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Citri reticulatae Pericarpium attenuates Ang II-induced 
pathological cardiac hypertrophy via upregulating peroxisome 
proliferator-activated receptors gamma
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Background: Pathological cardiac hypertrophy is a major risk factor for cardiovascular diseases, including 
heart failure. However, limited pharmacological therapies are available for reversing the maladaptive process 
and restoring cardiac function. Citri reticulatae Pericarpium (CRP) has been used in traditional Chinese 
medicine prescriptions for clinical treatment. Previous studies have shown that CRP and its ingredients 
have beneficial effects on the cardiovascular system. However, whether CRP has a protective effect against 
pathological cardiac hypertrophy remains unknown.
Methods: Primary neonatal rat cardiomyocytes (NRCMs) were treated with angiotensin II (Ang II) to induce 
pathological hypertrophy in vitro. Immunofluorescent staining and quantitative real-time PCR (qRT-PCR) were 
used to determine the cell size and the expression of hypertrophic gene markers (Anp and Bnp), respectively. Male 
C57BL/6 mice were subjected to the investigation of cardiac hypertrophy induced by Ang II (2.5 mg/kg/d for  
4 weeks). CRP (0.5 g/kg/d for 4 weeks) was administrated to treat mice with or without peroxisome proliferator-
activated receptors gamma (PPARγ) inhibitor T0070907 (1 mg/kg/d for 4 weeks treatment) infused with Ang II. 
Cardiac hypertrophy (hematoxylin-eosin staining and qRT-PCR), fibrosis (Masson’s Trichrome staining, qRT-
PCR, and western blot), and cardiac function (echocardiography) were examined in these mice. Western blot was 
used to determine the protein level of PPARγ and PGC-1α both in NRCMs and in mice.
Results: We found that CRP could prevent Ang II-induced pathological cardiac hypertrophy evidenced 
by improving cardiac function, decreasing hypertrophic growth and reducing cardiac fibrosis. Also, we 
demonstrated that PPARγ was upregulated by CRP both in NRCMs and in hearts. Moreover, PPARγ 
inhibitor could abolish the inhibitory effects of CRP on Ang II-induced pathological cardiac hypertrophy.
Conclusions: CRP attenuates Ang II-induced pathological cardiac hypertrophy by activating PPARγ.
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Introduction

Chronic heart failure is the end-stage of multiple cardiovascular 
diseases and the leading cause of death (1). Currently,  
treatment and prevention of heart failure includes physical 
active lifestyle (e.g., exercise prescription), pharmacological 
treatment as well as surgical therapy (2-4). Among them, 
drug therapy is most available due to its better compliance 
and lower cost in patients. However, the present drug therapy 
mainly focuses on alleviating symptoms and could not 
significantly improve the prognosis of patients and reduce 
the hospitalization rate as well as mortality (3,4). Therefore, 
identifying new pharmacotherapies and therapeutic approaches 
for chronic heart failure is highly needed.

Cardiac hypertrophy is defined as cardiomyocyte 
enlargement in size and ventricular wall thickening in 
response to an increased workload (5). The compensated 
heart growth initially is an adaptive response to maintain 
normal cardiac function, however, sustained stress and 
changes in the heart become maladaptive, and eventually 
progress to heart failure. Pathological cardiac hypertrophy, 
which is accompanied by metabolism and gene expression 
alterations in cardiomyocytes as well as collagen increase 
and myofibroblast activation, is a pivotal risk factor for 
many cardiovascular diseases including heart failure (6). 
Despite the underlying mechanisms and signaling pathways 
that have been described in many pathological conditions, 
limited therapeutic strategies are available for prevention 
and management of this pathological process (7,8). The 
peroxisome proliferator-activated receptors gamma 
(PPARγ) and its coactivator-1α (PGC-1α) play key roles in 
controlling cardiac metabolism (9,10). PPARγ activation  
in vivo could ameliorate cardiac hypertrophy and 
dysfunction (11). Moreover, PPARγ agonists have been 
widely used in clinical practice because of their important 
role in metabolic regulation (12). Thus, identifying 
potential PPARγ modulators is of great clinical value to 
treat pathological hypertrophy and heart failure.

