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Abstract 

Background:  Obesity-related cardiovascular risk, end points, and mortality are strongly related to arterial stiffening. 
Current therapeutic approaches for arterial stiffening are not focused on direct targeting within the vessel. Perivas‑
cular adipose tissue (PVAT) surrounding the artery has been shown to modulate vascular function and inflammation. 
Peroxisome proliferator-activated receptor γ (PPARγ) activation significantly decreases arterial stiffness and inflam‑
mation in diabetic patients with coronary artery disease. Thus, we hypothesized that PPARγ activation alters the PVAT 
microenvironment, thereby creating a favorable environment for the attenuation of arterial stiffening in obesity.

Methods:  Obese ob/ob mice were used to investigate the effect of PPARγ activation on the attenuation of arterial 
stiffening. Various cell types, including macrophages, fibroblasts, adipocytes, and vascular smooth muscle cells, were 
used to test the inhibitory effect of pioglitazone, a PPARγ agonist, on the expression of elastolytic enzymes.

Results:  PPARγ activation by pioglitazone effectively attenuated arterial stiffening in ob/ob mice. This beneficial 
effect was not associated with the repartitioning of fat from or changes in the browning of the PVAT depot but was 
strongly related to improvement of the PVAT microenvironment, as evidenced by reduction in the expression of pro-
inflammatory and pro-oxidative factors. Pioglitazone treatment attenuated obesity-induced elastin fiber fragmenta‑
tion and elastolytic activity and ameliorated the obesity-induced upregulation of cathepsin S and metalloproteinase 
12, predominantly in the PVAT. In vitro, pioglitazone downregulated Ctss and Mmp12 in macrophages, fibroblasts, and 
adipocytes—cell types residing within the adventitia and PVAT. Ultimately, several PPARγ binding sites were found in 
Ctss and Mmp12 in Raw 264.7 and 3T3-L1 cells, suggesting a direct regulatory mechanism by which PPARγ activation 
repressed the expression of Ctss and Mmp-12 in macrophages and fibroblasts.

Conclusions:  PPARγ activation attenuated obesity-induced arterial stiffening and reduced the inflammatory and 
oxidative status of PVAT. The improvement of the PVAT microenvironment further contributed to the amelioration 
of elastin fiber fragmentation, elastolytic activity, and upregulated expression of Ctss and Mmp12. Our data highlight 
the PVAT microenvironment as an important target against arterial stiffening in obesity and provide a novel strategy 
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Background
Obesity is linked to elevated cardiovascular risk and 
adverse cardiac outcomes and may lead to fatal conse-
quences [1]. Many studies, including ours, have shown 
that obese populations, regardless of age, have increased 
arterial stiffening, particularly in the central arteries [2–
5]. The stiffness of elastic arteries such as the aorta is an 
independent predictor of cardiovascular events and mor-
tality [6]. Therefore, the contribution of arterial stiffening 
to obesity-related cardiovascular risk, end points, and 
mortality cannot be neglected.

In humans, pulse wave velocity (PWV), the gold stand-
ard for measuring arterial stiffness, increases with age 
[7]. Genetic factors and metabolic diseases, predisposing 
vascular calcification, and changes in the protein compo-
sition of the vessel wall unfavorably affect arterial stiff-
ness. There is evidence to support the hypothesis that 
body weight loss, induced by hypocaloric diets, physi-
cal exercise, weight loss medications, bariatric surgery, 
and weight-neutral risk modifications such as the use of 
lipid lowering, antidiabetic, and antihypertensive drugs, 
attenuates arterial stiffness [7–9]. However, none of these 
therapeutic strategies directly targets microenvironment 
within the vessel wall, raising the possibility of a more 
complicated mechanism through which obesity causes 
arterial stiffening.

Perivascular adipose tissue (PVAT) surrounding the 
blood vessel directly adjoins the lamina adventitia and 
serves as a structural support for the vasculature [10]. 
PVAT undergoes morphological and functional changes 
in obesity, displaying a range of features, from those of 
energy-consuming brown adipose tissue (BAT) to those 
of energy-storing white adipose tissue (WAT) [11, 12]. 
PVAT actively communicates with the arterial wall to 
regulate vascular function and inflammation [13, 14]. 
Our previous study also showed an increased state of 
inflammation and oxidative stress in PVAT, leading to 
inflammatory cell infiltration, elastin fiber fragmentation, 
and stiffening of the aorta [3]. Thus, the PVAT microen-
vironment might be a critical determinant for arterial 
stiffening, particularly in established obesity.

Peroxisome proliferator-activated receptor γ (PPARγ) 
is a nuclear receptor regulating adipocyte development 
and glucose homeostasis. Although PPARγ is mainly 
expressed in adipose tissue, it is also detectable in the 
vasculature, including endothelial cells  (ECs), vascu-
lar smooth muscle cells (VSMCs), and macrophages 

[15, 16]. Treatment with the PPARγ agonists rosiglita-
zone and pioglitazone has been shown to significantly 
decrease arterial stiffness and arterial inflammation in 
diabetic patients with coronary artery disease, as well as 
in obese glucose-tolerant patients [17, 18]. Pioglitazone 
improves aortic elasticity and decreases inflammation in 
patients with rheumatoid arthritis [19]. PPARγ agonists 
may therefore protect against arterial stiffening by nor-
malizing metabolic disorders and/or vascular inflamma-
tion in patients with metabolic and other related vascular 
diseases.

PPARγ activation has been shown to attenuate adi-
pose tissue inflammation and mobilize fat from intra-
abdominal to subcutaneous depots [20], resulting in a 
beneficial outcome in the fat microenvironment. Thus, 
improvement of the PVAT microenvironment by PPARγ 
agonists may provide a novel therapeutic strategy against 
arterial stiffening associated with obesity. In this study, 
we hypothesized that PPARγ activation results in both 
repartition of fat from the PVAT depot and reduction 
of PVAT inflammation, ultimately changing the PVAT 
microenvironment, rendering it favorable for preserving 
the integrity of elastic fibers. To test this hypothesis, we 
employed obese ob/ob mice, which presented with high 
pro-inflammatory and pro-oxidative PVAT volumes as 
well as aortic stiffening in our previous study [3]. The 
PPARγ agonist pioglitazone was used to examine the 
influence of PPARγ on the PVAT microenvironment and 
the aortic stiffening associated with obesity.

Methods
Animals
Leptin-deficient (ob/ob) and control C57BL/6 mice 
were obtained from National Laboratory Animal Center 
(Tainan, Taiwan) fed regular chow. Pioglitazone was 
administered by oral gavage (20  mg/kg/day) or powder 
mixed in regular chow (40 mg/kg/day) on eight-week-old 
male mice. Animals were kept in a specific-pathogen-free 
barrier facility and handled in accordance with proce-
dures approved by the Institutional Animal Care and Use 
Committees of National Cheng Kung University.

PWV measurement in mice
Mice were anesthetized with avertin and placed on a 
temperature controlled electrocardiogram board. Dop-
pler spectrograms of aortic flow at the aortic arch and 
abdominal aortic site 25  mm apart were acquired with 

for the potential clinical use of PPARγ agonists as a therapeutic against arterial stiffness through modulation of PVAT 
function.
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a 20 MHz pulsed Doppler probe. The aortic PWV value 
was calculated via dividing the distance between two sig-
nals detected by the time difference between two pulse 
arrivals relative to the R-wave of the electrocardiogram.

Blood pressure measurements
Blood pressure (BP) was measured in conscious mice by 
the tail-cuff BP measurement system (BP-2000; Visitech 
Systems). The mice were trained for 2  days. BPs were 
measured 20 times per day for 3 consecutive days. The 
results were calculated as the average from three trials of 
five to ten measurements each day for 3 consecutive days.

Histology
Aortic tissue along with PVAT was fixed in 10% forma-
lin and embedded in paraffin. Paraffin-section was cut in 
5 μm thick, stained with hematoxylin and eosin for histo-
logical examination. Van Gieson’s stain (Accustain elastic 
stain kit; Sigma-Aldrich) was used for evaluation of elas-
tic fiber network and picrosirius red stain  (Abcam) was 
used for examination of collagen network.

Cell culture
Raw 264.7, 3T3-L1, and A7r5 cells were obtained from 
Food Industry Research and Development Institute, 
Taiwan, and were grown in Dulbecco’s Modified Eagle’s 
Media (DMEM) containing 10% fetal bovine serum 
(FBS). 3T3-L1 cell differentiation was induced by adding 
the induction cocktail containing insulin (1.7 µM), dexa-
methasone (1  µM) and 1-methyl-3-isobutyl-xanthine 
(IBMX,  0.5  M) to the medium. After 72  h, cells were 
changed to the medium containing DMEM with 10% FBS 
and insulin (1.7 µM). Cells were treated with various con-
centrations of pioglitazone (Cayman) for 20  h, and the 
cell lysates were used for RNA analysis and ChIP assay.

RNA analysis
Aortic tissue and PVAT were collected separately and 
stored in RNAlater (Ambion). RNA was extracted using 
REzol reagent (Protech Technology) and mRNA was 
analyzed by SYBR green-based real-time quantitative 
RT-PCR (Applied Biosystems). Cyclophilin A was used 
as the internal control for each assay. Sequences of the 
primers for RT-PCR assays are shown in Additional file 1: 
Table S1. Each mRNA sample acquired from PVAT rep-
resents one ob/ob mouse or a pool of RNA samples from 
2–3 control lean mice due to limited availability.

