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Exercise attenuates high-fat
diet-induced PVAT dysfunction
through improved inflammatory
response and BMP4-regulated
adipose tissue browning

Xiaojie Liu'', Xi Jiang*!, Jing Hu?, Mingxing Ding?, Sang Ki Lee?,
Mallikarjuna Korivi*, Yongdong Qian?, Ting Li, Lifeng Wang'*
and Wei Li**

!Exercise and Metabolism Research Center, College of Physical Education and Health Sciences,
Zhejiang Normal University, Jinhua, China, 2School of Medicine, Jinhua Polytechnic, Jinhua, China,
sDepartment of Sport Science, College of Natural Science, Chungnam National University, Daejeon,
Republic of Korea

Background: Perivascular adipose tissue (PVAT) dysfunction impairs vascular
homeostasis. Impaired inflammation and bone morphogenetic protein-4
(BMP4) signaling are involved in thoracic PVAT dysfunction by regulating
adipokine secretion and adipocyte phenotype transformation. We investigated
whether aerobic exercise training could ameliorate high-fat diet (HFD)-induced
PVAT dysfunction via improved inflammatory response and BMP4-mediated
signaling pathways.

Methods: Sprague-Dawley rats (n = 24) were divided into three groups, namely
control, high-fat diet (HFD), and HFD plus exercise (HEXx). After a 6-week
intervention, PVAT functional efficiency and changes in inflammatory biomarkers
(circulating concentrations in blood and mRNA expressions in thoracic PVAT)
were assessed.

Results: Chronic HFD feeding caused obesity and dyslipidemia in rats.
HFD decreased the relaxation response of PVAT-containing vascular rings
and impaired PVAT-regulated vasodilatation. However, exercise training
effectively reversed these diet-induced pathological changes to PVAT. This was
accompanied by significantly (p < 0.05) restoring the morphological structure
and the decreased lipid droplet size in PVAT. Furthermore, HFD-induced impaired
inflammatory response (both in circulation and PVAT) was notably ameliorated
by exercise training (p < 0.05). Specifically, exercise training substantially
reversed HFD-induced WAT-like characteristics to BAT-like characteristics as
evidenced by increased UCP1 and decreased FABP4 protein levels in PVAT
against HFD. Exercise training promoted transcriptional activation of BMP4 and
associated signaling molecules (p38/MAPK, ATF2, PGCla, and Smad>5) that are
involved in browning of adipose tissue. In conjunction with gene expressions,
exercise training increased BMP4 protein content and activated downstream
cascades, represented by upregulated p38/MAPK and PGC1la proteins in PVAT.

Conclusion: Regular exercise training can reverse HFD-induced obesity,
dyslipidemia, and thoracic PVAT dysfunction in rats. The browning of
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FIGURE 2

Analysis of the characteristics of PVAT. (A) Morphology of PVAT in thoracic aortic segments of rats. (B) Representative images of HGE staining of aorta
PVAT (n = 6). Digital images were captured using 20X and 40X magnification (middle and lower panels). Scale bar = 100/50 pm. (C) Quantified data
showing the average size of lipid droplets in PVAT (n = 6). The data are presented as mean + SEM. The results are significant compared to the control

group (*p < 0.05) and the HFD group (¥p < 0.05).

PVAT dysfunction in obese animal models. Therefore, we tested
the changes in PDGFRa and Ki67 proteins to demonstrate ASPC
proliferation in response to HFD and exercise intervention. Images
from immunofluorescence studies showed that either HFD or
aerobic exercise had no significant impact on proliferation of
ASPCs in PVAT. The fluorescent intensity of PDGFRa in HFD and
HEx groups was not different from the control (Figures 5A, B). The
Ki67 appears to be overexpressed with HFD, but the quantified
fluorescence intensity was not statistically different compared
with the control (Figures 5C, D). Therefore, it is presumed that
phenotypic transformation in PVAT of obese rats may be mediated
by other complex alterations in adipocyte metabolism, which
should be further investigated.