Citri reticulatae Pericarpium (CRP) (Chenpi in Chinese) is 
the dried and mature peel of Citrus reticulata Blanco. The 
cultivars of CRP are mainly distributed in the Guangdong, 
Guangxi, Sichuan, Fujian, and Zhejiang Provinces of China, 
belonging to the genus Citrus and family Rutaceae (13). 
About 140 chemical components have been isolated and 
identified from CRP, including alkaloids, flavonoids, and 
essential oils, among which flavonoids are considered to be 
the primary bioactive constituents of this herbal medicine. 
CRP has a bitter and acrid flavor, a neutral nature, and is 
described as possessing the power to regulate qi (13). It has 

been used in traditional Chinese medicine for thousands of 
years and was registered in the first edition of the Chinese 
Pharmacopoeia. In traditional Chinese medicine, CRP 
has been used for the treatment of diseases pertaining 
to the digestive and respiratory systems. Moreover, 
modern pharmacological studies have found that CRP 
has anti-cancer, antioxidant, anti-inflammatory and other 
beneficial effects (14-19). Regarding the cardiovascular 
system, CRP and its ingredients have been reported to 
improve glucose tolerance and insulin resistance (20,21), 
to attenuate myocardial ischemia injury and atherosclerosis  
(22-24). However, whether CRP has a protective effect on 
pathological cardiac hypertrophy remains unknown.

In the present study, we found that CRP could prevent 
angiotensin II (Ang II)-induced pathological cardiac 
hypertrophy via upregulating PPARγ. Our data presented 
here provide experimental evidence for the potential 
application of CRP in the treatment of pathological cardiac 
hypertrophy and heart failure. We present the following 
article in accordance with the ARRIVE reporting checklist 
(available at http://dx.doi.org/10.21037/atm-20-2118).

Methods

Animals

This study was conducted in accordance to the Guidelines 
for the Care and Use of Laboratory Animals published by 
the National Institutes of Health (NIH publication, revised 
in 2011). The study protocol was approved by the ethical 
animal committees of Nanjing Medical University (license 
number: IACUC-1903016).

Eight-week-old C57BL/6J male mice were obtained from 
the Model Animal Research Center of Nanjing University. 
Each mouse was randomly assigned to each group. CRP 
was obtained from Shijiazhuang Yiling pharmaceutical 
CO., LTD (Shijiazhuang, China). Pericarps were isolated 
and dried under ventilation or low temperatures, and then 
sprayed, shredded by deionized water twice. The extracting 
solution was filtered by vibration to remove the impurities. 
The last extract of CRP was obtained after spray drying. 
Osmotic mini-pumps (model 2004; Alzet Corp, Palo Alto, 
CA, USA) were implanted subcutaneously at the dorsum of 
the neck to infuse a pressor dose of Ang II (2.5 mg/kg/d) for 
4 weeks. At the same time, mice were administrated with 
CRP at a dose of 0.5 g/kg/d for 4 weeks via oral gavage. 
PPARγ inhibitor T0070907 was administrated at a dose of  
1 mg/kg/d by intraperitoneal injection at the same time 
with the administration of CRP.
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Echocardiography

The systolic heart function of the mice was evaluated 
by echocardiography. Mice were anesthetized with 2% 
isoflurane, maintained in the decubitus position and were 
allowed to breathe spontaneously during the procedure. 
Echocardiography was performed with Vevo 2100 (Visual 
Sonics Inc, Toronto, Ontario, Canada). The following 
parameters were mainly performed: ejection fraction (EF) 
and left ventricular fractional shortening (FS).