Immunoblot analysis
Twenty micrograms of total proteins were separated in 
SDS-PAGE, transferred to PVDF membrane, and probed 
with antibodies against collagen type I (234167; Merck-
Calbiochem), tropoelastin (MAB2503; Millipore), fibu-
lin-4 (36475; Epitomics), fibulin-5 (12188–1-AP; Protein 
Tech) and α-tubulin (T5168; Sigma-Aldrich). Immuno-
reactive protein was detected by a chemiluminescence 
detection system (GE Healthcare, Pittsburgh, PA).

Multiplexed immunohistochemistry
Paraffin-section containing aortic tissue and PVAT 
were deparaffinized, dehydrated, and boiled for epitope 
retrieval using an antigen retrieval buffer at pH = 6.0 
(Opal 4-color IHC Kit, PerkinElmer). Tissue sections 
were blocked (StartingBlock™ T20 Blocking Buffer, 
37539; Thermo-Fisher Scientific) for 1  h and incubated 
with primary antibodies (cathepsin S: ab18822, Abcam; 
MMP-12: PA5-13181, Thermo-Fisher Scientific; F4/80: 
ab6640, Abcam; CISD1: 16,006–1-AP, Proteintech; and 
NF-κB p65: SC-372, Santa Cruz) overnight at 4℃. The 
sections were incubated with HRP-conjugated secondary 
antibodies for 1  h and administrated with 50 × diluted 
Opal working solution for 10 min at room temperature. 
The following primary antibodies were stained with a 
repeat procedure including antigen stripping and block-
ing steps. DAPI was used to stain cell nuclei via adding 
mounting media containing fluoroshield with DAPI. The 
images were visualized by confocal microscopy (C1-Si, 
Nikon).

In situ zymography
Frozen sections containing aortic tissue and PVAT were 
cut into 8 μm. Elastolytic enzymes activity was detected 
by in situ zymography. Slide administrated with 4% para-
formaldehyde for 30 min was used as a negative control 
while one with diluted porcine pancreatic elastase was 
referred as a positive control. All slides were incubated 
with DQ-elastin substrate (EnzChek elastase activity 
assay kit, E-12056, Invitrogen) at 37 ℃ for 6 h. The fluo-
rescence signal from digested DQ-elastin was detected 
by a fluorescence microscope (IX71, Olympus).

Elastolytic activity
Aortic tissue and PVAT were dissected separately, 
homogenized and incubated with 10 × diluted reac-
tion buffer and DQ-elastin substrate (EnzChek elastase 
activity assay kit, E-12056, Invitrogen) at 37 ℃. The fluo-
rescence signal was detected using a microplate fluorom-
eter at 485/538 nm every 5 min to 30 min and once per 
hour until 8  h. The curve was made from fluorescence 
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detected, normalized to protein concentration over time, 
and the area under the curve represents the elastolytic 
activity.

Chromatin immunoprecipitation (ChIP) assay
The procedure for ChIP was described previously [15]. 
In brief, the interaction between protein and DNA was 
fixed by using 1% formaldehyde for 10  min. Cells were 
harvested and sonicated to fragment DNA (average size 
of 200–500 bp). PPARγ antibody (ab41928, Abcam) was 
used to immunoprecipitate the PPARγ protein and DNA 
complexes. Potential PPARγ binding sites were ampli-
fied by specific primers (Additional file 1: Table S2) after 
reversing cross-linking.

Enzyme‑linked immunosorbent assay (ELISA)
Plasma levels of cathepsin S, MMP-12, and MCP-1 in 
mice were measured using respective mouse ELISA kits 
(CSB-EL006204MO, CUSABIO; ab246540, Abcam; and 
MJE00B, R&D Systems).

Statistical analysis
Values are presented as means ± SEM. Student’s t-test 
was used for comparing two groups, and one-way-
ANOVA was used for analyzing three groups followed by 
post hoc Fisher’s least significant difference for compari-
sons. Statistically significance was set at P < 0.05.

Results
Reduced aortic PWV in obese mice treated 
with pioglitazone
Pioglitazone is widely used for the clinical treatment 
of diabetes, and we found that pioglitazone efficiently 
attenuated the increased plasma glucose level caused by 
obesity (Fig.  1a). However, pioglitazone did not change 
the increased plasma triglyceride and cholesterol levels 
(Additional file  1: Fig. S1a, b). Aortic PWV was signifi-
cantly increased in ob/ob mice and reversed in the piogl-
itazone treatment group (Fig.  1b), suggesting that the 
aortas of ob/ob mice are stiffer than those of control lean 
mice and that pioglitazone reverses the aortic stiffness. 
Heart rate and BP, including mean, systolic, and dias-
tolic BPs, did not differ between the three groups: lean 
controls, untreated ob/ob mice, and treated ob/ob mice. 
(Fig. 1c, d and Additional file 1: Fig. S1c, d). These results 
indicate that PPARγ activation attenuated obesity-
induced aortic stiffening without influencing either BP or 
levels of circulating lipid.

The effects of pioglitazone on fat deposits and PVAT 
in obese mice
The ob/ob mice have higher body weight and gonadal 
(intra-abdominal), and inguinal (subcutaneous) fat 
weights than lean control mice (Fig. 1e–g). While piogl-
itazone treatment did not change body weight, it sig-
nificantly decreased gonadal fat weight and increased 
inguinal fat weight, resulting in a significant decrease in 
the gonadal/inguinal fat ratio (Fig.  1h). While PVAT is 
located within the peritoneum, pioglitazone treatment 
did not decrease PVAT mass when normalized to body 
weight or body length (Fig.  1i, j and Additional file  1: 
Fig. S1e). These results suggest a different mechanism is 
operating in the regulation of lipid homeostasis in the fat 
depots within the intra-abdominal cavity.

Histologically, the PVAT of lean control mice exhib-
ited brown adipocyte-like features with multilocular lipid 
deposits, whereas the PVAT of ob/ob mice exhibited a 
white adipocyte-like appearance with markedly enlarged 
lipid droplets of unilocular lipid deposits (Fig.  1k). 
Although PPARγ agonists induce browning or beiging 
in subcutaneous WAT, pioglitazone treatment did not 
change the white adipocyte-like appearance in the PVAT 
of ob/ob mice (Fig.  1k). Expression of the brown adipo-
cyte markers UCP1, PRDM16, and PGC-1α did not dif-
fer between the three groups (Fig. 1l), suggesting that the 
cellular type of adipocytes in PVAT may not be affected 
by pioglitazone treatment.

Reduced inflammatory status in PVAT, but not in the aorta, 
after pioglitazone treatment
The aorta of ob/ob mice showed significantly increased 
expression of monocyte chemotactic protein-1 (MCP-
1) and macrophage marker (F4/80) and tended to have 
increased expression of tumor necrosis factor α (TNF-
α) and interleukin 6 (IL-6) compared with those of lean 
control mice (Fig. 2a). However, the upregulation of these 
genes, except for MCP-1, were not reversed by pioglita-
zone treatment. In the PVAT, ob/ob mice exhibited sig-
nificant upregulation of chemokines (MCP-1, CCR2, and 
MIP-2), a macrophage marker (F4/80), and cytokines 
(TNF-α, IL-1β, and IL-6) (Fig.  2b). Pioglitazone treat-
ment effectively attenuated the upregulation of all of 
these genes. These results suggest that pioglitazone effec-
tively attenuates PVAT inflammation but has less impact 
on aortic inflammation.

Oxidative status declined in PVAT, but not in the aorta, 
after pioglitazone treatment
The expression of antioxidant enzymes, including cata-
lase, superoxide dismutase I (SOD1), and superoxide 
dismutase II (SOD2), in the aorta was not significantly 
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Fig. 1  Biochemical analysis, fat deposits and PVAT of obese mice after pioglitazone treatment. a Plasma glucose, b aortic pulse wave velocity 
(PWV), c heart rate, d mean BP, e body weight, the ratio of f gonadal fat weight/body weight, g inguinal fat weight/body weight, and h gonadal/
inguinal fat weight were measured in 3-month-old male control, ob/ob, and pioglitazone-treated ob/ob (ob/ob + Piog) mice. i PVAT was visualized 
in 3-month-old male mice and j its weight was normalized to body weight. Numbers inside the bar = n in each group. k Histological examination 
of aorta and PVAT. l Expression of brown adipocyte markers in the PVAT (n = 3, 5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively). 
All data are resulted from 3-month-old male mice. ob/ob mice were treated with pioglitazone for 1 month starting at 2 months of age. *P < 0.05, 
**P < 0.01, and ***P < 0.001
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affected by obesity and pioglitazone treatment (Fig.  2c). 
By contrast, the expression of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase compo-
nents, including p47, p67, Cyba, and Cybb, in the aorta 
was increased by obesity, but this upregulation was not 
reversed by pioglitazone treatment. In the PVAT, the 
expression of the antioxidant enzymes catalase, SOD1, 
and SOD2 did not differ between the three groups 
(Fig.  2d). The expression of the NADPH oxidase com-
ponents p47, p67, Cyba, and Cybb in the PVAT was 
significantly upregulated by obesity, and reversed after 
pioglitazone treatment. These results suggest that piogl-
itazone treatment effectively attenuates oxidative stress 
in the PVAT, but not in the aorta, of obese mice.