3.9 Exercise modulates BMP4 signaling
pathway in PVAT of obese rats

To further underscore whether PVAT  phenotype
transformation is regulated by BMP4, we examined the
transcriptional activation and protein levels of key molecules
that are involved in BMP4 signaling pathways. The qPCR results
showed that the mRNA expressions of BMP4 and associated
molecules, including p38/MAPK, ATF2 (activating transcription
factor 2), PGCla (peroxisome proliferator-activated receptor
gamma coactivator la), Smad5, and Smad8 were substantially
(p < 0.05) downregulated with HFD compared with the control
diet (Figures 6A-D, F, G). Conversely, the mRNA expressions of
BMP4, p38/MAPK, ATF2, PGCla, and Smad5 were significantly
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(p < 0.05) upregulated when HFD combined with exercise
(Figures 6A=D, F). Nevertheless, no significant change in Smad1l
was observed among the groups (Figure 6E).

Consistent with gene expression data, Western blot results
showed decreased protein levels of BMP4 and PGCla along with
a decreased ratio of P-p38/p38MAPK in PVAT of obese rats.
However, the loss of these protein levels was significantly restored
after exercise training (p < 0.05). The quantified protein levels
of BMP4 and PGCla and the ratio of P-p38/p38/MAPK in HEx
group were almost similar to the control group (Figures 7A-E).
These results provide convincing evidence that aerobic exercise can
promote both transcriptional activation and protein levels of BMP4
and associated signaling molecules in PVAT, thereby regulating the
phenotypic transformation of adipose tissue in obese rats.

4 Discussion

For the first time, our findings demonstrated that aerobic
exercise training can ameliorate the high-fat diet-induced thoracic
PVAT dysfunction, possibly by promoting the BMP4-mediated
adipose tissue browning in obese rats. Chronic HFD-induced
CVD risk factors, represented by a significant weight gain
and dyslipidemia, were effectively mitigated by aerobic exercise.
The impaired secretion of leptin and elevated release of IL-1f
concentration with HFD were reversed by exercise. In addition,
exercise training ameliorated HFD-induced white adiposity,
corrected morphological abnormalities, and reduced the lipid
droplet size in PVAT. Furthermore, the exercise intervention
attenuated the whitening of PVAT via restoration of UCP1 and
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Exercise alters the brown and white adipose tissue markers in PVAT of rats fed a high-fat diet. (A, C) Representative images showing the positive
staining for UCP1 and FABP4. Scale bar: 100 pm. Red: UCP1 or FABP4; blue: nuclei counterstained with DAPI. (B) UCP1 fluorescence was quantified
and presented as histogram (n = 7-8). (D) FABP4 fluorescence was quantified and presented as histogram (n = 6). (E) Representative Western blot
images of UCP1, FABP4, and internal control GAPDH in PVAT. (F, G) Protein levels of UCP1 and FABP4 (n = 6). The data are presented as mean + SEM.
The results are significant compared to the control group (*p < 0.05) and the HFD group (#p < 0.05).
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suppression of FABP4 proteins against HFD. This beneficial effect
of exercise was accompanied by balancing the inflammatory
response in PVAT of obese rats. Our findings further witnessed
that exercise promoted transcriptional activation and protein levels
of BMP4 and associated signaling molecules in PVAT. These
findings indicate that exercise training can remodel the adipocyte
phenotypic transformation of thoracic PVAT in obese rats possibly
by promoting the inflammatory response and BMP4-mediated
signaling cascades.

One of our convincing findings is that aerobic exercise training
substantially decreased HFD-induced weight gain or obesity in rats.
This anti-obesity effect of exercise was accompanied by a notable
decrease of circulating TC, TG, and LDL concentrations. These
findings were consistent with previous studies, in which exercise
attenuated HFD-induced obesity and dyslipidemia in rats (32, 33).
Dyslipidemia, characterized by an abnormal elevation of TC, TG,
and LDL concentrations, is a hallmark of incidence of CVDs
or atherosclerosis (34). Excessive accumulation of triglycerides in
PVAT leads to enlarge adipocytes due to excess lipid droplets.
WAT is responsible for the storage of excessive energy in the
form of lipids (large single droplets), while BAT stores large
amounts of lipids due to its thermogenic property (contains
multiple smaller lipid droplets) (10, 21). In our study, HFD
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not only elevated the circulating lipid concentrations but also
increased the average size of lipid droplets in PVAT. The enlarged
lipid droplet size, morphological alterations, and architectural
derangements of PVAT in obese rats demonstrate that the thoracic
aorta is predominantly surrounded by the WAT. Such increased
accumulation of lipids on PVAT results in altering the perivascular
adiposity and vasoconstriction over a period of time (2, 35). We
then found that the PVAT-regulated vasodilatory response was
decreased with HFD, which indicates dysfunctional PVAT due
to adiposity.