Neonatal rat cardiomyocytes (NRCMs) isolation, culture 
and treatment

The primary NRCMs were isolated from 1- to 2-day 
old Sprague Dawley rats. Heart tissues were collected 
as previously described (25). Briefly, heart tissues were 
digested, and purified by Percoll gradient centrifugation. 
Subsequently, the NRCMs were re-suspended in high 
glucose Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco, Pasadena, CA, USA) with 5% fetal bovine serum 
(FBS) (Gibco, Pasadena, CA, USA), 10% horse serum (HS) 
(Gibco, Pasadena, CA, USA), 1% penicillin-streptomycin 
and then plated to appropriate culture dishes. To induce 
Ang II-induced cardiomyocytes hypertrophy, NRCMs 
were firstly starved for 8 hours in serum-free DMEM and 
exposed to 1 μM AngII (Sigma, St. Louis, MO, USA) for 
48 hours. To investigate the roles of CRP in AngII-induced 
NRCM hypertrophy, NRCMs were treated simultaneously 
with CRP (0.5 μg/mL) (Shijiazhuang Yiling Pharmaceutical 
Co., Hebei, China) for 48 hours. To investigate whether 
CRP protected NRCMs from cardiac hypertrophy via 
PPARγ, NRCMs were treated simultaneously with CRP 
together with 1 μM PPARγ agonist (Rosiglitazone) or 1 μM 
PPARγ inhibitor (T0070907) as well as Ang II for 48 hours.

Hematoxylin-eosin (H&E) staining

Heart tissues were fixed with 4% paraformaldehyde, and 
the H&E staining was performed on the paraffin sections. 
Nikon Eclipse microscope with NIS Elements software was 
used to capture the images. Image J software was used to 
evaluate the cross-sectional area.

Masson’s trichrome staining

Heart tissues were fixed in 4% paraformaldehyde, 
embedded in paraffin. 5μm thick sections were subjected 

to Masson’s trichrome staining. Images were captured by a 
Nikon Eclipse microscope with NIS Elements software and 
the fibrotic area was dyed blue. Image-Pro Plus software 
was used to measure the fibrotic area. The fibrotic fraction 
was calculated as a percentage of the fibrotic area to the 
total myocardial area.

Western blot

The NRCMs or cardiac tissues were lysed using RIPA 
buffer (Beyotime, Nantong, China) with 1 mM PMSF 
(ST505,  Beyondt ime.  Nantong,  China) ,  and the 
concentration of protein samples was evaluated by BCA 
protein assay kit (Beyotime, Nantong, China). Equal 
amounts of protein were separated in 10% SDS-PAGE and 
transferred into PVDF membranes which incubated with 
5% milk and with primary antibody at 4 ℃ overnight. The 
primary antibodies were used as follow: PPARγ (1:1,000, 
Proteintech Group, 16643-1-AP, Wuhan, China), PGC-1α  
(1:1,000, Novus Biologicals, NBP2-37562, Littleton, 
COLO, USA), Collagen I (1:1,000, Wanleibio, WL0088, 
Shenyang, China), α-SMA (1:4,000, Proteintech Group, 
23081-1-AP ,Wuhan, China), GAPDH (1:1,000, Kangchen, 
KC-5G4, Shanghai, China). The next day, the membranes 
were incubated with the secondary antibodies and signals 
were visualized using the ECL Plus Western blotting 
detection reagents (Bio-Rad, Hercules, CA, USA) and the 
ChemiDoc XRS Plus luminescent image analyzer (Bio-
Rad, Hercules, CA, USA). Densitometric analysis of band 
intensity was performed using Imagelab software (Bio-Rad, 
Hercules, CA, USA). GAPDH was used as loading controls 
for total protein expression.