Changes in elastic fiber and collagen homeostasis 
after pioglitazone treatment
We further investigated the elasticity and stability of the 
vascular wall, and found that elastin fiber fragmentation 
was significantly increased in ob/ob mice, while pioglita-
zone treatment significantly reversed this effect (Fig. 3a, 
b). Collagen staining evinced by picrosirius red-stained 

sections under polarized light indicated that the collagen 
content did not differ between the three groups (Fig. 3c, 
d). The expression of elastin, elastic fiber components 
(fibulin-4 and fibulin-5), and collagen (type 1 and type 3 
collagen) did not differ between the three groups (Fig. 3e, 
f ). These results suggest that attenuation of aortic stiff-
ness by pioglitazone in obesity can be attributed to the 
reversal of elastin fiber fragmentation.

Decreased elastolytic activity after pioglitazone treatment
We directly tested the elastolytic activity in the aorta and 
PVAT. We first used in  situ zymography by incubating 
frozen sections containing aorta and PVAT with the sub-
strate DQ-elastin. We found a significant upregulation of 
the elastin digestion signal in both the aorta and PVAT 
of ob/ob mice compared with that in lean control mice 
(Fig.  3g). Pioglitazone treatment effectively attenuated 
the fluorescence from digested DQ-elastin in both the 
aorta and PVAT of ob/ob mice. We confirmed this find-
ing by isolating tissue lysates from the aorta and PVAT 
for elastolytic activity assay. We found that the capabil-
ity for digesting DQ-elastin was significantly higher in 
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Fig. 2  Expression of inflammatory mediators and reactive oxygen species-related enzymes in the aorta and PVAT. Expression of genes for 
chemokines, macrophage markers, and cytokines in the a aorta (n = 7, 5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively) and b 
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of NADPH oxidase in the c aorta (n = 7, 5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively) and d PVAT (n = 3, 5, and 6 for control, ob/
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the aorta and PVAT of ob/ob mice (Fig. 3h) than those in 
control mice. While pioglitazone tended to decrease the 
elastolytic activity in the aorta, it significantly decreased 
the elastolytic activity in the PVAT of ob/ob mice.

Downregulation of elastolytic enzymes in the aorta 
and PVAT after pioglitazone treatment
The imbalance between the activity of extracellular 
matrix (ECM) degradation enzymes, such as matrix met-
alloproteinases (MMPs) and cathepsins (CTSs), results in 
fragmentation of the elastic fibers in the aorta [3, 4]. We 
found that the expression of cathepsin K, cathepsin L, 
MMP-2, and MMP-9 did not differ in the aorta between 
the three groups (Fig. 4a). MMP-7 was not detectable in 
either aorta or PVAT. We found a significantly increased 
expression of both cathepsin S (CTSS) and MMP-12 in 
the aorta of ob/ob mice compared with that in lean con-
trol mice. While pioglitazone treatment attenuated the 
upregulation of MMP-12, it did not decrease the expres-
sion of CTSS. In the PVAT, the expression of cathepsin K, 
cathepsin L, MMP-2, and MMP-9 did not differ between 
groups (Fig.  4b). While ob/ob PVAT had significantly 
higher expression of CTSS and MMP-12, pioglitazone 
treatment effectively decreased this upregulation. These 
results indicate that pioglitazone decreases the expres-
sion of degradation enzymes for elastic fibers in the sur-
rounding environment of aorta especially in the PVAT 
that may help to maintain the structure and integrity of 
the elastic fibers.

We used multiplexed immunofluorescence staining of 
the aorta and PVAT to examine the location and expres-
sion of CTSS, MMP-12, and the macrophage marker 
F4/80. Confocal microscopy showed that the expression 
of CTSS and MMP-12 was upregulated in both aorta 
and PVAT by obesity but was attenuated by pioglitazone 
(Fig. 4c and Additional file 1: Fig. S2). F4/80 was primar-
ily upregulated in the aortic advantia and PVAT of ob/ob 
mice and was attenuated after pioglitazone treatment. 
We found that the location of elastic fiber breaks was 
associated with significant increases in F4/80 and MMP-
12 (Fig. 4d). These results suggest a relationship between 
the upregulation of elastolytic enzymes and elastic fiber 

breakage. Moreover, plasma levels of CTSS, MMP-12, 
and MCP-1 were significantly increased in ob/ob mice 
(Fig.  4e). However, except for CTSS, pioglitazone did 
not significantly reduce the increased plasma levels of 
MMP-12 and MCP-1 in ob/ob mice. Thus, the effect of 
pioglitazone on attenuation of inflammatory mediators in 
circulation differs from that in local microenvironment.

Inhibitory effect of pioglitazone on expression of CTSS 
and MMP‑12
To investigate which cell types within the aorta and PVAT 
might be responsible for the downregulation of CTSS 
and MMP-12, we treated various cell types, including 
macrophages (Raw 264.7 and peritoneal macrophages), 
fibroblasts (3T3-L1 cells), adipocytes (differentiated 3T3-
L1 cells), and VSMCs (A7r5) with pioglitazone. While 
pioglitazone treatment induced expression of a reported 
PPARγ downstream gene, CD36 or aP2, in all cell types 
tested (Additional file 1: Fig. S3), it downregulated CTSS 
in Raw 264.7, peritoneal macrophages, and undifferenti-
ated and differentiated 3T3-L1 cells, but not in A7r5 cells 
(Fig.  5a–e). Furthermore, pioglitazone treatment only 
downregulated MMP-12 expression in peritoneal mac-
rophages and had marginal effects on MMP-12 expres-
sion in other cell types (Fig. 5a–e). Searching previously 
reported ChIP–sequencing data [21], we found sev-
eral potential PPARγ-binding sites in Ctss and Mmp12 
(Fig. 6a, b). ChIP-polymerase chain reaction (ChIP-PCR) 
assays in Raw 264.7 and 3T3-L1 cells showed that PPARγ 
bound to Cd36, Ctss, and Mmp12 after pioglitazone 
treatment in both cell types (Fig.  6c–f and Additional 
file  1: Fig. S4), suggesting that Ctss and Mmp12 are the 
direct targets of PPARγ in macrophages and fibroblasts.

The role of mitoNEET in attenuation of obesity‑mediated 
arterial stiffness by pioglitazone
Because mitoNEET (also called CISD1), a mitochon-
drial outer membrane protein, has been implicated in 
the action of pioglitazone in PVAT [22], we conducted a 
series of experiments to examine the role of mitoNEET 
in attenuation of obesity-mediated arterial stiffness by 

(See figure on next page.)
Fig. 3  Elastin fiber fragmentation, collagen deposition, and elastolytic activity in the aorta. a Representative pictures for the elastic fiber network, 
and b quantification of elastin fiber breaks in the thoracic aortic media. Arrows indicate breaks in the elastin fiber. Each scale bar is 100 μm. c 
Collagen stain by the polarized view of picrosirius red-stained section and d quantification of collagen proportion of the aorta. Each scale bar is 
1 mm. e Expression of collagen and elastic fiber components in the aorta (n = 7, 5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively). 
mRNA amount is expressed relative to the average expression in control mice. f Immunoblot analysis on type I collagen, tropoelastin, fibulin-4/5 in 
the aorta. Each band represents a tissue extract from a single mouse. g In situ zymography for elastolytic activity in the frozen section. Each scale 
bar is 200 μm, h Tissue lysates of aorta and PVAT for elastolytic activity assay. The elastolytic activity was demonstrated as the area under the curve 
(AUC) of fluorescence with normalization to protein concentration over time. All data are resulted from 3-month-old male mice. *P < 0.05 and 
**P < 0.01
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pioglitazone. First, we examined mRNA and protein 
levels of mitoNEET in the aorta and PVAT. We found 
that mRNA levels of mitoNEET were significantly 
downregulated in the aorta and PVAT of ob/ob mice 
(Fig.  7a, b). Consistent with the study by Chang et  al. 
[22], pioglitazone treatment significantly increased 
mitoNEET mRNA level in the PVAT of ob/ob mice, 
and tended to increase it in the aorta. Immunostain-
ing consistently revealed that obesity downregulated 
mitoNEET in the PVAT, and pioglitazone treatment 
slightly reversed this downregulation (Fig. 7c). Second, 
we examined the correlation between aortic mitoNEET 
expression and PWV, but failed to observe the corre-
lation between them (Fig.  7d). Interestingly, however, 
aortic expression of CTSS and MMP-12 significantly 
correlated with PWV. Third, we also demonstrated 
the binding of PPARγ to the genomic sequence of 
mitoNEET in the cell models. ChIP-PCR in both 3T3-
L1 and Raw 264.7 cells showed that PPARγ bound to 
the genomic sequence of mitoNEET (Fig.  7e). These 
results suggest that mitoNEET can be one of the con-
tributors in pioglitazone-mediated attenuation of arte-
rial stiffness.

