the mean for different groups within the 
same strain.
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unilocular white adipocytes that expand via hypertrophy, 
a study demonstrated that the number of lipid droplets in 
brown adipocyte increases significantly in obesity.69 The 
increased lipid droplets coalesced, while collagen fibrils 
were accumulated in the extracellular space around the 
whitened brown adipocytes with subsequent brown adipo-
cyte death and macrophage infiltration.70 In our study, the 
hypertrophic expansion of the unilocular adipocytes was 
associated with a decrease in tissue fibrosis. It has been 

suggested that the expansion of adipose tissue in accom-
modating excess hyperplastic or hypertrophic adipocytes 
relies on the high degree of flexibility of the extracellu-
lar matrix.71 Our study showed that PAT is significantly 
more fibrotic than VAT and may explain why the former 
is more resistant to significant tissue expansion in obe-
sity. However, we found that the combination of impaired 
leptin receptor signaling, and psychosocial stress led to 
decreased tissue fibrosis and subsequent hypertrophic 

(A) (B)
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expansion of the unilocular adipocytes within the PAT. 
These changes are likely mediated through the decreased 
expression of fibrotic and differentiation markers such 
as POSTN, CTGF, TIMP1, and TIMP3 which we also 
examined. CTGF appears to be highly expressed in pre- 
adipocytes72 where levels correlated with fibrosis in epi-
cardial adipose tissue.73 POSTN levels on the other hand 
appear to correlate with tissue inflammation and fibro-
sis.74 TIMP1 seems to inhibit adipogenesis suggesting that 
a reduction would induce tissue remodeling.75 TIMP3 
levels, however, are inversely related to adiposity with 
higher levels inhibiting adipose tissue differentiation.76 
Our findings suggest that changes in these genes are asso-
ciated with PAT remodeling and fibrosis, particularly, in 
response to stress. It has been previously shown that there 
is an inverse correlation between adipose tissue fibrosis 
and adipocyte size, suggesting that fibrosis promotes adi-
pocyte hyperplasia to preserve adipocyte function by lim-
iting hypertrophy.77–79 The distribution of the collagen 
may also be important since an increase in interstitial or 
pericellular fibrosis over the course of the development of 
obesity may decrease extracellular matrix flexibility and 
tissue plasticity, leading to impaired adipocyte function.80 
Mechanistically, the pathological stress may mediate its 
effects on PAT through increased levels of glucocorti-
coids. Previous studies have shown that increased levels 
of corticosterone in rodents resulted in a decrease in ther-
mogenesis and increased lipid accumulation in brown 
adipose tissue.81,82 Taken together, a decrease in adipose 
tissue fibrosis particularly in PAT should be considered a 
marker of tissue pathology.

Our study showed contrasting changes in gene ex-
pression between VAT and PAT in response to exercise 

and stress suggesting fundamental differences in tissue 
remodeling. In the presence of functional leptin signal-
ing, exercise decreased insulin sensitivity in VAT while 
increasing it in PAT. In contrast, when leptin signaling 
was disrupted in the OZRs, exercise increased insulin 
sensitivity in VAT but decreased it in the PAT. These data 
suggest that leptin signaling can influence insulin sen-
sitivity in response to exercise but the response of PAT 
and VAT under the same conditions is completely dif-
ferent. Previous work has shown that in brown adipose 
tissue leptin can influence tissue remodeling through its 
impact on the growth hormone/insulin- like growth fac-
tor I axis is involved in metabolic sensing and control.83 
Likewise, UCMS stress increased the adipogenic marker 
PPAR- γ in OZR relative to LZR, while in the PAT, stress 
had the opposite effect. This would suggest that in VAT, 
some adipogenesis is induced in the absence of leptin 
receptor signaling, while stress reduced adipogenesis in 
PAT. The physiological reasons for these differential re-
sponses between the two depots are unclear. The reasons 
are likely to be explained by fundamental differences in 
cellular composition, with PAT being more brown- like 
in its composition. Secondly, the location of the depot 
is also likely to impact remodeling in response to both 
exercise and psychosocial stress. The proximity of PAT 
to the heart is likely to expose it to cardiac factors which 
could impact tissue remodeling in response to these two 
physiological stimuli. Although PAT in rodents does not 
make direct physical contact with the heart surface in 
the same way as epicardial adipose tissue in humans, 
paracrine factors can be communicated via the peri-
cardial fluid. Bi- directional communication between 
adipose tissue and muscle has been shown to influence 

