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ORIGINAL INVESTIGATION

Pioglitazone stabilizes atherosclerotic 
plaque by regulating the Th17/Treg balance 
in AMPK-dependent mechanisms
Yuling Tian1 , Tao Chen1, Yan Wu1, Lin Yang2, Lijun Wang1, Xiaojuan Fan1, Wei Zhang1, Jiahao Feng1, Hang Yu1, 
Yanjie Yang1, Juan Zhou1, Zuyi Yuan1* and Yue Wu1*

Abstract 

Background: Pioglitazone (PIO), a thiazolidinediones drug, is a well-known anti-diabetic medicine, but its anti-ather-
osclerotic effects remain controversial. Thus it is important to investigate the effects of PIO on atherogenesis and the 
relevant mechanisms.

Methods: For in vitro studies, primary cultured or AMP-activated protein kinase (AMPK) inhibited splenocytes were 
treated with oxidized low density lipoprotein (ox-LDL) or ox-LDL plus PIO. Percentage of T helper 17 (Th17) and regu-
latory T (Treg) cells were determined by flow cytometry. Expression of AMPK, interleukin-17 (IL-17) and forkhead box 
P3 (FoxP3) were detected by Western blots. For in vivo studies, apolipoprotein E–deficient (apoE−/−) mice fed with 
western diet were treated with PIO or vehicle for 8 weeks respectively. Percentage of Th17 and Treg cells in spleen 
were measured by immunohistochemical analysis. The atherosclerotic lesions were analyzed using oil red O staining, 
and collagen types I and III in atherosclerotic lesions were stained by Sirius red. Expression of IL-17 and FoxP3 were 
determined by quantitative polymerase chain reaction.

Results: In cultured primary splenocytes, PIO dramatically inhibited Th17 and raised Treg. Intriguingly, pharmacologi-
cal and genetic AMPK inhibitions abolished PIO-induced Treg elevation and Th17 inhibition. Moreover, PIO signifi-
cantly induced AMPK phosphorylation, decreased IL-17+ and increased  FoxP3+ cells in spleen of apoE−/− mice. 
Finally, PIO did not alter plaque area, but intriguingly, stabilized atherosclerotic plaque through collagen induction in 
apoE−/− mice. PIO treatment also improved Th17/Treg balance in atherosclerotic lesions.

Conclusions: PIO exhibits anti-atherosclerotic effects for stabilization of atherosclerotic plaque through regulating 
the Th17/Treg balance in an AMPK-dependent manner.
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Introduction
Pioglitazone (PIO) belongs to a class of drugs named 
thiazolidinediones (TZDs), which are the agonists of the 
nuclear receptor peroxisome proliferator activated recep-
tor (PPAR)-γ. and has been widely used as anti-diabetic 
drugs. Clinical trials have suggested potential benefits 
for cardiovascular outcome associated with PIO [1–3]. 

Several possible mechanisms, including amelioration 
of atherosclerosis [4–6], and modulating effects on the 
immune system [7–10], have been proposed. Since the 
immune response plays a pathogenic role in atheroscle-
rosis [11], the anti-inflammatory properties of TZDs may 
contribute to its cardiovascular protective effects, includ-
ing anti-atherosclerosis.

Emerging evidence suggests that T cell adaptive immu-
nity is involved in atherogenesis [11]. For example, T 
helper 17-cells (Th17), a specific phenotype of  CD4+ T 
cells that produce large quantities of interleukin-17 (IL-
17), could play an important role in atherogenesis [12]. 

Open Access

Cardiovascular Diabetology

*Correspondence:  zuyiyuan@mail.xjtu.edu.cn; yue.wu@xjtu.edu.cn 
1 Department of Cardiology, The First Affiliated Hospital of Xi’an Jiaotong 
University, 277 West Yanta Road, Xi’an 710061, Shaanxi, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-1843-7430
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12933-017-0623-6&domain=pdf


Page 2 of 9Tian et al. Cardiovasc Diabetol  (2017) 16:140 

Another subpopulation of  CD4+ T cells, regulatory T 
(Treg) cell expressing a specific transcription factor fork-
head box P3 (FoxP3), have been found to suppress the 
pathogenic immune response of T helper cells against 
autoantigens or foreign antigens, as well as keep T cell 
homeostasis [13, 14]. Animal studies have suggested that 
Treg cells were involved in the development of athero-
sclerosis [15, 16]. In consistent with these effects of Th17 
and Treg, Th17/Treg functional imbalance contributed 
to atherogenesis in apoE−/− mice [17]. Clinical studies 
have also proposed a potential role of Th17/Treg imbal-
ance in plaque destabilization and the onset of acute 
coronary syndrome (ACS) [18, 19]. However, the possible 
effects of PIO on Th17/Treg balance and the underlying 
mechanisms remain poorly understood.