The contribution of glucose and ECs 
in pioglitazone‑mediated beneficial effect on improvement 
of arterial stiffness
Because pioglitazone effectively reduced blood glucose 
levels in obese mice and glucose metabolism in ECs 
plays an important role in regulating vascular func-
tional homeostasis, we then tested whether pioglita-
zone improves obesity-mediated arterial stiffness via 
the control of glucose metabolism and EC function. 
First, we examined the correlation between plasma 
glucose level and PWV, but did not observe the cor-
relation between them (Fig.  8a). Second, we exam-
ined expression of several marker genes related to EC 
damage in aorta. Our results showed that obesity sig-
nificantly upregulated VCAM, and tended to increase 
P-selectin and decrease eNOS (Fig.  8b). However, 
pioglitazone treatment did not significantly reverse 
these changes. Third, we performed the correlation 
analysis between aortic expression of these EC damage 
markers and PWV, but did not reveal the correlation of 

these genes with PWV (Fig.  8c). Fourth, we examined 
NF-κB nuclear localization in the EC. We found that 
obesity significantly increased NF-κB nuclear localiza-
tion in the cells within endothelium, but pioglitazone 
did not reverse this increased NF-κB nuclear localiza-
tion (Fig. 8d, e). Thus, while pioglitazone reduced blood 
glucose levels in obese mice, the contribution of glu-
cose and EC function in pioglitazone-mediated benefi-
cial effect on improvement of arterial stiffness may be 
modest.

Discussion
In this study, we aimed to target the PVAT microenviron-
ment as a novel therapeutic strategy against the arterial 
stiffening associated with obesity. We found that piogl-
itazone treatment reduced aortic PWV in obese mice. 
Although PPARγ activation remodeled the fat depos-
its and decreased the gonadal/inguinal ratio, it did not 
change the mass or the cellular type of adipocytes in 
PVAT. The attenuated inflammatory and oxidative sta-
tus in the PVAT, but not in the aorta, contributed to 
the altered microenvironment surrounding the artery. 
PPARγ activation directly upregulated CTSS and MMP-
12 expression in the cell types within the PVAT and 
aorta, accompanied by a reversal of elastin fiber frag-
mentation and a reduction of elastolytic activity in obe-
sity. These data provide a new insight into the role of the 
PVAT microenvironment in arterial stiffening in obesity. 
The effect of PPARγ agonists on the modulation of PVAT 
function thus has the potential to be used as a therapeu-
tic strategy against arterial stiffening.

Increased arterial stiffness, as reflected by enhanced 
PWV, is significantly associated with a high risk of car-
diovascular mortality [6]. Recently, a joint scientific state-
ment of the European Association indicated that the 
exclusion of obesity or fat distribution in current cardio-
vascular risk scores may underestimate the risk of early 
vascular aging in obesity [8]. In a large epidemiological 
study, obesity was found to be an independent predictor 
of cardiovascular risk, particularly in coronary heart dis-
ease and stroke [1]. A systematic search was conducted of 
human studies from the 1950s up to 2014 in many data-
bases, and meta-analysis suggested that weight loss may 
reduce PWV [9]. The increased PWV is independent of 

Fig. 4  Expression and location of elastolytic enzymes in the aorta and PVAT. Expression of genes for cathepsins and MMPs in the a aorta (n = 7, 
5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively) and b PVAT (n = 3, 5, and 6 for control, ob/ob, ob/ob + Piog groups respectively). 
mRNA amount is expressed relative to the average expression in control mice. *P < 0.05, **P < 0.01, and ***P < 0.001. ND, not detectable. c 
Immunofluorescence staining for CTSS (green), MMP-12 (red) and F4/80 (blue) in the thoracic aorta and PVAT. The DAPI nuclear counterstain 
appears light blue. Magnification of the square in (c) is shown in (d). The while arrow indicates the location of elastic fiber break with increased 
signals of MMP-12 and F4/80. e Plasma levels of CTSS, MMP-12, and MCP-1 by ELISA (n = 7, 5, and 6 for control, ob/ob, and ob/ob + Piog groups 
respectively). All data are resulted from 3-month-old male mice. Original magnification × 400 for (c) and × 1200 for (d)

(See figure on next page.)
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age, sex, or BP in obese patients [23]. These data support 
the contention that obesity is an independent factor in 
arterial stiffness. Thus, these epidemiological observa-
tions suggest that obesity is an important factor in the 
development of arterial stiffening.

Hyperglycemia, tightly linked to vascular function, 
triggered endothelial dysfunction via reduction in nitric 
oxide synthesis and deterioration of antioxidant defense 
mechanisms [24, 25]. In our model, pioglitazone treat-
ment concurrently ameliorated hyperglycemia and 
arterial stiffness in ob/ob mice. However, no correla-
tion between plasma glucose level and PWV was found. 
Moreover, the genes coding for EC damage markers were 
not significantly reversed by pioglitazone, and not corre-
lated with PWV either. Lastly, pioglitazone treatment did 
not ameliorate the increased nuclear NF-κB in the ECs 
of ob/ob mice. These results suggest that attenuation of 
hyperglycemia and EC damage may not play significant 
roles in the protective effect of pioglitazone on aortic 
stiffening in obesity.

As predicted by this hypothesis, the arterial stiff-
ness and PWV were increased in non-hypertensive 

diet-induced obese mice. Our previous and current 
findings indicated that aortic PWV was significantly 
increased in ob/ob mice [3] independent of changes in 
BP and heart rate. In a diet-induced obese mouse model, 
adipokine dysregulation was associated with arterial 
stiffness but not the development of hypertension [26]. 
An increase in NADPH oxidases (NOX) 4 in the mito-
chondria of VSMCs and vasculature was associated with 
arterial stiffness in aged hypercholesterolemic mice [27]. 
Canugovi et  al. found that young transgenic mice with 
high mitochondrial oxidative stress caused by increased 
NOX4 expression in mitochondria showed an increase 
in intrinsic VSMC stiffness, suggesting that the enhance-
ment of ROS is critical for the pathogenesis of aortic stiff-
ening in aging [28]. We also found significant, consistent 
increases in the expression of NADPH oxidase subunits 
in the PVAT, though the increases were relatively mod-
est in the aorta. Both the lack of PVAT and hypertrophic 
PVAT caused by a high-fat diet enhanced arterial stiffness 
in aging mice [22], suggesting that PVAT dysfunction 

0 10 20 40 0 10 20 40
0.0

0.5

1.0

1.5
Ctss Mmp12

Peritoneal macrophage

* **
***

**

Pioglitazone ( M)

egnahc
dloF

A7r5

0 10 20 40 0 10 20 40
0.0

0.5

1.0

1.5

2.0

2.5

Pioglitazone ( M)
egnahc

dloF

a

c

b

d e

µµ

µµ

Ctss Mmp12

Fig. 5  Effect of PPARγ activation on expression of Ctss and Mmp12. a Raw 264.7 cells, b peritoneal macrophages, c 3T3-L1 undifferentiated cells, d 
3T3-L1 differentiated cells, and e A7r5 cells were treated with various concentrations of pioglitazone for 20 h. Expression of Ctss and Mmp12 relative 
to the average expression of non-treatment control group. Data were collected from two independent experiments. *P < 0.05, **P < 0.01, and 
***P < 0.001



Page 12 of 19Chen et al. J Biomed Sci           (2021) 28:22 

plays an important role in the pathogenesis of arterial 
stiffness.

Different fat pads have distinct impacts on cardiovas-
cular disease development. For example, accumulation 
of subcutaneous adipose tissue is not associated with 
increased cardiovascular risk in human [29]. Central or 
abdominal obesity caused by visceral adiposity is more 
closely related to arterial stiffness than increased body 
mass index, regardless of age [30, 31]. Other studies have 
reported changes in visceral adiposity as an independent 

factor of arterial pulse pressure and arterial stiffness 
in non-hypertensive [32] and type 2 diabetic patients 
[33]. Visceral fat accumulation and waist circumfer-
ence are positively correlated with arterial stiffness but 
not intima-media thickness in men with type 2 diabetes 
[34]. Even at normal weight, increased visceral adiposity 
remains associated with enhanced PWV in patients with 
type 2 diabetes [35]. Our results indicated that the reduc-
tion of PWV under pioglitazone treatment was accom-
panied by a decrease in the gonadal/inguinal fat ratio 
without change in body weight. Thus, intra-abdominal 
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fat is a critical factor in the development of arterial stiff-
ness. Because PVAT is located within the abdomen, it is 
one of the intra-abdominal fat depots. We initially specu-
lated that PPARγ activation may decrease PVAT fat mass. 
However, our results showed that pioglitazone treatment 

did not affect PVAT fat mass, suggesting that PVAT has 
different characteristics in response to PPARγ-mediated 
fat remodeling. Thus, obesity-mediated arterial stiffening 
is not simply determined by the PVAT fat mass.