It is worth to note that exercise decreased the circulating lipid
concentrations and lipid droplet size on PVAT. The smaller lipid
droplets in the HEx group is a sign of BAT-like characteristics and
normalized PVAT morphological alterations. This antilipidemic
effect of exercise further contributed to attenuate the anti-
contractile response of aortic rings and improved the vascular
reactivity in obese rats. A study by Araujo et al. has shown that
exercise training ameliorates the anti-contractile function of PVAT,
possibly by a greater reduction of PVAT mass and diminution of
morphological alterations in aortic rings of HFD rats (9). Exercise
training can reverse the HFD-induced abrupt changes in PVAT
adiposity and contractile vascular reactivity in obese mice, and
these changes were represented by a mix of BAT and WAT with
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FIGURE 4
Gene expressions of pro- and anti-inflammatory biomarkers in PVAT
of rats with HFD and HEx treatments. Relative changes in mRNA
levels of adiponectin (A), IL-10 (B), leptin (C), and MCP-1 (D) in PVAT
of rats (n = 6). The data are presented as mean + SEM. The results
are significant compared to the control group (*p < 0.05) and the
HFD group (#p < 0.05).

moderate architectural alterations in PVAT (35). Furthermore,
exercise training can reduce PVAT amount and morphological
alterations without affecting the anti-contractile activity of PVAT
and PVAT-derived leptin, adiponectin and TNF-« levels in healthy
rats (36). These findings demonstrate that exercise can restore the
PVAT function, which could contribute to decrease the risk of
developing CVDs against HFD.

The beneficial effects of exercise are possibly associated
with improved inflammatory response and/or tight control of
molecular events in adipose tissue transformation in obese
rats. To elucidate this phenomenon, changes in pro- and
anti-inflammatory biomarkers in response to HFD and exercise
were determined. HFD impairs circulating adipokines (leptin and
adiponectin) and induces a pro-inflammatory response. Studies
have shown that obesity can impair adipose tissue function and
promote adipokine secretion, thereby causing inflammation (37).
Augmented leptin and decreased adiponectin concentrations in
blood and PVAT demonstrate the malfunctioning of adipose tissue
and inflammatory status in obese rats. This phenomenon was
further supported by increased MCP-1 and decreased IL-10 in
PVAT of obese rats. Chronic inflammation lead to cellular and
tissue damage, and it plays a critical role in the pathophysiology
of vascular dysfunction (38). In conditions of obesity, adipose
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tissue undergoes a profound pathological change in its morphology,
size, and functional efficiency (39). HFD-induced inflammation in
our study is a scenario that explains whitening of adipose tissue
(conversion of BAT to WAT) with decreased BAT and increased
WAT contents.

In our study, exercise training attenuated HFD-induced
inflammation by restoring the anti-inflammatory adiponectin and
IL-10 mRNA as well as inhibiting the pro-inflammatory cytokines
(leptin, IL-1P, and MCP-1). Exercise produces some beneficial
adaptations to WAT; however, the responses of inflammatory
biomarkers are equivocal. For instance, aerobic exercise decreased
periaortic adipose tissue without altering the PVAT-derived leptin,
adiponectin, and TNF-a in healthy rats (36). In another study,
exercise training decreased the PVAT mass, but it did not diminish
the MCP-1 elevation in PVAT of obese mice (40). On the
other hand, increased PVAT mass in obesity is accompanied
by an increased macrophage infiltration, elevated MCP-1, and
decreased adiponectin secretion (41). Therefore, exercise-induced
reduction of MCP-1 expression and restoration of adiponectin
(circulation and tissue) in our study demonstrate the shifting of
pro-inflammatory status to anti-inflammatory status. Furthermore,
PVAT-derived adiponectin acts as a physiological modulator
of vascular tonus by inhibiting the pro-inflammatory cytokine
secretion through the nuclear factor-kB (NF-kB)-dependent
pathway (36, 42). Since inflammation and oxidative stress are
critically involved in PVAT dysfunction (24), the improved anti-
inflammatory status, dyslipidemia, and reduced lipid droplet size
with exercise might have contributed to attenuate HFD-induced
PVAT dysfunction, possibly by modulating the key molecular
events in PVAT phenotype shift.