AMP-activated protein kinase (AMPK), a fuel-sensing 
enzyme, is implicated in the regulation of glucose and 
lipid metabolism [20]. Extensive evidence has suggested 
that AMPK might be an inflammatory repressor which 
took part in anti-atherosclerotic process [21–23]. In vitro 
studies reported TZD-induced activation of AMPK in 
H-2Kb muscle cells [24], L6GLUT4myc myoblasts [25] 
(troglitazone) and Swiss 3T3 fibroblasts [26] (troglitazone 
and pioglitazone). Incubation of isolated Sprague–Daw-
ley rat extensor digitorum longus muscles in medium 
containing troglitazone significantly increased phospho-
AMPK (pAMPK) and phospho-acetyl-CoA carboxy-
lase (pACC), a potent AMPK substrate [26]. Additional 
in vivo studies confirmed PIO-induced AMPK activation 
in liver [26, 27], skeletal muscle [26, 27] and adipose tis-
sue [26]. Whether PIO could activate AMPK in T cells 
remains unknown.

Thus, the aim of the present study was to evaluate 
whether Th17/Treg balance contributed to the effects of 
PIO on atherosclerotic lesions and the possible underly-
ing mechanisms related to AMPK activation.

Materials and methods
Animals
Apolipoprotein E–deficient (apoE−/−) mice (B6.129P2-
apoEtm1Unc strain) were purchased from Model Ani-
mal Research Center of Nanjing University and kept in a 
temperature-controlled facility on a 12 h light/dark cycle 
with free access to food and water. All mice were weaned 
at 4-week-old and fed normal chow to 6-week-old. Then 
they were fed on western diet (21% fat and 0.15% choles-
terol) for 8 weeks when early atherosclerotic lesions such 
as fatty streak could be induced in the root of aorta. 16 
and 6 mice were randomly selected for in vivo and in vitro 
studies, respectively. All animal experimental protocols 
were approved by the institutional ethics committee 
for animal experiments of Xi’an Jiaotong University. All 

surgical and experimental procedures were carried out in 
accordance with the Guide for the Care and Use of Labo-
ratory Animals of National Institutes of Health revised in 
2011.

Animal treatment
PIO was provided by Hengrui Medicine, Ltd. (Jiang Su, 
China). It was dissolved in 0.5% sodium carboxy methyl 
cellulose. Mice at the age of 6  weeks were divided into 
two groups (n = 8) randomly and treated with vehicle or 
PIO (20 mg/kg/day) orally by gastric gavage for 8 weeks.

Analysis of atherosclerotic lesions in aorta
At the end of the experiment, all mice were sacrificed. 
The root of the aorta was dissected under a macroscope 
and frozen in optimal cutting temperature embedding 
medium for serial 6  μm cryosectioning, which covered 
500  μm of the root. The atherosclerotic lesions were 
detected using oil red O staining. The cross-sectional 
surface area of atherosclerotic lesions and vessel area 
were quantified. Collagen types I and III in atheroscle-
rotic lesions were stained by Sirius red and the sections 
were analyzed by polarization microscopy.

Immunohistochemical analysis
Immunohistochemical analysis was performed as 
described previously [21]. The spleen was collected 
and frozen in optimal cutting temperature embedding 
medium for serial 6  μm cryosectioning. Immunohis-
tochemical analysis was performed against IL-17 (BD 
PharMingen 1:100) and FoxP3 (eBioscience 1:200) using 
6 spleen sections per mouse to measure the percentage 
of Th17 and Treg cells in spleen. The percentages of the 
total area of the immunohistochemically positive cells 
were assessed using a microscopy image analysis system. 
A total of three fields was randomly chosen and analyzed 
at 400 × magnification.