Fig. 7  The role of mitoNEET in attenuation of obesity-mediated arterial stiffness by pioglitazone. Expression of Cisd1 (coding for mitoNEET) in the 
a PVAT (n = 3, 5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively) and b aorta (n = 7, 5, and 6 for control, ob/ob, and ob/ob + Piog 
groups respectively). *P < 0.05, **P < 0.01, and ***P < 0.001. c Immunofluorescence staining for mitoNEET (CISD1, red) and DAPI (blue) in the thoracic 
aorta and PVAT. Each scale bar is 200 μm. d The correlation between PWV and genes in the thoracic aorta (n = 5, 3, and 6 for control, ob/ob, and 
ob/ob + Piog groups respectively). Scatter plot illustrating the Spearman’s correlation of normalized reads per mouse between PWV and mitoNEET 
(Cisd1), CTSS (Ctss), and MMP-12 (Mmp12). Spearman’s rank correlation coefficients r and P value are provided in each plot. *P < 0.05. e ChIP assay in 
3T3-L1 undifferentiated and Raw 264.7 cells treated with pioglitazone. The schematic representation shows the location of primers flanking putative 
PPARγ-binding sites (grey rectangles) in Cisd1. Sequence containing the potential PPARγ-binding sites in Cisd1 loci was amplified by real-time 
polymerase chain reaction in 3T3-L1 undifferentiated and Raw 264.7 cells. Data were collected from three independent experiments



Page 14 of 19Chen et al. J Biomed Sci           (2021) 28:22 

The PVAT of lean control mice exhibited multilocular 
lipid deposits, whereas the PVAT in ob/ob mice had a 
white adipocyte-like appearance, with markedly enlarged 
lipid droplets of unilocular lipid deposits. These results 
suggest that PVAT exhibits the phenotypes of both WAT 
and BAT [36]. Functionally, PVAT has brown adipocyte-
like features as its lipid clearance characteristics and 
maintains intravascular temperature in response to cold 
stimulation [37]. However, we did not find any difference 
in browning genes within the PVAT between lean and ob/
ob mice. Pioglitazone treatment did not change the white 
adipocyte-like appearance, or the expression of brown 
adipocyte markers, of PVAT in ob/ob mice. These results 
suggest that PPARγ activation in PVAT, and its concomi-
tant decrease in arterial stiffness is unlikely to be related 
to the browning of PVAT.

PVAT has a paracrine action on the VSMCs and ECs 
that contribute to the regulation of vessel tone under 
physiological conditions [38]. Loss of PVAT results in 
impaired vascular homeostasis and endothelial dys-
function [37]. Accumulating evidence from human 
and animal studies indicates that obesity modulates the 
function of PVAT. PVAT loses its anti-contractile prop-
erties, which are attributed to decreased vasodilator adi-
pokines, increased the release of vasoconstrictor factors 
and increased oxidative factors in obesity and metabolic 
syndrome [39, 40]. Our data showed a significant upregu-
lation of MCP-1 and F4/80, as well as macrophage infil-
tration, in both the aorta and PVAT in obesity. However, 
the expression of other pro-inflammatory factors, such as 
chemokines and cytokines, and the pro-oxidative enzyme 
NADPH oxidase was significantly increased in the PVAT 
but not in the aorta in obesity. These results suggest that 
the altered PVAT microenvironment is tightly linked to 
the pathogenesis of arterial stiffening in a paracrine man-
ner in obesity. Thus, modulation of the PVAT microen-
vironment through reduction of pro-inflammatory and 
pro-oxidative factors may provide a novel therapeutic 
strategy against arterial stiffness in obesity.

Pioglitazone, a PPARγ agonist, has been widely used 
in antidiabetic therapy and is well known to remodel 
fat deposition, such as by attenuating adipose tissue 

inflammation and oxidative stress, to yield a healthier 
adipose tissue microenvironment [41]. Recently, the 
effect of PPARγ agonists on the modulation of the 
PVAT microenvironment has been reported. Pioglita-
zone diminishes oxidative damage and pro-inflamma-
tory markers in the PVAT of apolipoprotein E-deficient 
(ApoE−/−) mice under fructose overload [42]. Similarly, 
pioglitazone-induced upregulation of mitoNEET pre-
vented PVAT inflammation and was negatively associated 
with arterial stiffness in diet-induced obese mice [22]. We 
found that pioglitazone treatment diminished arterial 
stiffness, a condition which is associated with attenuation 
of increased inflammation and oxidative stress, predomi-
nantly in the PVAT. Thus, the effect of pioglitazone on the 
amelioration of arterial stiffening may be attributed to its 
beneficial role in changing the PVAT microenvironment.

Although mitoNEET is implicated as one of the con-
tributors in pioglitazone-mediated attenuation of arte-
rial stiffness [22], there are several discrepancies between 
the study by Chang et al. and ours. For example, Chang 
et al. applied not only hyperphagic (high-fat diet) but also 
aging (diet feeding for more than 48 wks) mouse model, 
whereas ours applied relatively young (3-month-old) 
hyperphagic ob/ob mice. Because aging is a key deter-
minant of arterial stiffness, combination of both factors 
may complicate the role of pioglitazone in attenuation 
of obesity-induced arterial stiffness. In addition, while 
brown adipocyte-specific overexpression of mitoNEET 
inhibited diet-induced arterial stiffness accompanied by 
downregulation of inflammatory genes [22], the action 
of pioglitazone in mediating this axis was not directly 
tested in their study. In summary, although the role of 
mitoNEET in pioglitazone-mediated attenuation of arte-
rial stiffness cannot be neglected, the potential execut-
ers, such as CTSS and MMP-12, which are involved in 
the aortic structure homeostasis are directly regulated by 
PPARγ and significantly correlated with arterial stiffness.

The elasticity and stability of the vascular wall are 
closely related to the two structural proteins, elastin and 
collagen. Elastin contributes to the elasticity and resil-
ience of the arteries, while collagen is responsible for ten-
sile strength. Excessive collagen deposition or insufficient 

Fig. 8  The contribution of glucose and ECs in pioglitazone-mediated beneficial effect on improvement of arterial stiffness. a The correlation 
between PWV and plasma glucose level in mice (n = 5, 3, and 6 for control, ob/ob, and ob/ob + Piog groups respectively). Scatter plot illustrating 
the Spearman’s correlation of normalized reads per mouse between PWV and plasma glucose level. b Expression of genes for endothelial markers 
in the aorta (n = 7, 5, and 6 for control, ob/ob, and ob/ob + Piog groups respectively). **P < 0.01. c The correlation between PWV and genes of 
endothelial markers in the thoracic aorta (n = 5, 3, and 6 for control, ob/ob, and ob/ob + Piog groups respectively). Scatter plot illustrating the 
Spearman’s correlation of normalized reads per mouse between PWV and VCAM (Vcam), P-selectin (Selp), vWF (Vwf), and eNOS (Nos3). Spearman’s 
rank correlation coefficients r and P value are provided in each plot. d Immunofluorescence staining for NF-κB p65 (red) and DAPI (blue) in the 
thoracic aorta. Each scale bar is 25 μm. Magnification of the square in upper panels is shown in lower panels. The while arrow indicates the location 
of positive nuclear staining for NF-κB. e Quantification of nuclear NF-κB p65 in the endothelial layer of thoracic aorta. ***P < 0.001

(See figure on next page.)
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elastin fiber connection leads to aortic stiffening [1, 2]. 
However, we did not find any changes in the expression 
of structural proteins in the arterial wall of ob/ob mice. 
Pioglitazone treatment did not affect the expression of 
these structural proteins. Using in situ zymograph assays, 
we further found that pioglitazone tended to decrease 
elastolytic activity in the aorta and significantly decreased 
this activity in the PVAT of ob/ob mice. These results 
suggest that obesity-induced arterial stiffening is due to 
the increased remodeling of the aortic wall rather than 
alterations in the aortic structural proteins. We found 
that pioglitazone treatment attenuated the enhanced 
elastin fragmentation in ob/ob aortas, accompanied by 
the reversal of increased expression of CTSS and MMP-
12, predominantly in the PVAT, and to a lesser extent in 
the aorta, of ob/ob mice. These findings suggest that the 
attenuation of proteolysis resulting from changes in the 
PVAT microenvironment may be involved in the inhibi-
tory effect of pioglitazone on reduction of aortic stiffness.

To further investigate the cause of increased proteoly-
sis, we used immunostaining and found that the expres-
sion of CTSS and MMP-12 was increased in both the 
aorta and the PVAT of ob/ob mice. CTSS is predomi-
nantly expressed in monocytes and many other non-
skeletal tissues. The mature protein cleaves MHC class II 
molecules in the endolysosomal compartment, and the 
secreted form can remodel components of the ECM, such 
as elastin, collagen, and fibronectin [22]. CTSS expressed 
in human atheroma produces elastinolytic activity at the 
sites of vascular matrix remodeling [43]. CTSS also regu-
lates ECM degradation and mediates fibroblast transdif-
ferentiation, thereby preserving left ventricular function 
after myocardial infarction [44]. We found that elastic 
fiber breakage is co-localized with the signals of F4/80 
and MMP-12, indicating the involvement of MMP-12 
and macrophages in elastin fiber breakage. Increased 
activity of MMP-12, predominantly produced by mac-
rophages [45], is associated with atherosclerosis [46]. 
MMP-12 secreted by arterial VSMCs has been shown 
to be an essential mediator of chronic arterial stiffening 
with age [47]. We speculated that obesity-induced arte-
rial remodeling is predominantly due to the CTSS and 
MMP-12 secreted from the cells in the local microenvi-
ronment within or surrounding the artery.