F I G U R E  7  The effects of chronic psychosocial stress and treadmill exercise on inflammatory and fibrotic markers in visceral adipose 
tissue (VAT) and pericardial adipose tissue (PAT) in LZR and OZR. (A) mRNA expression of TNF- α was measured in VAT obtained 
from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene 
expression ± SEM. LZR UCMS/exercise versus OZR UCMS/exercise, p < .05, n = 7–13. (B) mRNA expression of TNF- α was measured in PAT 
obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene 
expression ± SEM. LZR control versus LZR UCMS, p < .05, n = 4–5; LZR control versus LZR UCMS/exercise, p < .05, n = 5–11; LZR UCMS/
exercise versus OZR UCMS/exercise, p < .05, n = 6–11. (C) mRNA expression of periostin (POSTN) was measured in PAT obtained from LZR 
and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. 
OZR control versus OZR UCMS, ***p < .01, n = 6–8; OZR control versus OZR exercise, ***p < .01, n = 4–6; OZR control versus OZR UCMS/
exercise, ***p < .01, n = 5–8. (D) mRNA expression of connective tissue growth factor (CTGF) was measured in PAT obtained from LZR 
and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene expression ± SEM. 
OZR control versus OZR UCMS, ***p < .01, n = 6–8; OZR control versus OZR exercise, ***p < .01, n = 4–6; OZR control versus OZR UCMS/
exercise, ***p < .01, n = 5–8. (E) mRNA expression of tissue inhibitor of metalloproteinase 1 (TIMP1) was measured in PAT obtained 
from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change in gene 
expression ± SEM. OZR control versus OZR UCMS, ***p < .01, n = 6–8; OZR control versus OZR exercise, ***p < .01, n = 4–6; OZR control 
versus OZR UCMS/exercise, ***p < .01, n = 5–8. (F) mRNA expression of tissue inhibitor of metalloproteinase 3 (TIMP3) was measured in 
PAT obtained from LZR and OZR under control, UCMS, exercise, and UCMS/exercise conditions. Results are presented as fold change 
in gene expression ± SEM. OZR control versus OZR UCMS, ***p < .01, n = 6–8. The statistical differences between LZR and OZR under 
control, UCMS, exercise, and UCMS/exercise conditions were determined by unpaired t- test, and the effects of UCMS and/or exercise were 
determined by one- way ANOVA followed by a Tukey post hoc test to compare the mean for different groups within the same strain.
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both tissue types which has significant implications for 
metabolic health.84

In conclusion, our study shows for the first time that 
VAT and PAT remodel differently in response to both ex-
ercise and psychosocial stress and that these differences 

are also influenced by leptin receptor signaling (This 
is shown schematically in Figure  9). In PAT, impaired 
leptin receptor signaling results in pathological tissue re-
modeling to both exercise and stress. The role of leptin 
signaling has been further strengthened by our in  vitro 

F I G U R E  8  Leptin signaling is required for adipocyte cellular hypertrophy but not droplet size. (A) Bright- field images of mature 
3T3L1 adipocytes captured at ×40 magnification. Panel A shows untreated control 3T3- L1 mature adipocytes, panel B shows adipocytes 
that have been treated with 5 μM Hex for 48 h post- maturation. Panel C shows adipocytes treated with 500 μM sodium palmitate for 48 h 
post- maturation. Panel D shows adipocytes incubated with both palmitate and Hex for 48 h post- maturation. The scale bar in all panels is 
20 μm long. Panel E shows a Western blot of control adipocytes and cells treated with 5 μM Hex for 48 h. Panel F shows adipocyte cell area. 
Panel G shows the average lipid droplet area. Panel H shows the average lipid droplet number per cell in the treatment groups. A total of 100 
adipocytes per group were analyzed. Values presented as mean ± SEM, significance was attained at *p < .01 and ***p < .0001, and statistical 
analysis was done using a one- way ANOVA with a Tukey multiple comparisons test.

 15306860, 2024, 1, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202300269R

R
R

 by <
Shibboleth>

-m
em

ber@
reading.ac.uk, W

iley O
nline L

ibrary on [16/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



   | 23 of 26IGE et al.

data showing that functional leptin signaling is required 
for adipocyte cell, but not lipid droplet remodeling in 
response to hypertrophy stimuli. These data may have 
significant implications for PAT remodeling in human 
obesity where leptin receptor signaling is often impaired. 
In obesity, the remodeling of PAT is likely to have signif-
icant implications for cardiac physiology and pathology 
in response to physiological stimuli such as exercise and 
psychosocial stress.
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F I G U R E  9  Schematic summarizing mechanistically the remodeling of visceral and pericardial adipose tissue with exercise or 
psychosocial stress in the presence and absence of leptin signaling. Panel A shows the remodeling of visceral adipose tissue with exercise 
and psychosocial stress and the influence of leptin signaling. Visceral adipose tissue consists of large unilocular adipocytes which increase 
adipogenesis and lipogenesis in response to psychosocial stress. Exercise induces lipolysis resulting in a reduction in the size of adipocytes. 
Insulin sensitivity and stress signaling are also increased by exercise. The remodeling is significantly attenuated in the absence of leptin 
signaling. Panel B shows the remodeling of pericardial adipose tissue with exercise and psychosocial stress and the influence of leptin 
signaling. Pericardial adipose tissue consists of a mixture of smaller unilocular adipocytes and even smaller multilocular (brown- like) cells. 
Psychosocial stress, which decreases adipogenesis and tissue fibrosis, is associated with hypertrophy of the unilocular adipocytes. Exercise 
decreases adipogenesis, lipogenesis, insulin sensitivity, and ER stress. As with visceral adipose tissue, the remodeling is significantly 
attenuated in the absence of leptin signaling. Image created with Biore nder. com
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