Cell culture
To examine the effect of PIO on Th17 and Treg, we 
used primary cultured splenocytes obtained from the 
remaining six mice. Briefly, splenocytes were isolated 
with a nylon cell strainer and red blood cells was lysed 
and subsequently washed. Splenocytes were cultured 
(1.5 × 106/mL) at 37 °C under 5%  CO2 95% air in RPMI 
1640 medium (Gibco-BRL) supplemented with 10% fetal 
bovine serum (Gibco-BRL) and 1% penicillin–strep-
tomycin (North China Pharmaceutical Co., Ltd). In all 
cultured splenocytes, 2 μg/mL oxidized low density lipo-
protein (ox-LDL) produced from our lab was added for 
antigenic stimulation [28]. 2  nmol/mL PIO were added 
separately to cultured splenocytes for 12 h incubation.
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Quantitative PCR
RNA isolation and quantitative real-time PCR were per-
formed as described previously [29].

Flow cytometry
The cultured splenocytes were stained with FITC-labeled 
anti-CD4 (BD PharMingen) and PE-labeled IL-17 (BD 
PharMingen) to determine the presence of  CD4+IL-17+ 
cells. FITC-labeled rat IgG2b and PE-labeled rat IgG1 
(BD PharMingen) were used for isotypic control. 
 CD4+CD25+FoxP3+ cells were detected by FoxP3 intra-
cellular staining using mouse regulatory T cell staining 
kit (eBioscience) according to manufacturer’s protocol. 
Briefly, cells were counterstained with FITC-labeled anti-
CD4 (RM4-5) and PE-labeled anti-CD25 (PC61.5). After 
incubation of 30 min, cells were fixed, washed and resus-
pended in a permeabilization solution. The permeabi-
lized cells were stained with APC-labeled anti-FoxP3 
(FJK-16s). FITC-labeled rat IgG2b, PE-labeled rat IgG1 
and APC-labeled rat IgG2a were used for isotypic con-
trol. Stained cells were analyzed on a FACScan flow 
cytometer, using CellQuest software (Becton–Dickin-
son,). Procedures were performed as described previ-
ously [19].

Western Blot (WB)
Cells or spleen tissues were homogenized in RIPA lysis 
buffer (Santa Cruz), and protein contents were measured 
using the Bradford (BCA) assay (Pierce). Anti-phospho-
AMPK (CST), AMPK (CST), Foxp3 (CST), IL-17 (BD), 
and Gapdh (Santa Cruz) was used. Samples were sub-
jected to Western blot as described previously [29].

Statistical analysis
The results are expressed as mean ±  standard error of 
mean (SEM). One-way analysis of variance (ANOVA) 
was performed to compare the difference among groups. 
P < 0.05 were considered statistically significant. All sta-
tistical analysis was performed using SigmaStat3.1.

Results
PIO attenuates ox‑LDL‑enhanced IL‑17 expression 
in cultured primary splenocytes
We first investigated whether PIO could influence Th17 
cell population in cultured splenocytes isolated from 
apoE−/− mice. Th17 cells were determined by flow-
cytometry evaluating the  CD4+IL17+ cells. Ox-LDL, a 
well-known atherosclerotic risk factor, is widely used as 
a classic stimulus in vitro. As depicted in Fig. 1a, c, ox-
LDL significantly enhanced IL-17 expression in cultured 
splenocytes, but PIO dramatically attenuated the IL-17 
expression, indicating that PIO blocked Th17 cell forma-
tion induced by ox-LDL.

PIO rebalances Th17/Treg in vitro
T helper cells including Th17 cells can also differentiate 
into regulatory T cells (Treg). Thus, we detected the Treg 
cell population  (CD4+CD25+FoxP3+ cells) as well. As 
shown in Fig. 1b, d, ox-LDL dramatically decreased Treg 
cells, which can be blocked by PIO. These data suggested 
that PIO improved the balance of Th17/Treg disturbed by 
ox-LDL in vitro.

PIO rebalancesTh17/Treg by AMPK activation
Activation of AMPK has been known to suppress inflam-
mation [21], and is related to increased Treg in inflam-
matory diseases [30]. Therefore we studied whether PIO 
altered AMPK activation by evaluating the phosphoryla-
tion of AMPK at Thr-172. Intriguingly, ox-LDL inhibited 
AMPK phosphorylation, but PIO blocked its inhibition 
(Fig. 1e), indicating that PIO induced AMPK activation.

To further assess the function of AMPK, we used com-
pound C (Com C, a potent AMPK inhibitor) and AMPK 
siRNA to test whether AMPK activation is required for 
PIO-induced Th17/Treg rebalance. As shown in Fig. 2a, 
both pharmacological and genetic means abolished PIO-
induced AMPK activation, FoxP3 induction and IL-17 
inhibition. Moreover, flow cytometry data showed that 
Compound C and AMPK siRNA blocked PIO-induced 
Treg formation and Th17 inhibition (Fig.  2b, c). These 
data established that AMPK activation was required for 
PIO-mediated Th17/Treg rebalance.