To investigate the causal relationship between PPARγ 
activation and the downregulation of Ctss and Mmp12, 
we used several cell models, including macrophages 
(Raw 264.7 and peritoneal macrophages), fibroblasts 
(3T3-L1 cells), adipocytes (differentiated 3T3-L1 cells), 
and VSMCs (A7r5). While PPARγ activation did not 
affect the expression of Ctss and Mmp12 in the VSMCs, 
it downregulated Ctss and Mmp12 in macrophages, 
fibroblasts, and adipocytes at various concentrations. 

We further calculated the blood concentration of Cmax 
after oral administration of pioglitazone at 20  mg/kg 
in mice. According to European Public Assessment 
Report (EPAR) for pioglitazone published by European 
Medicines Agency (EMA), the Cmax in human serum is 
typically 900  ng/mL (equal to 2.52  μM) after a 30-mg 
dose within 1–3  h [48]. In rats, the Cmax can reach 
32  μM in plasma after oral administration of pioglita-
zone at 10  mg/kg BW [49]. Although we did not find 
the pharmacokinetics of pioglitazone reported in mice, 
the Cmax in mice is about 2 ~ 5 fold higher than that in 
rats [50, 51]. Therefore, the Cmax after oral administra-
tion of pioglitazone at 20 mg/kg BW in mice is expected 
to be around 100 μM, which is comparable to the dos-
age we used in vitro. These data suggest that the effect 
of PPARγ activation on the reduction of CTSS and 
MMP-12 within the aorta may be mediated through a 
coordinated downregulation in these cell types, such 
as macrophages and adventitial fibroblasts residing 
within the adventitia and PVAT. To further investigate 
the possibility of a direct interaction between PPARγ 
and Ctss and Mmp12, ChIP analysis was conducted 
using Raw 264.7 and 3T3-L1 cells. Although the PPARγ 
response element in Mmp12 could not be analyzed 
using promoter analysis [52], we found several PPARγ-
binding sites in Ctss and Mmp12. Thus, PPARγ could 
directly bind to Ctss and Mmp12 upon pioglitazone 
treatment in both macrophages and fibroblasts. These 
data suggest that the reduction of CTSS and MMP-12 
expression under PPARγ agonism could be regulated 
via transcriptional repression.

In our study, the beneficial effects of pioglitazone on 
improvements of PVAT microenvironments and aortic 
stiffening remain elusive. Particularly, the inside (glu-
cose and EC function) and outside (mitoNEET in PVAT) 
contributions cannot be neglected. Because pioglita-
zone is well known to remodel fat deposition and modu-
late fat microenvironment, we focused on the fat depot 
surrounding aorta, the PVAT. Interestingly, however, 
pioglitazone attenuated obesity-induced aortic stiffen-
ing, which is not related to changes in PVAT mass and 
browning. Instead, pro-inflammatory and pro-oxidative 
mediators in the PVAT are significantly attenuated by 
pioglitazone. Furthermore, we applied several cell mod-
els and found that PPARγ directly attenuated CTSS and 
MMP-12, particularly in those cells residing within the 
PVAT. We thus proposed that pioglitazone improves 
PVAT microenvironments and aortic stiffening in obesity 
via multiple PPARγ target genes in the cells, such as mac-
rophages and fibroblasts, residing within the PVAT.

Regarding the roles of macrophages and fibroblasts 
in governing pioglitazone-prevented aortic stiffening 
caused by obesity, we found that pioglitazone effectively 
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suppressed Ctss and Mmp12 in macrophages and fibro-
blasts. Moreover, we found the binding of PPARγ to 
the genomic sequences of Ctss and Mmp12, as well as 
Cisd1, in both cell lines. Therefore, we speculated that 
macrophages and fibroblasts residing within the PVAT 
surrounding the aorta can respond to pioglitazone in 
attenuation of Ctss and Mmp12 expression, as well as 
upregulation of Cisd1 expression. Among the genes we 
tested in the cell models, pioglitazone has more promi-
nent effect on inhibition of Ctss. Consistently, we also 
found a significant reduction in the circulating CTSS 
level after treatment of pioglitazone in ob/ob mice. Thus, 
the reduction in circulating CTSS may be contributed by 
the action of pioglitazone in these two cell types. These 
results raised a possibility that these two cell types may 
contribute to attenuation of aortic proteolysis factors in 
both local aortic microenvironment and systemic circu-
lation for improvement of obesity-induced aortic stiff-
ening. However, dissecting the relative contribution of 
these two cell types in governing pioglitazone-prevented 
aortic stiffening caused by obesity would further require 
a macrophage or fibroblast-specific PPARγ knockout. 
Nevertheless, we believe that providing the information 
regarding how an unacknowledged function of pioglita-
zone in obesity-mediated aortic stiffening to the field, 
particularly for the translation purpose in clinics, is a 
timely issue.

Conclusions
The present study focused on pioglitazone treatment 
against arterial stiffening in obesity. Although PPARγ 
activation did not significantly alter the mass or brown-
ing of PVAT, it significantly attenuated the inflamma-
tory and oxidative status of PVAT. The improvement of 
PVAT and the local microenvironment surrounding the 
artery by pioglitazone in obesity further contributed to 
the attenuation of elastin fiber fragmentation, elastol-
ytic activity, and expression of elastic fiber degradation 
enzymes. This effect is likely to be mediated through 
the direct regulation of Ctss and Mmp12 by PPARγ in 
macrophages and fibroblasts. Our data highlight a novel 
therapeutic strategy against arterial stiffening, involving 
targeting the PVAT microenvironment in obesity. This 
study also suggests the possibility of repurposing PPARγ 
agonists as clinical therapeutics for arterial stiffening, 
acting by modulating PVAT function.

Abbreviations
BAT: Brown adipose tissue; BP: Blood pressure; CTSS: cathepsin S; IL-6: Interleu‑
kin 6; MCP-1: Monocyte chemotactic protein-1; MMPs: Matrix metalloprotein‑
ases; PPARγ: Peroxisome proliferator-activated receptor γ; PVAT: Perivascular 
adipose tissue; PWV: Pulse wave velocity; SOD: Superoxide dismutase; TNF-α: 
Tumor necrosis factor α; VSMCs: Vascular smooth muscle cells; WAT​: White 
adipose tissue.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12929-​021-​00720-y.

Additional file 1. Additional figures and tables.

Acknowledgements
We are grateful to thank the Core Laboratories of Center for Clinical Medicine 
Research, National Cheng Kung University Hospital; the Core Research Labora‑
tory, College of Medicine, National Cheng Kung University; and the Laboratory 
Animal Center, College of Medicine, National Cheng Kung University and 
Taiwan Animal Consortium. We thank Editage for language editing.

Authors’ contributions
JYC contributed to experimental design and discussion, wrote manuscript. 
YPW researched data, contributed to discussion, wrote manuscript. CYL 
researched data, contributed to discussion, wrote manuscript. HFJ interpreted 
the data, wrote manuscript. LZK researched data. CCY researched data. SYL 
researched data. ICL researched data. WTW researched data. HCT researched 
data, contributed to discussion. YWC contributed to experimental design 
and discussion. MJT contributed to experimental design and discussion. PJT 
contributed to discussion, reviewed/edited manuscript. YST contributed to 
discussion, wrote manuscript, reviewed/edited manuscript. All authors read 
and approved the final manuscript.

Funding
This work was supported by grants from the Ministry of Science and Technol‑
ogy Taiwan (MOST-107-2320-B-006-063MY3 and MOST-107-2320-B-006-003), 
National Health Research Institutes (NHRI-EX107-10511SI), and National Cheng 
Kung University Hospital. These funding bodies had no role in the design of 
the study and collection, analysis, or interpretation of data and in writing the 
manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
Animals were handled in accordance with procedures approved by the Insti‑
tutional Animal Care and Use Committees of National Cheng Kung University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Division of Cardiology, Department of Internal Medicine, National Cheng 
Kung University Hospital, Tainan, Taiwan, ROC. 2 Institute of Clinical Medicine, 
National Cheng Kung University, Tainan, Taiwan, ROC. 3 Research and Develop‑
ment Division, National Laboratory Animal Center, National Applied Research 
Laboratories, Taipei, Taiwan, ROC. 4 Department of Physiology, National Cheng 
Kung University, Tainan, Taiwan, ROC. 5 International Center for Wound Repair 
and Regeneration, National Cheng Kung University, Tainan, Taiwan, ROC. 
6 Department of Medical Laboratory Science and Biotechnology, National 
Cheng Kung University, Tainan, Taiwan, ROC. 7 Center of Clinical Medicine 
Research, National Cheng Kung University Hospital, Tainan, Taiwan, ROC. 