Quantitative real-time PCR (qRT-PCR)

The NRCMs or heart tissues were lysed using TRIZOL 
RNA extraction kit (Invitrogen, USA) and reverse 
transcribed to cDNAs using iScript™ cDNA Synthesis 
Kit (Bio-Rad, USA) according to the manufacturer’s 
instructions. Real-Time PCRs were used to determine 
gene expression levels by using an ABI 7900HT fast Real-
Time PCR System (Applied Biosystems) with SYBR-Green 
supermix Kit (Bio-Rad). Gapdh was used as an internal 
control. The primer sequences used in this study are listed 
as follows:

Anp (rat): F: 5'-GAGCAAATCCCGTATACAGTGC-3', 
R: 5'-ATCTTCTACCGGCATCTTCTCC-3'.

Bnp (rat): F: 5'-GCTGCTGGAGCTGATAAGAGAA-3', 
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R: 5'-GTTCTTTTGTAGGGCCTTGGTC-3'.
Gapdh (rat): F: 5’-TGACAACTCCCTCAAGATTGTCA-3', 

R: 5'-GGCATGGACTGTGGTCATGA-3'.
Anp (mouse): F: 5'-AGGCAGTCGATTCTGCTT-3',  

R: 5'-CGTGATAGATGAAGGCAGGAAG-3'.
Bnp (mouse): F: 5'-TAGCCAGTCTCCAGAGCAATTC-3', 

R: 5'-TTGGTCCTTCAAGAGCTGTCTC-3'.
Gapdh (mouse): F: 5'-AGGTCGGTGTGAACGGATTTG-3', 

R: 5'-TGTAGACCATGTAGTTGAGGTCA-3'.
α-SMA (mouse): F: 5'-GTCCCAGACATCAGGGAGTAA-3', 

R: 5'-TCGGATACTTCAGCGTCAGGA-3'.
Col1a1 (mouse): F: 5'-GAGCGGAGAGTACTGGATCGA-3', 

R: 5'-CTGACCTGTCTCCATGTTGCA-3'.
Col3a1 (mouse): F: 5'-CTGTAACATGGAAACTGGGGAAA-3', 

R: 5'-CCATGACTGAACTGA AAACCACC-3'.

Immunofluorescent staining for α-actinin and cell size 
determination

The NRCMs were fixed in 4% paraformaldehyde and 
permeabilized with 0.2% Triton X-100 each for 20 minutes 
at room temperature. Then NRCMs were blocked with 
10% goat serum in PBS for 1 hour at room temperature 
and incubated with primary antibody α-actinin overnight 
(1:200) (Sigma-Aldrich, St, MO, USA). Nuclei were stained 
with DAPI (Sigma-Aldrich, St, MO, USA). The images 
were captured by the inverted fluorescent microscope (Carl 
Zeiss) and the cell surface area was analyzed using software 
ImageJ Launcher.

Statistical analysis

All data were presented as mean ± standard deviation 
(SD). The statistical significance was assessed using one-
way ANOVA for multiple-group comparison followed 
by Bonferroni’s post hoc test. P value less than 0.05 was 
considered to be statistically significant. All data were 
analyzed by GraphPad Prism 7 software.

Results

CRP alleviates Ang II-induced hypertrophy in 
cardiomyocytes

To investigate the role of CRP in the heart, we first 
assessed the effect of CRP on pathological hypertrophy 
induced by Ang II in cultured NRCMs. As shown in  
Figure 1A, immunostaining of NRCMs for α-actinin 

indicated that CRP treatment of NRCMs attenuated the 
Ang II-stimulated increase in cardiomyocyte size. Next, 
we examined the mRNA levels of natriuretic peptide type 
A (Anp) and natriuretic peptide B (Bnp), and found that 
CRP-treatment significantly prevented the Ang II-induced 
hypertrophic marker (Anp and Bnp) expression in NRCMs 
(Figure 1B). Taken together, these data suggested that CRP 
ameliorates Ang II-induced NRCMs hypertrophy.