PIO rebalances Th17/Treg and AMPK activation in vivo
To determine the effects of PIO on Th17 cells and Treg 
cells in vivo, we examined the expression level of IL-17+ 
cell and  FoxP3+ cell in spleen from mice treated with PIO 
or vehicle. Figure  3a, b showed decreased expression of 
IL-17+ splenocytes and increased expression of  FoxP3+ 
splenocytes in PIO-treatment mice than control. More-
over, PIO also decreased IL-17 mRNA and increased 
FoxP3 mRNA level in vivo (Fig. 3c), indicating PIO regu-
lated the Th17/Treg balance in vivo.

To determine the effects of PIO on AMPK activation 
in vivo, we detected (pAMPK) and AMPK in spleen from 
mice treated with PIO or vehicle. Figure 3d showed the 
increased level of pAMPK in PIO-treatment mice than 
control, but the level of AMPK and Gapdh didn’t change 
in PIO-treated mice, indicating PIO also induced AMPK 
activation in vivo.

PIO stabilizes the atherosclerotic lesions in vivo
Since Th17/Treg balance is closely related to atherosclerotic 
lesions, we detected the area of atherosclerotic lesions in 
the aortic root of apoE−/− mice treated with PIO or vehi-
cle. Figure 4a–c showed that atherosclerotic lesions in PIO-
treated mice were similar to those in control mice (P > 0.05).
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Next, we detected the plaque stability by evaluating 
the content of collagen. Intriguingly, the collagen content 
in PIO-treated mice (30.12  ±  2.08%) was significantly 
increased compared with control mice (21.07  ±  2.73% 
P  =  0.001), suggesting PIO stabilized atherosclerotic 
lesions in vivo (Fig. 4a, b).

PIO regulates the Th17/Treg balance in atherosclerotic 
lesions
T cell subgroups have been well-established in ath-
erosclerotic lesions, especially Th17 and Treg cells [17]. 
Thus, we determined the mRNA expression of IL-17 
and FoxP3 in mouse atherosclerotic lesions. As shown 
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in Fig. 4c, d, PIO, not the vehicle, dramatically enhanced 
FoxP3 expression and attenuated IL-17 expression in ath-
erosclerotic lesions. It demonstrated that PIO regulated 
the Th17/Treg balance in atherosclerotic lesions.

Discussion
Our study found that (1) PIO stabilized atherosclero-
sis lesions in apoE−/− mice; (2) RebalancingTh17/Treg 
was essential for anti-atherosclerotic effects of PIO; and 
(3) AMPK activation was required for this PIO-regulated 
Th17/Treg rebalance.

Our finding of stabilized atherosclerotic effects in mice 
was partly consistent with the reported vascular effect of 
PIO in animal and human studies. For example, Game 
et al. [31] found 12-week of PIO treatment could reduce 
atherosclerotic lesions in mice. In type 2 diabetes patients 
with 18-month treatment of PIO, the progression of 
carotid artery intima-media thickness [32] and coronary 
atherosclerosis [3] were both decreased compared with 
patients treated with glimepiride, an oral anti-diabetic 
medicine to control blood sugar levels. Although some 
human studies have shown that the risk of heart fail-
ure increased [33], and left ventricle diastolic function 
reduced [34] in PIO users, recent studies found that PIO 
therapy was associated with lower risks of non-fatal myo-
cardial infarction, non-fatal stroke and cardiovascular 
death in patients with abnormal glucose metabolism [33, 
35]. These beneficial impacts of PIO on atherosclerotic 
diseases may be related to its atherosclerotic stabilizing 
effect.

Since Th17/Treg balance plays an important role in 
adaptive immunity, and has a close relationship to athero-
genesis [17], we studied the effects of PIO on Th17/Treg 
balance. We found a decreased level of IL-17+ cell and an 

increased level of  FoxP3+ cell in spleen of mice treated 
with PIO. In cultured splenocytes treated with PIO, we 
found decreased mRNA level of IL-17 and increased 
mRNA level of FoxP3. Flow cytometry analysis showed 
decreased percentage of  CD4+IL-17+ cells and increased 
percentage of  CD4+CD25+FoxP3+ with PIO treatment. 
Our work was consistent with a previous report show-
ing that TZDs could enhance Treg generation in  vivo 
and in  vitro [36]. As activators of the nuclear receptor 
PPAR-γ, TZDs might inhibit atherosclerosis through 
PPARγ-dependent and PPARγ-independent mechanisms 
[37, 38]. It might be involved in T cell adaptive immu-
nity through modulation of the level of Treg and Th17 
populations.