Received: 28 November 2020   Accepted: 24 March 2021

https://doi.org/10.1186/s12929-021-00720-y
https://doi.org/10.1186/s12929-021-00720-y


Page 18 of 19Chen et al. J Biomed Sci           (2021) 28:22 

References
	1.	 Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, Hu 

FB, Hubbard VS, Jakicic JM, Kushner RF, Loria CM, Millen BE, Nonas CA, 
Pi-Sunyer FX, Stevens J, Stevens VJ, Wadden TA, Wolfe BM, Yanovski SZ, 
Jordan HS, Kendall KA, Lux LJ, Mentor-Marcel R, Morgan LC, Trisolini MG, 
Wnek J, Anderson JL, Halperin JL, Albert NM, Bozkurt B, Brindis RG, Curtis 
LH, DeMets D, Hochman JS, Kovacs RJ, Ohman EM, Pressler SJ, Sellke FW, 
Shen WK, Smith SC Jr, Tomaselli GF, American College of Cardiology/
American Heart Association Task Force on Practice Guidelines and The 
Obesity Society. 2013 AHA/ACC/TOS guideline for the management of 
overweight and obesity in adults: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice Guidelines 
and The Obesity Society. Circulation. 2014;129(25 Suppl 2):S102-138.

	2.	 Chen JY, Chou CH, Tsai WC, Wang MC, Ho CS, Li YH, Tsai YS, Tsai LM. Effects 
of increased systemic inflammation and central obesity on arterial stiff‑
ness in patients with nonalcoholic fatty liver disease. J Am Soc Hypertens. 
2012;6(4):253–60.

	3.	 Chen JY, Tsai PJ, Tai HC, Tsai RL, Chang YT, Wang MC, Chiou YW, Yeh ML, 
Tang MJ, Lam CF, Shiesh SC, Li YH, Tsai WC, Chou CH, Lin LJ, Wu HL, Tsai YS. 
Increased aortic stiffness and attenuated lysyl oxidase activity in obesity. 
Arterioscler Thromb Vasc Biol. 2013;33(4):839–46.

	4.	 Zebekakis PE, Nawrot T, Thijs L, Balkestein EJ, van der Heijden-Spek J, Van 
Bortel LM, Struijker-Boudier HA, Safar ME, Staessen JA. Obesity is associ‑
ated with increased arterial stiffness from adolescence until old age. J 
Hypertens. 2005;23(10):1839–46.

	5.	 Hudson LD, Rapala A, Khan T, Williams B, Viner RM. Evidence for contem‑
porary arterial stiffening in obese children and adolescents using pulse 
wave velocity: a systematic review and meta-analysis. Atherosclerosis. 
2015;241(2):376–86.

	6.	 Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, Cruickshank JK, 
De Backer T, Filipovsky J, Huybrechts S, Mattace-Raso FU, Protogerou AD, 
Schillaci G, Segers P, Vermeersch S, Weber T, Artery Society; European 
Society of Hypertension Working Group on Vascular Structure and Func‑
tion; European Network for Noninvasive Investigation of Large Arteries. 
Expert consensus document on the measurement of aortic stiffness in 
daily practice using carotid-femoral pulse wave velocity. J Hypertens. 
2012;30(3):445–8.

	7.	 Orr JS, Dengo AL, Rivero JM, Davy KP. Arterial destiffening with atorvas‑
tatin in overweight and obese middle-aged and older adults. Hyperten‑
sion. 2009;54(4):763–8.

	8.	 Jordan J, Nilsson PM, Kotsis V, Olsen MH, Grassi G, Yumuk V, Hauner 
H, Zahorska-Markiewicz B, Toplak H, Engeli S, Finer N. Joint scientific 
statement of the European Association for the Study of Obesity and the 
European Society of Hypertension: obesity and early vascular ageing. J 
Hypertens. 2015;33(3):425–34.

	9.	 Petersen KS, Blanch N, Keogh JB, Clifton PM. Effect of weight loss on pulse 
wave velocity: systematic review and meta-analysis. Arterioscler Thromb 
Vasc Biol. 2015;35(1):243–52.

	10.	 Omar A, Chatterjee TK, Tang Y, Hui DY, Weintraub NL. Proinflammatory 
phenotype of perivascular adipocytes. Arterioscler Thromb Vasc Biol. 
2014;34(8):1631–6.

	11.	 van Dam AD, Boon MR, Berbee JFP, Rensen PCN, van Harmelen V. Target‑
ing white, brown and perivascular adipose tissue in atherosclerosis 
development. Eur J Pharmacol. 2017;816:82–92.

	12.	 Hildebrand S, Stumer J, Pfeifer A. PVAT and its relation to brown, beige, 
and white adipose tissue in development and function. Front Physiol. 
2018;9:70.

	13.	 Ma Y, Li L, Shao Y, Bai X, Bai T, Huang X. Methotrexate improves perivascu‑
lar adipose tissue/endothelial dysfunction via activation of AMPK/eNOS 
pathway. Mol Med Rep. 2017;15(4):2353–9.

	14.	 Bhattacharya I, Dragert K, Albert V, Contassot E, Damjanovic M, Hagiwara 
A, Zimmerli L, Humar R, Hall MN, Battegay EJ, Haas E. Rictor in perivascular 
adipose tissue controls vascular function by regulating inflammatory 
molecule expression. Arterioscler Thromb Vasc Biol. 2013;33(9):2105–11.

	15.	 Tai HC, Tsai PJ, Chen JY, Lai CH, Wang KC, Teng SH, Lin SC, Chang AY, 
Jiang MJ, Li YH, Wu HL, Maeda N, Tsai YS. Peroxisome proliferator-
activated receptor gamma level contributes to structural integrity and 
component production of elastic fibers in the aorta. Hypertension. 
2016;67(6):1298–308.

	16.	 Tsai YS, Maeda N. PPARgamma: a critical determinant of body fat distribu‑
tion in humans and mice. Trends Cardiovasc Med. 2005;15(3):81–5.

	17.	 Yu J, Jin N, Wang G, Zhang F, Mao J, Wang X. Peroxisome proliferator-
activated receptor gamma agonist improves arterial stiffness in patients 
with type 2 diabetes mellitus and coronary artery disease. Metabolism. 
2007;56(10):1396–401.

	18.	 Ryan KE, McCance DR, Powell L, McMahon R, Trimble ER. Fenofibrate and 
pioglitazone improve endothelial function and reduce arterial stiffness in 
obese glucose tolerant men. Atherosclerosis. 2007;194(2):e123-130.

	19.	 Marder W, Khalatbari S, Myles JD, Hench R, Lustig S, Yalavarthi S, Para‑
meswaran A, Brook RD, Kaplan MJ. The peroxisome proliferator activated 
receptor-gamma pioglitazone improves vascular function and decreases 
disease activity in patients with rheumatoid arthritis. J Am Heart Assoc. 
2013;2(6):e000441.

	20.	 Tsai YS, Kim HJ, Takahashi N, Kim HS, Hagaman JR, Kim JK, Maeda N. 
Hypertension and abnormal fat distribution but not insulin resistance in 
mice with P465L PPARgamma. J Clin Invest. 2004;114(2):240–9.

	21.	 Nakachi Y, Yagi K, Nikaido I, Bono H, Tonouchi M, Schonbach C, Okazaki Y. 
Identification of novel PPARgamma target genes by integrated analysis of 
ChIP-on-chip and microarray expression data during adipocyte differen‑
tiation. Biochem Biophys Res Commun. 2008;372(2):362–6.

	22.	 Chang L, Zhao X, Garcia-Barrio M, Zhang J, Eugene Chen Y. MitoNEET 
in perivascular adipose tissue prevents arterial stiffness in aging mice. 
Cardiovasc Drugs Ther. 2018;32(5):531–9.

	23.	 Toto-Moukouo JJ, Achimastos A, Asmar RG, Hugues CJ, Safar ME. Pulse 
wave velocity in patients with obesity and hypertension. Am Heart J. 
1986;112(1):136–40.

	24.	 Tessari P, Cecchet D, Cosma A, Vettore M, Coracina A, Millioni R, Iori E, Puri‑
celli L, Avogaro A, Vedovato M. Nitric oxide synthesis is reduced in sub‑
jects with type 2 diabetes and nephropathy. Diabetes. 2010;59(9):2152–9.

	25.	 Maritim AC, Sanders RA, Watkins JB 3rd. Diabetes, oxidative stress, and 
antioxidants: a review. J Biochem Mol Toxicol. 2003;17(1):24–38.

	26.	 Gil-Ortega M, Martin-Ramos M, Arribas SM, Gonzalez MC, Aranguez I, 
Ruiz-Gayo M, Somoza B, Fernandez-Alfonso MS. Arterial stiffness is associ‑
ated with adipokine dysregulation in non-hypertensive obese mice. 
Vascul Pharmacol. 2016;77:38–47.

	27.	 Vendrov AE, Vendrov KC, Smith A, Yuan J, Sumida A, Robidoux J, Runge 
MS, Madamanchi NR. NOX4 NADPH oxidase-dependent mitochondrial 
oxidative stress in aging-associated cardiovascular disease. Antioxid 
Redox Signal. 2015;23(18):1389–409.

	28.	 Canugovi C, Stevenson MD, Vendrov AE, Hayami T, Robidoux J, Xiao H, 
Zhang YY, Eitzman DT, Runge MS, Madamanchi NR. Increased mitochon‑
drial NADPH oxidase 4 (NOX4) expression in aging is a causative factor in 
aortic stiffening. Redox Biol. 2019;26:101288.

