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Background: Accumulated clinical trials and animal studies showed that Qiliqiangxin (QLQX), a 
traditional Chinese medicine formula containing extracts of 11 herbs, exerts beneficial effects on chronic 
heart failure (HF). Citri Reticulatae Pericarpium (CRP), one herbal medicine in QLQX, has been widely used 
in treatment against digestive, respiratory and cardiovascular diseases (CVDs) in China. However, the cardiac 
protective effects and mechanisms of CRP are still unclear. 
Methods: The effects of CRP were investigated in isoproterenol (ISO)-induced chronic HF mice model 
and neonatal rat ventricular cardiomyocytes (NRVMs) treated with ISO. Echocardiography was used to 
determine cardiac function. Hematoxylin-eosin (HE) staining and α-actinin immunofluorescent staining 
were used to measure cardiomyocyte size. Cardiac fibrosis was evaluated by Masson’s trichrome staining. 
The expression of atrial natriuretic polypeptide (ANP) and brain natriuretic polypeptide (BNP) were 
determined by quantitative real time PCR (qRT-PCR). Western blot was applied to examine the expression 
of peroxisome proliferator-activated receptor gamma (PPARγ), PPARγ coactivator-1α (PGC-1α), fibrosis-
related and apoptosis-related proteins.
Results: We found that CRP could significantly attenuate ISO-induced cardiac dysfunction, inhibit 
cardiac pathological hypertrophy and alleviate myocardial fibrosis and apoptosis. Mechanistically, the 
downregulation of PPARγ and PGC-1α in ISO-injected mice hearts and ISO-treated NRVMs could be 
reversed by CRP treatment. The beneficial effects of CRP against ISO-induced HF were abolished by 
PPARγ inhibitor (T0070907), suggesting that CRP-mediated PPARγ upregulation was essential for the 
preventive effect of CRP on ISO-induced cardiac dysfunction.
Conclusions: In conclusion, our study demonstrated that CRP attenuates ISO-induced cardiac remodeling 
via PPARγ activation, which represents a new application for CRP in the prevention of chronic HF.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death 
which is responsible for more than one third of all deaths 
among adults and the elderly (1). Heart failure (HF) results 
from myocardial injury and is a common end phase of 
many kinds of CVD, including coronary heart disease, 
hypertension and diabetes. HF has become one of the 
fastest growing global health problems (2). Currently, novel 
therapy for HF is highly needed. 

Heart is an organ with high metabolic demand and 
energy consumption. Abnormality of heart energy 
metabolism will eventually deteriorate cardiac function (3).  
Peroxisome proliferator-activated receptors (PPARs) are 
ligand-activated nuclear hormone receptor superfamily 
transcription factors, consisting of three members, 
PPARα, PPARγ and PPARδ. Previous studies showed that 
PPARγ participates in many biological processes, such as 
adipogenesis, energy metabolism and cellular proliferation 
(4,5). PPARγ coactivator-1α (PGC-1α) forms a complex 
with PPARγ, coactivates multiple transcription factors and 
coordinately governs transcriptional control of several 
metabolic processes (6). PPARγ downregulation has been 
found to be associated with pathogenesis of various CVDs, 
including HF (4,5). PPARγ activation increases glucose and 
free fatty acid uptake and glycerol lipid biosynthesis (7-9).  
Many studies found that PPARγ activation induced 
by PPARγ  agonists has beneficial effects on heart, 
including inhibition of post-myocardial infarction (MI) 
cardiac remodeling and subsequent HF (10), alleviation 
of autoimmune myocarditis (11) and prevention of 
atherosclerosis in diabetic cardiopathy (12), suggesting that 
PPARγ could be potential therapeutic target for CVD.