We next studied the underlying mechanisms in PIO-
regulated Th17/Treg balance. As expected, PIO stimu-
lated AMPK activation in splenocytes. Pharmacological 
and genetic silence of AMPK abolished PIO-induced 
FoxP3 induction and IL-17 inhibition and PIO-induced 
Treg formation and Th17 inhibition. This was consist-
ent with a previous study proposing immune regulation 
effects of AMPK activation on Th17/Treg balance in 
inflammatory bowel disease [39].

Previous studies have established the upstream signal-
ing of AMPK [40]: liver-kinase B1(LKB1) and Ca(2+)/
calmodulin-dependent kinase kinase 2 (CaMKKβ), which 
induce phosphorylation at threonine (Thr-172) and acti-
vate AMPK. AMP/ATP ratio can also induce AMPK 
phosphorylation and activation. AMPK has several 
known downstream targets. Retinoic acid-related orphan 
receptor γt (RORγt), signal transducers and activators of 
transcription (STAT), and Foxp3 are key transcription 
factors for T cell [41]. Some of them are potential AMPK 
downstream targets to tip the Th17/Treg balance. Further 
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studies are warranted to investigate the AMPK-mediated 
regulation of transcription factors in PIO-induced Th17/
Treg rebalance.

Conclusions
The present study confirmed the effects of PIO on sta-
bilization of atherosclerotic plaque in apoE−/− mice. 
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Modulation of T cell adaptive immunity involving Th17/
Treg balance was the underlying mechanisms. And 
AMPK activation was required for this PIO-regulated 
Th17/Treg rebalance.

Abbreviations
PIO: pioglitazone; ox-LDL: oxidized low density lipoprotein; Th17: T helper 
17; Treg: regulatory T; AMPK: AMP-activated protein kinase; IL-17: interleu-
kin-17; FoxP3: forkhead box P3; apoE−/−: apolipoprotein E–deficient; TZDs: 
thiazolidinediones; PPAR: peroxisome proliferator activated receptor; ACS: 
acute coronary syndrome; WB: Western Blot; pAMPK: phospho-AMPK; pACC: 
phospho-acetyl-CoA carboxylase; LKB1: liver-kinase B1; CaMKKβ: Ca(2+)/

calmodulin-dependent kinase kinase 2; Thr: threonine; STAT: signal transducers 
and activators of transcription; RORγt: retinoic acid-related orphan receptor γt.

Authors’ contributions
ZY and YW conceived the ideas and designed the study. YT and TC performed 
most experiments. YW and LY drafted and revised the manuscript. LW, XF 
and WZ helped with the animal and sample collecting studies. JF and YH 
performed statistical analysis. YY helped with the interpretation of the data. 
JZ provided guidance and expertise. All authors contributed to discussing the 
results. All authors read and approved the final manuscript.

Author details
1 Department of Cardiology, The First Affiliated Hospital of Xi’an Jiaotong 
University, 277 West Yanta Road, Xi’an 710061, Shaanxi, China. 2 Department 

0

5

10

0

10

20

30

C
ol

la
ge

n 
po

si
tiv

e 
ar

ea
(%

)
Le

si
on

 a
re

a(
%

)

*

IL
-1

7 
m

R
N

A 
(a

u)

Fo
xP

3 
m

R
N

A 
(a

u)

*

0

1

2 *

0

5

10

Veh PIO

Veh PIOb

a

c d

Veh PIO

Veh PIO

Veh PIO Veh PIO

Fig. 4 Effects of PIO on atherosclerotic lesions. a Representative photos and statistic analysis of the area of atherosclerotic lesions in the aortic root. 
b Representative photos and statistic analysis of collagen content in the aortic root. c, d mRNA expression of IL-17 and FoxP3 in atherosclerotic 
plaque, respectively. *P < 0.05 vs Veh



Page 8 of 9Tian et al. Cardiovasc Diabetol  (2017) 16:140 

of Vascular Surgery, The First Affiliated Hospital of Xi’an Jiaotong University, 
Xi’an 710061, Shaanxi, China. 

Acknowledgements
We are grateful to Hengrui Medicine Corporation (Jiang Su, China) for supply-
ing Pioglitazone hydrochloride.