	29.	 Snijder MB, Dekker JM, Visser M, Bouter LM, Stehouwer CD, Kostense PJ, 
Yudkin JS, Heine RJ, Nijpels G, Seidell JC. Associations of hip and thigh 
circumferences independent of waist circumference with the incidence 
of type 2 diabetes: the Hoorn Study. Am J Clin Nutr. 2003;77(5):1192–7.

	30.	 Wildman RP, Mackey RH, Bostom A, Thompson T, Sutton-Tyrrell K. Meas‑
ures of obesity are associated with vascular stiffness in young and older 
adults. Hypertension. 2003;42(4):468–73.

	31.	 Sutton-Tyrrell K, Newman A, Simonsick EM, Havlik R, Pahor M, Lakatta 
E, Spurgeon H, Vaitkevicius P. Aortic stiffness is associated with visceral 
adiposity in older adults enrolled in the study of health, aging, and body 
composition. Hypertension. 2001;38(3):429–33.

	32.	 Han SJ, Fujimoto WY, Kahn SE, Leonetti DL, Boyko EJ. Change in visceral 
adiposity is an independent predictor of future arterial pulse pressure. J 
Hypertens. 2018;36(2):299–305.

	33.	 Bouchi R, Asakawa M, Ohara N, Nakano Y, Takeuchi T, Murakami M, Sasa‑
hara Y, Numasawa M, Minami I, Izumiyama H, Hashimoto K, Yoshimoto 
T, Ogawa Y. Indirect measure of visceral adiposity “A Body Shape Index” 
(ABSI) is associated with arterial stiffness in patients with type 2 diabetes. 
BMJ Open Diabetes Res Care. 2016;4(1):e000188.

	34.	 Morigami H, Morioka T, Yamazaki Y, Imamura S, Numaguchi R, Asada M, 
Motoyama K, Mori K, Fukumoto S, Shoji T, Emoto M, Inaba M. Visceral 
adiposity is preferentially associated with vascular stiffness rather 
than thickness in men with type 2 diabetes. J Atheroscler Thromb. 
2016;23(9):1067–79.

	35.	 Bouchi R, Minami I, Ohara N, Nakano Y, Nishitani R, Murakami M, 
Takeuchi T, Akihisa M, Fukuda T, Fujita M, Yoshimoto T, Ogawa Y. Impact 
of increased visceral adiposity with normal weight on the progression 
of arterial stiffness in Japanese patients with type 2 diabetes. BMJ Open 
Diabetes Res Care. 2015;3(1):e000081.



Page 19 of 19Chen et al. J Biomed Sci           (2021) 28:22 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	36.	 Fitzgibbons TP, Kogan S, Aouadi M, Hendricks GM, Straubhaar J, Czech 
MP. Similarity of mouse perivascular and brown adipose tissues and their 
resistance to diet-induced inflammation. Am J Physiol Heart Circ Physiol. 
2011;301(4):H1425-1437.

	37.	 Chang L, Villacorta L, Li R, Hamblin M, Xu W, Dou C, Zhang J, Wu J, Zeng R, 
Chen YE. Loss of perivascular adipose tissue on peroxisome proliferator-
activated receptor-gamma deletion in smooth muscle cells impairs 
intravascular thermoregulation and enhances atherosclerosis. Circulation. 
2012;126(9):1067–78.

	38.	 Chang L, Milton H, Eitzman DT, Chen YE. Paradoxical roles of perivas‑
cular adipose tissue in atherosclerosis and hypertension. Circ J. 
2013;77(1):11–8.

	39.	 Greenstein AS, Khavandi K, Withers SB, Sonoyama K, Clancy O, Jeziorska 
M, Laing I, Yates AP, Pemberton PW, Malik RA, Heagerty AM. Local inflam‑
mation and hypoxia abolish the protective anticontractile properties of 
perivascular fat in obese patients. Circulation. 2009;119(12):1661–70.

	40.	 Fernandez-Alfonso MS, Gil-Ortega M, Garcia-Prieto CF, Aranguez I, Ruiz-
Gayo M, Somoza B. Mechanisms of perivascular adipose tissue dysfunc‑
tion in obesity. Int J Endocrinol. 2013;2013:402053.

	41.	 Spencer M, Yang L, Adu A, Finlin BS, Zhu B, Shipp LR, Rasouli N, Peterson 
CA, Kern PA. Pioglitazone treatment reduces adipose tissue inflammation 
through reduction of mast cell and macrophage number and by improv‑
ing vascularity. PLoS ONE. 2014;9(7):e102190.

	42.	 Quesada I, Cejas J, Garcia R, Cannizzo B, Redondo A, Castro C. Vascular 
dysfunction elicited by a cross talk between periaortic adipose tissue 
and the vascular wall is reversed by pioglitazone. Cardiovasc Ther. 
2018;36(3):e12322.

	43.	 Sukhova GK, Shi GP, Simon DI, Chapman HA, Libby P. Expression of the 
elastolytic cathepsins S and K in human atheroma and regulation of their 
production in smooth muscle cells. J Clin Invest. 1998;102(3):576–83.

	44.	 Chen H, Wang J, Xiang MX, Lin Y, He A, Jin CN, Guan J, Sukhova GK, Libby 
P, Wang JA, Shi GP. Cathepsin S-mediated fibroblast trans-differentiation 
contributes to left ventricular remodelling after myocardial infarction. 
Cardiovasc Res. 2013;100(1):84–94.

	45.	 Werb Z, Gordon S. Elastase secretion by stimulated macrophages. Char‑
acterization and regulation. J Exp Med. 1975;142(2):361–77.

	46.	 Matsumoto S, Kobayashi T, Katoh M, Saito S, Ikeda Y, Kobori M, Masuho Y, 
Watanabe T. Expression and localization of matrix metalloproteinase-12 
in the aorta of cholesterol-fed rabbits: relationship to lesion develop‑
ment. Am J Pathol. 1998;153(1):109–19.

	47.	 Liu SL, Bae YH, Yu C, Monslow J, Hawthorne EA, Castagnino P, Branchetti E, 
Ferrari G, Damrauer SM, Pure E, Assoian RK. Matrix metalloproteinase-12 
is an essential mediator of acute and chronic arterial stiffening. Sci Rep. 
2015;5:17189.

	48.	 Actos, INN-Pioglitzaone. Product information 2004. https://​www.​ema.​
europa.​eu/​en/​medic​ines/​human/​EPAR/​actos, https://​www.​ema.​europa.​
eu/​en/​docum​ents/​produ​ct-​infor​mation/​actos-​epar-​produ​ct-​infor​
mation_​en.​pdf.

	49.	 Chintala R, Gadiko C, Angoth B, Yellu N. Influence of verapamil on phar‑
macokinetics of pioglitazone in normal and diabetic rats. Int J Pharm Sci 
Res. 2013;4:1022–6.

	50.	 Jeon JH, Kang B, Lee S, Jin S, Choi MK, Song IS. Pharmacokinetics and 
intestinal metabolism of compound K in rats and mice. Pharmaceutics. 
2020;12(2):129.

	51.	 Beconi MG, Howland D, Park L, Lyons K, Giuliano J, Dominguez C, Munoz-
Sanjuan I, Pacifici R. Pharmacokinetics of memantine in rats and mice. 
PLoS Curr. 2011. https://​doi.​org/​10.​1371/​curre​nts.​RRN12​91.

	52.	 Souissi IJ, Billiet L, Cuaz-Perolin C, Slimane MN, Rouis M. Matrix metal‑
loproteinase-12 gene regulation by a PPAR alpha agonist in human 
monocyte-derived macrophages. Exp Cell Res. 2008;314(18):3405–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.ema.europa.eu/en/medicines/human/EPAR/actos
https://www.ema.europa.eu/en/medicines/human/EPAR/actos
https://www.ema.europa.eu/en/documents/product-information/actos-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/actos-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/actos-epar-product-information_en.pdf
https://doi.org/10.1371/currents.RRN1291

	PPARγ activation improves the microenvironment of perivascular adipose tissue and attenuates aortic stiffening in obesity
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	PWV measurement in mice
	Blood pressure measurements
	Histology
	Cell culture
	RNA analysis
	Immunoblot analysis
	Multiplexed immunohistochemistry
	In situ zymography
	Elastolytic activity
	Chromatin immunoprecipitation (ChIP) assay
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	Reduced aortic PWV in obese mice treated with pioglitazone
	The effects of pioglitazone on fat deposits and PVAT in obese mice
	Reduced inflammatory status in PVAT, but not in the aorta, after pioglitazone treatment
	Oxidative status declined in PVAT, but not in the aorta, after pioglitazone treatment
	Changes in elastic fiber and collagen homeostasis after pioglitazone treatment
	Decreased elastolytic activity after pioglitazone treatment
	Downregulation of elastolytic enzymes in the aorta and PVAT after pioglitazone treatment
	Inhibitory effect of pioglitazone on expression of CTSS and MMP-12
	The role of mitoNEET in attenuation of obesity-mediated arterial stiffness by pioglitazone
	The contribution of glucose and ECs in pioglitazone-mediated beneficial effect on improvement of arterial stiffness

	Discussion
	Conclusions
	Acknowledgements
	References