Our previous studies showed that Qiliqiangxin 
(QLQX), a traditional Chinese medicine formula, has 
protective effects on inhibiting pathological cardiac 
remodeling, mechanistically via activation of PPARγ 
(13-16). In addition, QLQX was found to promote 
mitochondrial biosynthesis and improve myocardial 
energy metabolism in cardiomyocytes (17). Since QLQX 
includes 11 herbs, further studies are still needed to 
identify the authentic effective molecules in QLQX. 
Here, in the present study, we found that Citri Reticulatae 
Pericarpium (CRP), one of the herbal ingredients in 
QLQX, could protect against myocardial dysfunction 
both in vivo and in vitro. CRP is the dry and mature 
pericarp of Citrus reticulata Blanco and its cultivar (18).  
CRP contains numerous effective ingredients, such 

as flavonoids, alkaloids and volatile oils (19). CRP has 
been used in many prescriptions for improving digestive 
function, cardiovascular and respiratory system, as well as 
anti-tumor, anti-oxidant and anti-inflammation (20-23).  
Among hundreds of chemical compounds isolated and 
identified in CRP, hesperidin, nobiletin, naringin and 
naringenin were found to possess cardioprotective effects (24).  
Hesperidin, hesperetin and their derivatives were found 
to have beneficial effects against myocardial injury and 
cardiac remodeling, myocardial ischemia and infarction (25).  
Hesperidin has been found to inhibit cardiomyocyte 
apoptosis and reduce oxidative stress (OS) damage through 
up-regulating PPARγ expression (26,27). Nobiletin has been 
proven to be effective for alleviating myocardial dysfunction 
in diabetes rat model (28), attenuating myocardial ischemia 
and reperfusion injury and inhibiting endoplasmic reticulum 
stress-associated apoptosis via regulating PI3K/AKT 
signalling pathway (29). Naringenin was found to exert 
anti-ischemic effects by the activation of mitochondrial BK 
channels (30). Naringin was found to protect rats against 
LPS-induced myocardial dysfunction via regulation of 
PI3K/AKT/NF-κB Pathway (31). Many researchers have 
conducted extensive research on the chemical composition 
of CRP and the therapeutic effects of the bioactive 
ingredients. Few studies have explored in depth about the 
therapeutic effects of CRP on heart, Ou et al. showed that 
extracts from CRP and rhizoma zingiberis relieve myocardial 
ischemia (32), however, the underlying mechanisms remain 
to be further elucidated.

Here in this study, we used ISO to induce chronic 
HF, evaluated the therapeutic effect of CRP on cardiac 
remodeling and explored the protective mechanisms of 
CRP. We found that CRP could attenuate ISO-induced 
cardiac hypertrophy, fibrosis and apoptosis by upregulating 
PPARγ and PGC-1α. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at http://dx.doi.org/10.21037/atm-20-2200).

Methods

Animals

Male C57BL/6 mice (aged 7–8 weeks old, weighed 18–20 g)  
used in this study were obtained from Beijing Vital 
River Laboratory Animal Technology Corporation. All 
mice were maintained in a specific pathogen-free (SPF) 
conditions (temperature: 25±2 ℃, humidity: 50%±5%) 
under a standard 12-hour dark/light cycle, supplied with 

l 
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/naringenin
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the standard rodent diet and water in their cages during the 
entire experimental process. 

All animal experiments in this study were approved by 
the ethical committees of the Nanjing Medical University 
and were in accordance with the regulations on laboratory 
animals care and use in scientific research published by 
National Institutes of Health (No. 85-23, revised 1996).

In vivo ISO model and CRP treatment 

The animals were randomly separated into 4 experimental 
groups: Control; CRP treatment; ISO treatment; ISO + 
CRP treatment, eight mice in each group. ISO (Isoprenaline, 
Sigma-Aldrich, St Louis, USA) was dissolved in sterile saline 
and intraperitoneally injected once daily (30 mg/kg/day for 
21 days consecutively) to induce mice chronic HF, while 
the control group was injected with sterile saline. CRP was 
obtained from Shijiazhuang Yiling pharmaceutical Co., Ltd 
(Shijiazhuang, Hebei, China). CRP contains approximately 
140 chemical compounds, and normally the composition 
of Hesperidin (no less than 2.5%) is chosen as an indicator 
for the determination of the quantity of ingredients (18). In 
this study, CRP was dissolved in sterile saline and was given 
to mice according to the administration method of QLQX 
as previously described (14,16). The dosage of CRP used in 
this study was 0.5 g/kg/d and CRP was given intragastrically 
to ISO-infused and control mice once daily for 3 weeks. 