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

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Ethics approval and consent to participate
All animal experimental protocols were approved by the institutional ethics 
committee for animal experiments of Xi’an Jiaotong University. All surgical and 
experimental procedures were carried out in accordance with the Guide for 
the Care and Use of Laboratory Animals of National Institutes of Health revised 
in 2011.

Funding
This study was supported by the National Natural Science Foundation of 
China (81300226, to YL Tian), the National Natural Science Fund for Distin-
guished Young Scholars (81025002, to ZY Yuan).

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

Received: 21 July 2017   Accepted: 18 October 2017

References
 1. Dormandy JA, Charbonnel B, Eckland DJ, Erdmann E, Massi-Benedetti M, 

Moules IK, Skene AM, Tan MH, Lefebvre PJ, Murray GD, et al. Secondary 
prevention of macrovascular events in patients with type 2 diabetes in 
the PROactive Study (PROspective pioglitAzone Clinical Trial In macroVas-
cular Events): a randomised controlled trial. Lancet. 2005;366:1279–89.

 2. Lincoff AM, Wolski K, Nicholls SJ, Nissen SE. Pioglitazone and risk of 
cardiovascular events in patients with type 2 diabetes mellitus: a meta-
analysis of randomized trials. JAMA. 2007;298:1180–8.

 3. Nissen SE, Nicholls SJ, Wolski K, Nesto R, Kupfer S, Perez A, Jure H, De Laro-
chelliere R, Staniloae CS, Mavromatis K, et al. Comparison of pioglitazone 
vs glimepiride on progression of coronary atherosclerosis in patients 
with type 2 diabetes: the PERISCOPE randomized controlled trial. JAMA. 
2008;299:1561–73.

 4. Saremi A, Schwenke DC, Buchanan TA, Hodis HN, Mack WJ, Banerji M, 
Bray GA, Clement SC, Henry RR, Kitabchi AE, et al. Pioglitazone slows 
progression of atherosclerosis in prediabetes independent of changes in 
cardiovascular risk factors. Arterioscler Thromb Vasc Biol. 2013;33:393–9.

 5. Hasegawa H, Takano H, Komuro I. Therapeutic implications 
of PPARgamma in cardiovascular diseases. PPAR Res. 2010. 
doi:10.1155/2010/876049.

 6. Subramanian V, Golledge J, Ijaz T, Bruemmer D, Daugherty A. Pioglita-
zone-induced reductions in atherosclerosis occur via smooth muscle 
cell-specific interaction with PPAR{gamma}. Circ Res. 2010;107:953–8.

 7. Satoh N, Shimatsu A, Himeno A, Sasaki Y, Yamakage H, Yamada K, Suga-
nami T, Ogawa Y. Unbalanced M1/M2 phenotype of peripheral blood 
monocytes in obese diabetic patients: effect of pioglitazone. Diabetes 
Care. 2010. doi:10.2337/dc09-1315.

 8. Yuan Z, Liu Y, Liu Y, Zhang J, Kishimoto C, Wang Y, Ma A, Liu Z. Peroxisome 
proliferation-activated receptor-gamma ligands ameliorate experimental 
autoimmune myocarditis. Cardiovasc Res. 2003;59:685–94.

 9. Minge CE, Ryan NK, Van Der Hoek KH, Robker RL, Norman RJ. Troglitazone 
regulates peroxisome proliferator-activated receptors and inducible 

nitric oxide synthase in murine ovarian macrophages. Biol Reprod. 
2006;74:153–60.

 10. Hasegawa H, Takano H, Zou Y, Qin Y, Hizukuri K, Odaka K, Toyozaki T, 
Komuro I. Pioglitazone, a peroxisome proliferator-activated receptor 
gamma activator, ameliorates experimental autoimmune myocarditis by 
modulating Th1/Th2 balance. J Mol Cell Cardiol. 2005;38:257–65.

 11. Hansson GK, Libby P. The immune response in atherosclerosis: a double-
edged sword. Nat Rev Immunol. 2006;6:508–19.

 12. Smith E, Prasad KM, Butcher M, Dobrian A, Kolls JK, Ley K, Galkina E. Block-
ade of interleukin-17A results in reduced atherosclerosis in apolipopro-
tein E-deficient mice. Circulation. 2010;121:1746–55.

 13. Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, Zoll 
J, Merval R, Esposito B, Cohen JL, Fisson S, et al. Natural regulatory T 
cells control the development of atherosclerosis in mice. Nat Med. 
2006;12:178–80.