Several studies have documented that exercise-induced
restoration of PVAT function is mediated by decreasing obesity
or controlling adipocyte phenotype transformation (24, 35).
Nevertheless, the key factors involved in adipocyte phenotype shift
during exercise, particularly in diet-induced obese rats remain
unexplored. For the first time, we demonstrated that exercise
training attenuates HFD-induced whitening while promoting
browning of adipose tissue in obese rats. This was evidenced
by restored UCP1 and downregulated FABP4 protein levels in
PVAT of obese exercised rats. UCP1 is a hallmark protein in BAT,
responsible for diet-induced thermogenesis and playing a role in
controlling obesity (43). FABP4 is highly expressed in adipocytes
and is involved in obesity-related metabolic diseases, including
diabetes and atherosclerosis (44). Obesity is associated with a
loss of UCP1 (brown-like phenotype marker) and/or elevation of
FABP4 (white-like phenotype marker) (44, 45). In agreement with
previous reports, our findings witnessed a notable loss of UCP1 and
gain of FABP4 expressions in PVAT of obese rats. Since UCP1 loss
and increased inflammatory status are associated with whitening
of adipose tissue (46), exercise-induced restoration of UCP1
expression and inhibition of inflammation contribute to promote
adipocyte phenotype shift or the browning process. Exercise
training upregulated UCP1 protein content in WAT of mice,
and PGC-1a is required for such elevation (47). Increased UCP1
protein expression in skeletal muscle after exercise also suggesting
phenotype switch to beige/brown muscle lipid in HFD-fed mice
(48). It is also claimed that pharmacological modification of FABP4
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FIGURE 5
Effects of aerobic exercise on proliferation of ASPCs in PVAT. (A, C) Representative images showing positive staining for PDGFRa and Ki67. Scale bar:
100 um. Red: PDGFRa or Ki67; blue: nuclei counterstained with DAPI. (B) PDGFRa fluorescence was quantified and presented as a histogram (n =
6-7). (D) Ki67 fluorescence was quantified and presented as a histogram (n = 6). The data are presented as mean + SEM

function by specific inhibitors would be a novel therapeutic strategy
to treat CVD, obesity and atherosclerosis (49). Similar to BAT-like
characteristics, exercise suppressed WAT-like characteristics of
FABP4 expression in PVAT, thereby reversing adipocyte phenotype
shift and developing atherosclerosis in obese rats.

The activation of adipose tissue browning and thermogenesis
provide a new strategy to counter the obesity-mediated metabolic
diseases. PDGFRa cells are bipotential adipocyte progenitors
and can differentiate into either white or beige adipocytes
(12). Double immunofluorescence staining of PDGFRa and Ki67
showed that mast cell inactivation enhanced the proliferation of

Frontiersin

ki67TPDGFRa™ adipose progenitor cells, thereby promoting beige
fat biogenesis in subcutaneous adipose tissue (49). Beige adipocyte
progenitors expressing PDGFRa were significantly reduced in
WAT following HFD feeding. Therefore, it is possible that the
reduction in the numbers of PDGFRa expressing progenitors is
an underlying mechanism for the attenuation of beige adipocyte
development in obese mice (50). Aerobic exercise can ameliorate
HFD-induced metabolic disorders and vascular dysfunction and
increase adipose progenitor cell population in brown adipose tissue,
which may contribute to enhance fictional brown adipose tissue
(51). Interestingly, our findings revealed no change in PDGFRa and
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FIGURE 6
Effects of aerobic exercise on the BMP4 signaling pathway in PVAT of rats fed with a high-fat diet. Relative mRNA levels of BMP4 (A), p38 (B), ATF2
(C), PGC1B (D), Smad1 (E), Smad5 (F), and Smad8 (G) in PVAT of rats (n = 6). The data are presented as mean + SEM. The results are significant
compared to the control group (*p < 0.05) and the HFD group (#¥p < 0.05).

ki67 expression in PVAT. This discrepancy could be attributed to
the heterogeneity of PVAT, which originates from multiple adipose
progenitor cells. Ye et al. (52) reported that PVAT in the anterior
thoracic aorta were developed from SM22a™ progenitor cells,
while adipocytes in the lateral thoracic aorta were developed from
SM22at and Myf5T cells. Given that the effects of aerobic exercise
on other distinct adipose fat precursor cells were not assessed in
the present study, future research should consider exploring on
this aspect.