To explore whether CRP exerts cardio-beneficial effects 
through upregulating PPARγ expression, mice were 
randomly divided into 4 groups: control; ISO treatment; 
ISO + CRP treatment, ISO + CRP +PPARγ inhibitor 
(T0070907, Selleck Chemical, St Louis, USA) treatment. 
ISO and CRP were given to mice the same methods as 
above. PPARγ inhibitor (T0070907) was intraperitoneally  
(1 mg/kg/d for 21 days) injected to ISO-infused and/or 
CRP-treated mice. 

L e f t  v e n t r i c u l a r  f u n c t i o n  w a s  m e a s u r e d  b y 
echocardiography the day after the final administration. 
Then the mice were sacrificed and the heart tissues were 
harvested for further analysis. 

Echocardiography

The mice were anesthetized with 2–4% isoflurane. Trans-
thoracic echocardiography was performed by a Vevo 2100 
(Visual Sonics Inc., Toronto, Ontario, Canada) equipped 
with a 35 MHz transducer. Two-dimensional M-mode 
images at the papillary muscle level were used for assessing 

cardiac parameters, including left ventricular fractional 
shortening (LVFS) and left ventricular ejection fraction 
(LVEF). 

Hematoxylin-eosin (HE) staining 

HE staining of paraffin-embedded mice heart sections was 
carried out as previously described (16) and was observed by 
the Nikon Eclipse microscope with NIS Elements software. 
At least 10 fields of view were analyzed for each section. 
Image J software was used to measure the myocardial cross-
sectional area and to evaluate the morphological changes 
and cardiomyocyte size.

Masson’s trichrome staining

Masson’s Trichrome staining of paraffin-embedded mice 
heart sections was performed to examine the myocardial 
fibrosis as previously described (14). Images were captured 
by the Nikon Eclipse microscope with NIS Elements 
software. At least 20 fields of view were analyzed for each 
section. Image J software was used to calculate the degree of 
cardiac fibrosis (the ratio of fibrotic area to total myocardial 
area).

Neonatal rat ventricular cardiomyocytes (NRVMs) 
isolation, culture and treatment 

The neonatal Sprague-Dawley rat pups (0–3 days old) 
were provided by Experimental Animal Center of Nanjing 
Medical University. NRVMs were obtained from heart 
ventricles by trypsin collagenase digestion and by Percoll 
gradient centrifugation as previously described (16,17). 
NRVMs were counted and seeded in the corresponding 
plastic dishes coated with 1% gelatin in advance.

NRVMs were cultured with high-glucose Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, Pasadena, CA, 
USA) with 5% fetal bovine serum (FBS) (Gibco, Carlsbad, 
CA, USA), 10% horse serum (HS) (Gibco, Carlsbad, CA, 
USA), 1% penicillin-streptomycin for 24 hours. Then, 
NRVMs were cultured in serum starvation medium (DMEM 
containing 1% FBS) for another 24 hours to synchronize 
the cells. After that, NRVMs were treated with ISO and/
or CRP for 48 hours with reagents in the serum starvation 
medium and harvested for further analysis.

To investigate the protective effects of CRP on cardiac 
pathological hypertrophy induced by ISO treatment in vitro, 
NRVMs were divide into four groups and were treated as 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0028203
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follows: control group; CRP group (0.5 μg/mL CRP); ISO 
group (10 μM ISO); ISO + CRP group (10 μM ISO and 0.5 
μg/mL CRP). 

To explore whether PPARγ mediates the protective 
effects of CRP against ISO-induced cardiac pathological 
hypertrophy in vitro, NRVMs were divided into five groups, 
control, ISO group, ISO + CRP group, ISO + CRP +PPARγ 
agonist Rosiglitazone (10 μM ISO, 0.5 μg/mL CRP and 1 
μM PPARγ agonist) group, ISO + CRP +PPARγ inhibitor 
T0070907 (10 μM ISO, 0.5 μg/mL CRP and 1 μM PPARγ 
inhibitor) group. 