CRP attenuates cardiac hypertrophy and cardiac fibrosis 
induced by Ang II infusion in vivo

To further  test  whether  CRP contr ibutes  to  the 
amelioration of Ang II-induced cardiac hypertrophy and 
remodeling in vivo, wild type (WT) mice with and without 
CRP treatment were subjected to subcutaneously infusion 
of Ang II for 4 weeks. As demonstrated by echocardiographs 
in Figure 2A, Ang II infusion resulted in significant decrease 
in the ejection fraction (EF) and fractional shortening 
(FS) compared with saline controls, while CRP treatment 
prevented Ang II-induced cardiac dysfunction. Histological 
analysis with H&E staining revealed that the increased 
cellular cross-sectional area induced by Ang II was 
dramatically attenuated in CRP treatment mice (Figure 2B). 
CRP could also alleviate the upregulation of hypertrophic 
markers (Anp and Bnp) mRNA levels induced by Ang II 
infusion (Figure 2C). Next, the ameliorated cardiac fibrosis 
was also characterized by reduction of fibrotic areas  
(Figure 3A). To further confirm the anti-fibrotic effect 
of CRP, we detected the fibrosis-related genes (α-SMA, 
Col1a1, Col3a1) mRNA level by qRT-PCR, and found 
that treatment with CRP attenuated the Ang II-induced 
upregulation of fibrotic genes (Figure 3B). Consistently, the 
protein level of α-SMA and collagen I were dramatically 
downregulated in CRP-treated mice after Ang II infusion 
(Figure 3C). Collectively, our data suggested that CRP 
could improve cardiac function induced by Ang II infusion 
via ameliorating the pathological cardiac hypertrophy and 
cardiac fibrosis.

PPARγ and PGC-1α are upregulated by CRP both in 
NRCMs and in mice hearts

The alterations in cardiac metabolic substrates during 
cardiovascular diseases have been reported previously 
(26-28). PPARγ/PGC-1α are key regulators in cardiac 
metabolism, then we examined the expression of PPARγ 
and its coactivator PGC-1α in response to CRP treatment. 
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We found that the expression of PPARγ and its coactivator 
PGC-1α declined significantly in Ang II-induced NRCM 
hypertrophy, while the expression of PPARγ and PGC-
1α in CRP treatment group was up-regulated (Figure 4A). 
Next, we asked whether those regulation effects observed 
in vivo, western blot was used to detect the expression of 
PPARγ and PGC-1α in the mice heart tissues of cardiac 
hypertrophy stimulated by Ang II. As shown in Figure 4B, 
CRP increased PPARγ and PGC-1α expression in vivo. 
These results suggested that PPARγ and PGC-1α are 
upregulated by CRP both in NRCMs and in mice hearts.

CRP alleviates Ang II-induced cardiomyocytes hypertrophy 
via PPARγ

Next, we analyzed whether CRP-mediated PPARγ 
activation contributes to the protective effect of CRP on 
NRCM hypertrophy stimulated by Ang II. As demonstrated 
by immunostaining of NRCMs for α-actinin and qRT-
PCR detection for the expression of hypertrophic 
genes (Anp  and Bnp) ,  PPARγ  inhibitor T0070907  
(1 μM) abolished the preventive effects of CRP in Ang II-

stimulated cardiomyocyte hypertrophy, whereas PPARγ 
agonist Rosiglitazone (1 μM) did not exert additional 
protective effect (Figure 4C,D). Taken together, these 
results demonstrated that CRP attenuates Ang II-induced 
hypertrophy in NRCMs via maintaining the activation of 
PPARγ.