 14. Foks AC, Lichtman AH, Kuiper J. Treating atherosclerosis with regulatory T 
cells. Arterioscler Throm Vas. 2015;35:280–7.

 15. Mor A, Planer D, Luboshits G, Afek A, Metzger S, Chajek-Shaul T, Keren G, 
George J. Role of naturally occurring CD4+ CD25+ regulatory T cells in 
experimental atherosclerosis. Arterioscler Thromb Vasc. 2007;27:893–900.

 16. Tang Q, Bluestone JA. The Foxp3+ regulatory T cell: a jack of all trades, 
master of regulation. Nat Immunol. 2008;9:239–44.

 17. Xie JJ, Wang J, Tang TT, Chen J, Gao XL, Yuan J, Zhou ZH, Liao MY, Yao R, 
Yu X, et al. The Th17/Treg functional imbalance during atherogenesis in 
ApoE(−/−) mice. Cytokine. 2010;49:185–93.

 18. Cheng X, Yu X, Ding YJ, Fu QQ, Xie JJ, Tang TT, Yao R, Chen Y, Liao YH. The 
Th17/Treg imbalance in patients with acute coronary syndrome. Clin 
Immunol. 2008;127:89–97.

 19. Zhao Z, Wu Y, Cheng M, Ji Y, Yang X, Liu P, Jia S, Yuan Z. Activation of 
Th17/Th1 and Th1, but not Th17, is associated with the acute cardiac 
event in patients with acute coronary syndrome. Atherosclerosis. 
2011;217:518–24.

 20. Towler MC, Hardie DG. AMP-activated protein kinase in metabolic control 
and insulin signaling. Circ Res. 2007;100:328–41.

 21. Wang S, Song P, Zou MH. AMP-activated protein kinase, stress responses 
and cardiovascular diseases. Clin Sci. 2012;122:555–73.

 22. Zeng Y, Li C, Guan M, Zheng Z, Li J, Xu W, Wang L, He F, Xue Y. The DPP-4 
inhibitor sitagliptin attenuates the progress of atherosclerosis in apolipo-
protein-E-knockout mice via AMPK- and MAPK-dependent mechanisms. 
Cardiovasc Diabetol. 2014;13:32.

 23. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating 
the biology of atherosclerosis. Nature. 2011;473:317–25.

 24. Fryer LG, Parbu-Patel A, Carling D. The Anti-diabetic drugs rosiglitazone 
and metformin stimulate AMP-activated protein kinase through distinct 
signaling pathways. J Biol Chem. 2002;277:25226–32.

 25. Konrad D, Rudich A, Bilan PJ, Patel N, Richardson C, Witters LA, Klip A. 
Troglitazone causes acute mitochondrial membrane depolarisation and 
an AMPK-mediated increase in glucose phosphorylation in muscle cells. 
Diabetol. 2005;48:954–66.

 26. LeBrasseur NK, Kelly M, Tsao TS, Farmer SR, Saha AK, Ruderman NB, Tomas 
E. Thiazolidinediones can rapidly activate AMP-activated protein kinase in 
mammalian tissues. Am J Physiol Endocrinol Metab. 2006;291:E175–81.

 27. Saha AK, Avilucea PR, Ye JM, Assifi MM, Kraegen EW, Ruderman NB. Piogl-
itazone treatment activates AMP-activated protein kinase in rat liver and 
adipose tissue in vivo. Biochem Biophhys Res Commun. 2004;314:580–5.

 28. Shen Yan, Yuan Zuyi, Yin Aiping, Liu Yan, Xiao Yan, Yue Wu, Wang Lijun, 
Liang Xiao, Zhao Yan, Tian Yuling, Liu Weimin, Chen Tao, Kishimoto Chi-
haru. Antiatherogenic effect of pioglitazone on uremic apolipoprotein-E 
knockout mice by modulation of the balance of regulatory and effector T 
cells. Atherosclerosis. 2011;218:330–8.

 29. Wang H, Liu Y, Zhu L, Wang W, Wan Z, Chen F, Wu Y, Zhou J, Yuan Z. 
17beta-estradiol promotes cholesterol efflux from vascular smooth 
muscle cells through a liver X receptor alpha-dependent pathway. Int J 
Mol Med. 2014;33:550–8.

 30. Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, MacIver NJ, Mason EF, 
Sullivan SA, Nichols AG, Rathmell JC. Cutting edge: distinct glycolytic and 
lipid oxidative metabolic programs are essential for effector and regula-
tory CD4+ T cell subsets. J Immunol. 2011;186:3299–303.