Immunofluorescence staining

The NRVMs were fixed with 4% paraformaldehyde for 
30 min and washed 3 times, each time for 5 min with 
phosphate buffer saline (1×, PH 7.2–7.4). Next, the cells 
were permeabilized with 0.2% Triton X-100 for 20 min 
and blocked with 10% goat serum in PBS for 1h at room 
temperature. Subsequently, the cells were incubated with 
mouse α-actinin monoclonal antibody (1:200, Sigma-
Aldrich, St Louis, MO, USA) overnight at 4 ℃. The 
cells were washed three times with PBS buffer, then were 
incubated with FITC labelled secondary IgG antibody 
(1:200, Jackson, USA) at 37 ℃ in dark for 2 h. Finally, the 
cells were stained with DAPI (1:100, Sigma-Aldrich’s Louis, 
USA) to label the nuclei. To measure cell surface area, the 
cells were observed by a fluorescence microscope (Carl 
Zeiss, Oberkochen, Germany). At least 600 cardiomyocytes 
in 60 fields of view were examined in each group. The cell 
size was measured by Image J software. 

Quantitative real-time PCR analysis (qRT-PCR)

Total RNA was extracted from mice heart samples or 
NRVMs by Trizol reagent according to manufacturer’s 
protocol (Takara, Japan). Then RNA was quantified using 
Nanodrop 2000 pectrophotometer. RNA (500 ng) was 
reverse transcribed using iScriptTM cDNA Synthesis Kit 
(Bio-Rad, Hercules, CA, USA). QRT-PCR was performed 
using SYBR Green qPCR Master Mix (Bio-Rad, Hercules, 
CA, USA) kit and was detected with ABI-7900 Real-Time 
PCR Detection System (7900HT, Applied Biosystems, 
CA, USA). Relative mRNA expression was determined 
using the 2-△△Ct method. The forward and reverse primer 
sequences used in this study were listed as follows (5'-3' 
sequence): Rat-atrial natriuretic polypeptide (ANP): GAG 
CAA ATC CCG TAT ACA GTGC, ATC TTC TAC 

CGG CAT CTT CTCC; Rat-brain natriuretic polypeptide 
(BNP): GCT GCT GGA GCT GAT AAG AGAA, GTT 
CTT TTG TAG GGC CTT GGTC; Rat-Glyceraldehyde 
3-phosphate dehydrogenase antibody (GAPDH): AAG CTC 
ACT GGC ATG GCCTT, CGG CAT GTC AGA TCC 
ACAAC; Mouse-ANP: AGG CAG TCG ATT CTG CTT, 
CGT GAT AGA TGA AGG CAG GAAG; Mouse-BNP: 
TAG CCA GTC TCC AGA GCA ATTC, TTG GTC 
CTT CAA GAG CTG TCTC; Mouse-GAPDH: CCT 
TCC GTG TTC CTA CCCC, GCC CAA GAT GCC 
CTT CAGT. GAPDH was used as an internal control.

Western blotting assay

Total protein was extracted from mice heart samples or 
NRVMs lysed by RIPA buffer (P0013C, Beyondtime) 
supplemented with 1 mM PMSF (ST505, Beyondtime). 
Equivalent protein was separated by 10% SDS-PAGE 
and transferred to polyvinylidene difluoride (PVDF) 
membranes. Subsequently, PVDF membranes were blocked 
with 5% milk for 2 hours and then incubated with the 
primary antibodies overnight at 4 ℃. PVDF membranes 
were washed 3 times with Tris Buffered Saline+Tween-20 
(TBS-T) and incubated with HRP labeled secondary IgG 
antibody at room temperature for 2 hours. The intensity 
of protein bands was visualized by Lab Works software 
(Bio-Rad, USA) and analyzed by Image J software. The 
primary antibodies used in this study were listed as follows: 
Proliferator-activated receptor-gamma (PPARγ, 1:1,000, 
Proteintech Group, Wuhan, China), PPARγ coactivator 
1-alpha (PGC-1α, 1:1,000, Novus Biologicals, Littleton, 
COLO, USA), B-cell lymphoma 2 (Bcl-2, 1:1,000, Cell 
Signaling Technology, Boston, Massachusetts, USA), 
Bcl-2-associated X protein (Bax, 1:1000, Cell Signaling 
Technology, Boston, Massachusetts, USA), caspase 3 
(1:1,000, Proteintech Group, Wuhan, China), collagen 
type 1 (Collagen 1, 1:1,000, Proteintech Group, Wuhan, 
China), collagen type 3 (Collagen 3, 1:1,000, Proteintech 
Group, Wuhan, China ), α-smooth muscle actin (α-SMA, 
1:1,000, Proteintech Group, Wuhan, China). β-tubulin 
(1:1,000, Bioworld Technology, Minnesota, USA) and 
Glyceraldehyde 3-phosphate dehydrogenase antibody 
(GAPDH, 1:1,000, Kangchen, Shanghai, China) were used 
as loading control. 