CRP protects from Ang II-induced cardiac dysfunction via 
PPARγ

To further determine whether the activation of PPARγ is a 
critical downstream effector of the CRP beneficial effects 
in Ang II-induced cardiac dysfunction, PPARγ inhibitor  
(1 mg/kg/d) was treated together with CRP on mice. As shown 
in Figure 5A, PPARγ inhibitor abolished the prevention of 
CRP on Ang II-induced cardiac dysfunction evidenced by 
echocardiography (EF and FS). Besides, PPARγ inhibitor 
treatment blocked CRP-mediated inhibition of Ang II-
induced pathological hypertrophy phenotypes, including 
enlargement of cell size and expression of hypertrophic genes 
(Anp and Bnp) (Figure 5B,C). Moreover, the anti-fibrotic 
effect of CRP on Ang II infusion hearts was blunted by 

Figure 1 CRP alleviates Ang II-induced hypertrophy in cardiomyocytes. (A) Immunostaining of NRCMs for α-actinin indicated that 
CRP treatment of NRCMs attenuated the Ang II-stimulated increase in cardiomyocyte size, scale bars =50 μm (n=6); (B) qRT-PCR results 
showed that CRP-treatment significantly prevented the Ang II-induced hypertrophic marker (Anp and Bnp) expression in NRCMs (n=6). 
Data are presented as mean ± SD. *, P<0.05; **, P<0.01. CRP, Citri reticulatae Pericarpium; Ang II, angiotensin II; NRCMs, neonatal rat 
cardiomyocytes; Anp, natriuretic peptide type A; Bnp, natriuretic peptide B.
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PPARγ inhibitor as evidenced by histological analysis with 
Masson-Trichrome staining (Figure 6A), mRNA levels of 
fibrotic genes (α-SMA, Col1a1, and Col3a1) by qRT-PCR  
(Figure 6B), and protein levels of α-SMA and collagen 
I (Figure 6C). These results indicated that activation of 
PPARγ is essential for the protective effect of CRP on Ang 
II-induced cardiac hypertrophy and fibrosis.