 31. Game BA, He L, Jarido V, Nareika A, Jaffa AA, Lopes-Virella MF, Huang 
Y. Pioglitazone inhibits connective tissue growth factor expression in 

https://doi.org/10.1155/2010/876049
https://doi.org/10.2337/dc09-1315


Page 9 of 9Tian et al. Cardiovasc Diabetol  (2017) 16:140 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

advanced atherosclerotic plaques in low-density lipoprotein receptor-
deficient mice. Atherosclerosis. 2007;192:85–91.

 32. Mazzone T, Meyer PM, Feinstein SB, Davidson MH, Kondos GT, D’Agostino 
RB Sr, Perez A, Provost JC, Haffner SM. Effect of pioglitazone compared 
with glimepiride on carotid intima-media thickness in type 2 diabetes: a 
randomized trial. JAMA. 2006;296:2572–81.

 33. Liao HW, Saver JL, Wu YL, Chen TH, Lee M, Ovbiagele B. Pioglitazone and 
cardiovascular outcome in patients with insulin resistance pre-diabetes 
and type diabetes: a systematic review and meta-analysis. BMJ Open. 
2017;7:e013927.

 34. Oe H, Nakamura K, Kihara H, Shimada K, Fukuda S, Takagi T, Miyoshi 
T, Hirata K, Yoshikawa J, Ito H. Comparison of effects o sitagliptin and 
voglibose on left ventricular diastoli dysfunction in patients with type 2 
diabetes: results of the 3D trial. Cardiovasc Diabetol. 2015;14:83.

 35. Ou HT, Chang KC, Li CY, Wu JS. Risks of cardiovascular diseases associated 
with dipeptidyl peptidase-4 inhibitors and other antidiabetic drugs in 
patients with type 2 diabetes: a nation-wide longitudinal study. Cardio-
vasc Diabetol. 2016;15:41.

 36. Housley WJ, O’Conor CA, Nichols F, Puddington L, Lingenheld EG, Zhu L, 
Clark RB. PPARgamma regulates retinoic acid-mediated DC induction of 
Tregs. J Leukoc Biol. 2009;86:293–301.

 37. Orasanu G, Ziouzenkova O, Devchand PR, Nehra V, Hamdy O, Horton 
ES, Plutzky J. The peroxisome proliferator-activated receptor-gamma 
agonist pioglitazone represses inflammation in a peroxisome proliferator-
activated receptor-alpha-dependent manner in vitro and in vivo in mice. 
J Am Coll Cardiol. 2008;52:869–81.

 38. Wohlfert EA, Nichols FC, Nevius E, Clark RB. Peroxisome proliferator-
activated receptor gamma (PPARgamma) and immunoregulation: 
enhancement of regulatory T cells through PPARgamma-dependent and 
-independent mechanisms. J Immunol. 2007;178:4129–35.

 39. Lee SY, Lee SH, Yang EJ, Kim EK, Kim JK, Shin DY, Cho ML. Metformin 
ameliorates inflammatory bowel disease by suppression of the STAT3 
signaling pathway and regulation of the between Th17/Treg balance. 
PLoS ONE. 2015;10:e0135858.

 40. Zhu H, Moriasi CM, Zhang M, Zhao Y, Zou MH. Phosphorylation of serine 
399 in LKB1 protein short form by protein kinase Cζ is required for its 
nucleocytoplasmic transport and consequent AMP-activated protein 
kinase (AMPK) activation. J Biol Chem. 2013;288:16495–505.

 41. Tripathi SK, Lahesmaa R. Transcriptional and epigenetic regulation of 
T-helper lineage specification. Immunol Rev. 2014;261:62–83.


	Pioglitazone stabilizes atherosclerotic plaque by regulating the Th17Treg balance in AMPK-dependent mechanisms
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Animals
	Animal treatment
	Analysis of atherosclerotic lesions in aorta
	Immunohistochemical analysis
	Cell culture
	Quantitative PCR
	Flow cytometry
	Western Blot (WB)
	Statistical analysis

	Results
	PIO attenuates ox-LDL-enhanced IL-17 expression in cultured primary splenocytes
	PIO rebalances Th17Treg in vitro
	PIO rebalancesTh17Treg by AMPK activation
	PIO rebalances Th17Treg and AMPK activation in vivo
	PIO stabilizes the atherosclerotic lesions in vivo
	PIO regulates the Th17Treg balance in atherosclerotic lesions

	Discussion
	Conclusions
	Authors’ contributions
	References