Statistical analysis 

All data were presented as mean ± SD. Comparisons 

https://www.so.com/link?m=avfxc/XWvZYe8Xt/eoxs6AwEBUeixY0U8SjB96oyoac6wT/Y0I74MZ7a72f/ZGRyl/qG5jcuXeoacdXZIi4pwxWTznbFoPhO1+COJMF0U+VdSmChQtBYg/myi43YekCoyTO1iGA==
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between two groups were performed by an independent-
sample t-test. Comparisons among more than two groups 
were assessed by one-way analysis of variance (ANOVA) 
followed by Bonferroni’s post hoc test. All statistical analyses 
were performed with GraphPad Prism 6.0 Software. P<0.05 
was considered statistically significant. 

Results

CRP attenuates ISO-induced cardiac dysfunction and 
pathological hypertrophy 

The C57BL/6 male mice were intraperitoneally injected 
with ISO once daily for 21 days consecutively. After the 
final injection, cardiac systolic function was detected by 
echocardiography (Figure 1A). Compared to the control 
group, left ventricular ejection fraction (LVEF%) and 
fraction shortening (LVFS%) were decreased in ISO-infused 
mice, indicating that long-term ISO infusion deteriorated 
the myocardial function. The significantly improvement 
of ISO-induced cardiac dysfunction was found in CRP-
treated mice. HE staining analysis of heart sections showed 
that cardiomyocyte cross-sectional area in ISO-induced 
mice was increased, and CRP treatment could significantly 
relieve ISO-induced cardiac pathological hypertrophy 
(Figure 1B). Furthermore, qRT-PCR analysis showed that 
upregulated expression of hypertrophic marker ANP and 
BNP in ISO-infused mice were reversed in CRP-treated 
mice (Figure 1C). The protective effects of CRP were 
further examined by in ISO and/or CRP-treated NRVMs 
in vitro. Comparation of the size of NRVMs 48 hours after 
ISO and/or CRP treatment measured by immunostaining 
analysis, showed that CRP could alleviate ISO-induced 
pathological hypertrophy of NRVMs (Figure 1D). Similarly, 
the ANP and BNP expression were found upregulated in 
ISO-treated NRVMs and were downregulated by CRP 
administration (Figure 1E). All these in vivo and in vitro data 
above demonstrate that CRP has cardio-beneficial effects.

CRP reduces ISO-induced cardiac fibrosis and apoptosis

Long-term ISO infusion was found to impair heart function 
and cause abnormal apoptosis of cardiomyocyte, excessive 
proliferation of cardiac fibroblast and cardiac deposition of 
excessive extracellular matrix protein like collagen type I 
and collagen type III. Masson’s trichrome staining analysis 
showed that the elevated cardiac fibrosis in ISO-treated 
mice was decreased by the application of CRP (Figure 2A). 

Compared to ISO-infused mice, significantly decreased 
cardiac deposition of collagen type I, collagen type III and 
α-SMA was found in ISO and CPR co-treated mice, further 
demonstrating that CRP could prevent the progression 
of cardiac fibrosis (Figure 2B). Moreover, western blotting 
analysis revealed the increased ratio of pro-apoptotic 
molecule (Bax) to anti-apoptotic molecule (Bcl-2) and 
activated cleaved-caspase-3 to caspase-3 in ISO-treated 
mice, was obviously decreased by CRP administration 
(Figure 2C), suggesting that CRP could prevent cardiac 
apoptosis induced by ISO infusion.

CRP protects against ISO-induced cardiac remodeling via 
activation of PPARγ 

PPARs and its coactivator PGC-1α have been found to 
play critical roles in the regulation of energy metabolic 
processes. Our previous studies showed that PPARγ 
and PGC-1α were downregulated during ISO-induced 
cardiac remodeling. Western blotting analysis of extracts 
from ISO-infused mice hearts (Figure 3A) or ISO-treated 
NRVMs (Figure 3B), showed that the expression of PPARγ 
and PGC-1α was downregulated and CRP treatment could 
significantly increase PPARγ and PGC-1α expression, 
indicating that PPARγ and PGC-1α maybe participated 
in CRP-mediated improvement of ISO-induced cardiac 
dysfunction.