Discussion

Pathological cardiac hypertrophy is a major risk factor for 

cardiovascular diseases, including heart failure. However, 
limited pharmacological therapies are available for reversing 
the maladaptive process and restoring cardiac function. 
Seeking for new therapies and strategies represents a 
promising therapeutic prospect. CRP, as a typical Chinese 
herbal medicine, has been used in traditional Chinese 
medicine prescriptions for clinical treatment (29,30). In 
the present study, we demonstrated that CRP protected 
against pathological cardiac hypertrophy induced by Ang 
II stimulation in NRCMs. In vivo, CRP attenuated Ang 
II-induced cardiac hypertrophy and fibrosis and rescued 
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Figure 2 CRP improves cardiac function and attenuates cardiac hypertrophy induced by Ang II infusion in vivo. (A) Echocardiography for 
mice indicated that CRP treatment prevented Ang II-induced cardiac dysfunction with recovery of the ejection fraction (EF) and fractional 
shortening (FS) (n=8, 8, 9, 10); (B) histological analysis with haematoxylin and eosin (H&E) staining revealed that the increased cross-sectional 
area induced by Ang II was dramatically attenuated in CRP treatment mice, scale bars =100 μm (n=8, 8, 9, 9); (C) qRT-PCR results showed 
that CRP alleviated the upregulation of hypertrophic markers (Anp and Bnp) expression induced by Ang II infusion in mice (n=8, 8, 9, 10).  
Data are presented as mean ± SD. *, P<0.05; **, P<0.01. CRP, Citri reticulatae Pericarpium; Ang II, angiotensin II; NRCMs, neonatal rat 
cardiomyocytes; Anp, natriuretic peptide type A; Bnp, natriuretic peptide B.
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Figure 3 CRP alleviates cardiac fibrosis induced by Ang II infusion in vivo. (A) Masson’s trichrome staining revealed that CRP decreased 
cardiac fibrosis in Ang II infusion in mice, scale bars =50 μm (n=8, 8, 9, 9); (B) qRT-PCR analysis of α-SMA, Col1a1 and Col3a1 expression 
showed that CRP treatment attenuated the Ang II-induced upregulation of above fibrotic genes in mice (n=8, 8, 9, 10); (C) Western blot 
analysis of treatment with or without CRP indicated that the protein level of Collagen I and α-SMA were dramatically downregulated in 
CRP-treated mice after Ang II infusion (n=6). Data are presented as mean ± SD. *, P<0.05; **, P<0.01. CRP, Citri reticulatae Pericarpium; Ang 
II, angiotensin II.
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Figure 4 CRP alleviates Ang II-induced hypertrophy via PPARγ. (A,B) Western blot analysis of treatment with or without CRP revealed 
that PPARγ and PGC-1α were positively regulated by CRP both in NRCMs and in mice hearts (n=6); (C) immunofluorescent staining 
of NRCMs showed that PPARγ inhibitor T0070907 (1 μM) abolished the preventing effects of CRP in Ang II-stimulated cardiomyocyte 
hypertrophy, whereas PPARγ agonist Rosiglitazone (1 μM) did not exert additional protective effect, scale bars =50 μm (n=6); (D) qRT-PCR 
analysis of hypertrophic marker (Anp and Bnp) expression indicated that PPARγ inhibitor T0070907 (1 μM) blocked the protective effects of 
CRP in Ang II-stimulated cardiomyocyte hypertrophy, though PPARγ agonist Rosiglitazone (1 μM) did not further enhance the preventing 
effects of CRP (n=6). Data are presented as mean ± SD. *, P<0.05; **, P<0.01. CRP, Citri reticulatae Pericarpium; Ang II, angiotensin II; 
NRCMs, neonatal rat cardiomyocytes; Anp, natriuretic peptide type A; Bnp, natriuretic peptide B; PPARγ, peroxisome proliferator-activated 
receptor gamma; PGC-1α, PPARγ coactivator-1α.
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Figure 5 CRP increases cardiac function and ameliorates cardiac hypertrophy via PPARγ. (A) PPARγ inhibitor (1 mg/kg/d) abolished the 
prevention of CRP on Ang II-induced cardiac dysfunction evidenced by echocardiography for mice including decrease of ejection fraction 
(EF) and fractional shortening (FS) (n=8, 6, 6, 6); (B) Histological analysis with haematoxylin and eosin (H&E) staining revealed that PPARγ 
inhibitor (1 mg/kg/d) blocked the CRP-mediated inhibition of Ang II-induced pathological hypertrophy proved by enlargement of cell size 
in mice, scale bars =100 μm (n=8, 6, 6, 6); (C) qRT-PCR results showed that PPARγ inhibitor (1 mg/kg/d) blocked the prevention of CRP 
on Ang II-induced pathological hypertrophy evidenced by upregulation of hypertrophic markers (Anp and Bnp) expression in mice (n=8, 6, 
6, 6). Data are presented as mean ± SD. *, P<0.05; **, P<0.01.CRP, Citri reticulatae Pericarpium; Ang II, angiotensin II; NRCMs, neonatal rat 
cardiomyocytes; Anp, natriuretic peptide type A; Bnp, natriuretic peptide B; PPARγ, peroxisome proliferator-activated receptor gamma.
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Figure 6 CRP attenuates cardiac fibrosis induced by Ang II infusion via PPARγ in vivo. (A) Masson’s trichrome staining revealed that 
PPARγ inhibitor (1 mg/kg/d) blunted the anti-fibrotic effect of CRP in Ang II infusion hearts, scale bars =50 μm (n=8, 6, 6, 6); (B) qRT-
PCR analysis of α-SMA, Col1a1 and Col3a1 expression showed that PPARγ inhibitor (1 mg/kg/d) abolished the protective effect of CRP on 
cardiac fibrosis induced by Ang II infusion (n=8, 6, 6, 6); (C) the results of western blot indicated that the protein level of collagen I and α-SMA 
were dramatically upregulated in PPARγ inhibitor-treated mice (1 mg/kg/d) (n=6). Data are presented as mean ± SD. *, P<0.05; **, P<0.01. 
CRP, Citri reticulatae Pericarpium; Ang II, angiotensin II; PPARγ, peroxisome proliferator-activated receptor gamma.
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cardiac function. PPARγ and PGC-1α were upregulated by 
CRP. Further functional rescue study showed that PPARγ 
inhibitor blocked the cardioprotective effects of CRP both 
in NRCMs and in vivo.