It has been proven that BMP4 regulates white adipogenesis by
transforming the brown-to-white shift. The absence of BMP4 in
PVAT reduces BAT-characteristic gene expressions, increases pro-
inflammatory mediators, and exacerbates atherosclerosis plaque
formation, while activation of BMP4 signaling reverses these
pathological features in ApoE™/~ mice (18). Chronic HFD feeding
in our study caused a significant reduction of BMP4 mRNA and
protein levels in PVAT suggesting the diet-induced whitening of
thoracic PVAT. However, transcriptional activation and increased
amounts of BMP4 by exercise training promote PVAT browning,
which is also supported by decreased pro-inflammatory mediators,
smaller lipid droplets, and restored UCP1 expression in obese rats.
A study by Qian and colleagues demonstrated that overexpression
of BMP4 in WAT resulted in a reduction of adipocyte size,
WAT mass, and fat pad size. This also resulted in an increase in
the number of white adipocyte cell types with brown adipocyte
characteristics in mice (15). Increased circulating BMP4 in mice
has been reported to target subcutaneous WAT, promoting its
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browning by augmented UCPI, increased energy expenditure,
and enhanced mitochondrial activity (17). At the molecular level,
BMP4 regulate adipogenic function via two signaling cascades,
the p38/MAPK and Smad pathways (53). The p38 pathway
mainly controls the activation of BAT and browning of WAT
by inducing UCP1 transcription through the activation of cAMP
response element-binding protein (CREB), ATF2, and PGCla
(54). Chronic HFD feeding inhibits activation of the p38/MAPK
signaling pathway, whereas aerobic exercise training significantly
improves p38 phosphorylation levels and lipid metabolism in obese
mice (55). Similar to this result, our findings also demonstrated
restoration of the P-p38/p38MAPK ratio against HFD-mediated
loss in PVAT. It has been shown that PGCla acts as a key
regulator that is transactivated by ATF2 mainly through the BMP4-
p38/MAPK signaling pathway (15). In our study, chronic HFD
feeding in rats led to a significant reduction of BMP4-mediated
signaling molecules, p38/MAPK, ATF2, PGCla, and Smads in
PVAT. A recent study reported that browning of adipose tissue was
induced by the overexpression of BMP4 in WAT via the activation
of Smad1/5/8 and p38/MAPK pathways (15). It is worthy to note
that exercise training promoted the transcriptional activation of
these signaling molecules (p38/MAPK, ATF2, PGCla, and Smad5)
along with BMP4 in obese rats. Consistent with mRNA expressions,
the protein levels of PGCla and p38/MAPK were also elevated in
obese exercised rats. Laboratory evidence revealed that activation
of the BMP4-mediated p38/MAPK/ATF2 pathway and PGCla
expression play key role in induction of WAT into BAT-like tissue
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FIGURE 7
Effects of aerobic exercise on the BMP4 signaling pathway in PVAT of rats fed with a high-fat diet. (A) Representative Western blot images of BMP4,
P-p38, p38, PGCla, and internal control GAPDH in PVAT. (B—E) Protein levels of BMP4, P-p38/p38, p38 and PGCla (n = 6). The data are presented as
mean + SEM. The results are significant compared to the control group (*p < 0.05) and the HFD group (#p < 0.05).

(15). Furthermore, exercise training upregulated PGCla and UCP7
protein contents in epididymal WAT and contributed to brown
adipose-like phenotype modulation in HFED fed rats (56). Finally,
our findings suggest that aerobic exercise can modulate the protein
and gene levels of BMP4 downstream signaling pathways that are
associated with PVAT phenotypic shift in obese rats.

5 Conclusion

This study highlighted that 6-week aerobic exercise can
decrease bodyweight and attenuate dyslipidemia in rats fed with
HED. The beneficial effect of exercise against HFD is accompanied
by the improved inflammatory response and decreased lipid
deposition in thoracic PVAT. Exercise training promotes browning
of adipose tissue and restores the vascular function. Our findings
suggest that regular exercise training is an effective strategy to
ameliorate HFD-induced PVAT dysfunction through improved
inflammatory response and BMP4-mediated signaling pathways.
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