The protective efficacy of CRP on ISO-induced myocardial 
dysfunction and pathological hypertrophy was abolished by 
PPARγ inhibitor

To investigate whether the PPARγ signaling pathway 
was essential for CRP in rescue of ISO-induced cardiac 
dysfunction, the mice and the NRVMs were both treated 
with PPARγ inhibitor (T0070907). Western blot analysis 
of extracts of heart samples from mice treated with ISO, 
CRP combined with PPARγ inhibitor showed that PPARγ 
inhibitor could effectively downregulate the PPARγ 
expression (Figure 4A). Left ventricular function of PPARγ 
inhibitor-treated mice detected by echocardiography 
(Figure 4B) showed that cardio-protective effects of CRP to 
ISO-infused mice were blocked. Both HE staining analysis 
of heart sections (Figure 4C) and immunofluorescent 
staining of NRVMs (Figure 4D) showed that CRP mediated 
improvement of cardiomyocyte pathological hypertrophy 
caused by ISO stimulation, was inhibited by the application 
of PPARγ inhibitor. The CRP mediated downregulation of 
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hypertrophic maker ANP and BNP in ISO-infused mice 
(Figure 4E) or ISO-treated NRVMs (Figure 4F) was reversed 
by PPARγ inhibitor examined by qRT-PCR analysis. 
Moreover, compared cell size (Figure 4D) and hypertrophic 
marker ANP, BNP expression levels of NRVMs (Figure 

4F) treated with or without PPARγ agonist (rosiglitazone), 
similar protective effects were found in these two groups. 
PPARγ agonist treatment did not further enhance the 
beneficial effects of CRP on ISO-induced pathological 
hypertrophy, indicating that CRP is participated in cardiac 

Figure 1 CRP attenuates ISO-induced cardiac dysfunction and pathological hypertrophy. (A) Left ventricular function, including ejection 
fraction (LVEF) and fraction shortening (LVFS) of mice 21 days after ISO and/or CRP treatment (n=8 per group) was measured by 
Echocardiography. (B) Representative images of HE staining of heart samples from ISO and/or CRP-treated mice. Cardiomyocyte cross-
sectional area was calculated with Image J software. Scale bar, 100 μm, n=8 per group. (C) Total RNA was isolated from the ISO and/or 
CRP-treated mice heart samples. The mRNA expression levels of ANP and BNP were determined by qRT-PCR analysis, and GAPDH was 
used as an internal control, n=8 per group. (D) Representative images of immunofluorescent staining of NRVMs 48 hours after incubation 
with ISO and/or CRP (blue indicates nuclear stained with DAPI, green indicates cells stained with α-actinin antibody and FITC labeled 
secondary IgG antibody). Surface area of NRVMs was measured using Image J software. Scale bar, 50 μm, n=6 per group. (E) qRT-PCR 
analysis of the mRNA levels of ANP and BNP of NRVMS treated with ISO and/or CRP, and GAPDH as the internal control, n=6 per 
group. One-way ANOVA followed by Bonferroni’s post hoc test was used to analyze the data. Results were presented as the mean ± SD. *, 
P<0.05; ***, P<0.001. CRP, Citri Reticulatae Pericarpium; ISO, isoproterenol; ANP, atrial natriuretic polypeptide; BNP, brain natriuretic 
polypeptide; NRVMs, neonatal rat ventricular cardiomyocytes.
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Figure 2 CRP reduces ISO-induced cardiac fibrosis and apoptosis. (A) Representative images of Masson’s trichrome staining of ISO-
infused mice myocardium samples with or without CRP treatment (blue indicates the scared fibrotic area red indicates the area of normal 
myocardium). Scale bar, 50 μm, n=8 per group. Cardiac fibrosis (the ratio of fibrotic area to total myocardial area) was measured using 
Image J software. (B,C) Total proteins were extracted from control saline-treated, CRP-treated, ISO-treated, and ISO plus CRP-treated 
mice heart samples, n=6 per group. The deposition of fibrosis-related proteins including collagen type I, collagen type III and α-SMA (B) 
and the expression of apoptosis-related proteins including Bax, Bcl-2, cleaved caspase-3 and caspase-3 (C) were evaluated by western blot 
analysis, housekeeping gene β-Tubulin was used as the loading control. The relative band density of protein signals was measured by Image J 
software. One-way ANOVA followed by Bonferroni’s post hoc test was used to analyze the data. Results were presented as the mean ± SD. *, 
P<0.05; **, P<0.01; ***, P<0.001. CRP, Citri Reticulatae Pericarpium; ISO, isoproterenol; ANOVA, one-way analysis of variance.
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protection mainly through PPARγ upregulation. 