Cardiac hypertrophy is characterized by cardiomyocyte 
enlargement, ventricular wall thickening, and shift in 
fetal genes expression. During this process of cardiac 
compensatory growth, metabolism impairment often occurs 
in cardiomyocytes. PPARγ and its coactivators PGC-1α 
are well-known regulators involved in regulating cardiac 
energetic homeostasis (31). PPARγ is a ligand-activated 
transcription factor belonging to the nuclear receptor 
family of peroxisomal proliferator activated receptor 
(PPAR), which is highly expressed in adipocytes, vascular 
smooth muscle cells, macrophages, cardiomyocytes, 
and endothelial cells. Previous studies have found that 
activation of PPARγ could improve myocardial ischemia/
reperfusion injury (32), alleviate myocardial fibrosis (33), 
reduce myocardial apoptosis (34), inhibit myocardial  
hypertrophy (35). Cardiomyocyte-specific knockout 
of PPARγ in mice results in cardiac hypertrophy (36). 
Moreover, modulating the activity of PPARγ plays an 
important role in clinical applications. PPARγ agonists 
have been used in clinical as hypoglycemic drugs 
(12,37,38). In our present work, we demonstrated that 
PPARγ was downregulated during Ang II-infusion and 
upregulated by CRP. Importantly, our in vitro and in vivo 
rescue experiments suggested that PPARγ inhibitor could 
completely abolish the CRP cardioprotective effects both 
in NRCMs and in vivo. Therefore, CRP protects against 
Ang II-induced cardiac hypertrophy and remodeling via 
activating PPARγ.

Cardiac fibrosis is an important hallmark of pathological 
cardiac hypertrophy and cardiac remodeling (39,40). 
Therefore, reducing fibroblast accumulation and activation 
in pathological remodeling is essential for slowing down 
the fibrosis development as well as improving cardiac 
function. Here, in our work CRP demonstrated significant 
antifibrotic effects as evidenced by reduced fibrotic area, 
decreased collagen expression levels, and reduction of the 
protein level of α-SMA and collagen I. PPARγ activation 
has been reported to inhibit the pathogenesis of cardiac 
fibrosis (41,42). Consistent with previous studies, our work 
showed that PPARγ inhibitor could blunt those antifibrotic 
effects in Ang II-treated mice accompanied by cardiac 
dysfunction. Taken together, these data indicated the 
potential translational implications of CRP in improving 
diseases with cardiac remodeling.

However, there are still several limitations to this 
study. Firstly, the specific way of how CRP activates 
PPARγ and its relationship with PGC-1α is unclear yet. 
Secondly, as a typical Chinese herbal medicine, CRP 
contains a large spectrum of chemical components, such 
as volatile oils, flavonoids, alkaloids, and so on. Whether 
one of the components in CRP predominantly acts as the 
cardioprotective factor or there are cooperative effects 
among the CRP components are not yet clear. Therefore, 
further investigations are required to clarify the detailed 
mechanisms of CRP and its ingredients in preventing 
pathological cardiac hypertrophy.

Conclusions

In conclusion, our study demonstrated that CRP could 
protect against Ang II-induced pathological cardiac 
hypertrophy by upregulating PPARγ. The inhibitory effect 
of CRP on Ang II-stimulated cardiomyocytes hypertrophy 
was abolished by PPARγ inhibitor. Moreover, PPARγ 
inhibitor blocked the protective effects of CRP on cardiac 
hypertrophy and fibrosis in vivo. Our data presented 
here provide experimental evidence for the potential 
application of CRP in the treatment of pathological cardiac 
hypertrophy. Thus, CRP could be a promising therapeutic 
prospect for pathological cardiac hypertrophy and heart 
failure.
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