The protective efficacy of CRP on ISO-induced cardiac 
fibrosis and apoptosis was abrogated by PPARγ inhibitor

Comparation of the ratio of fibrotic area to total myocardial 
area determined by Masson’s trichrome staining analysis 
(Figure 5A) and the deposition of fibrosis-related proteins 
including collagen type I, collagen type III and α-SMA 
evaluated by western blot analysis (Figure 5B) of heart 
samples treated with ISO, CRP combined with PPARγ 
inhibitor, showed that blocking CRP-mediated PPARγ 
activation impaired its beneficial effects on ISO-induced 
cardiac fibrosis. Western blot analysis of the ratio of Bax 
to Bcl-2, the activated cleaved-caspase-3 to caspase-3, 
showed that the protective effects on cardiac apoptosis in 
ISO-infused mice mediated by CRP were suppressed when 
cotreated with PPARγ inhibitor (Figure 5C). 

Consequently, all above results demonstrated that CRP 
could effectively upregulate the expression of PPARγ and 
its coactivator PGC-1α, thus exerts beneficial effects on 
myocardial pathological hypertrophy, cardiac fibrosis and 

apoptosis caused by sustained ISO activation.

Discussion

The long-term infusion of β-adrenergic receptor agonist, 
such as isoproterenol (ISO), is widely applied in the 
establishment of myocardial injury models in animal 
studies (33). There are two main methods to administer 
exogenous ISO to mice, either through osmotic pump 
continuous infusion or by repeated daily injection, both will 
eventually induce comparable cardiac hypertrophy (34). 
Repeated intraperitoneal injection or subcutaneous injection 
functions in a pulsatile fashion and results in greater peak 
concentrations, while osmotic pump infusion will maintain 
a stable dose and produce continuous stimulation to the 
mice, which may lead to receptor desensitization and 
downregulation and thus reduced effectiveness. Since many 
hormones are produced in a pulsatile fashion, compared two 
methods, daily injection might be the more effective means 
to induce HF. ISO, a synthetic catecholamine, short-termly 
given to mice, causes the activation of adrenergic system 
and neurohumoral system, results in increased beating rate 

Figure 3 CRP protects against ISO-induced cardiac remodeling via activation of PPARγ. (A,B) The expression of PPARγ and PGC-1α in 
the extracts of control saline-treated, CRP-treated, ISO-treated, and ISO plus CRP-treated heart samples (A, n=6 per group) or NRVMs (B, 
n=6 per group) was determined by immunoblotting analysis, GAPDH was used as the loading control. The relative band density of PPARγ 
and PGC-1α to GAPDH was measured by Image J software. One-way ANOVA followed by Bonferroni’s post hoc test was used to analyze the 
data. Results were presented as the mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001. CRP, Citri Reticulatae Pericarpium; ISO, isoproterenol; 
ANOVA, one-way analysis of variance.
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Figure 4 The protective efficacy of CRP on ISO-induced myocardial dysfunction and pathological hypertrophy was abolished by PPARγ 
inhibitor. (A) Western blot analysis of the expression of PPARγ in the extracts of heart samples from ISO and CRP-treated mice, with or 
without PPARγ inhibitor intervention, GAPDH used as the loading control, n=6 per group. Image J software was used to evaluated the 
relative band density of PPARγ to GAPDH signals. (B) Left ventricular function, including ejection fraction (LVEF) and fraction shortening 
(LVFS) of mice, 21 days after control saline-treated, ISO-treated, ISO plus CRP-treated and ISO, CRP plus PPARγ inhibitor-treated (n=8 
per group) was measured by echocardiography. (C) Cardiomyocyte cross-sectional area was determined by HE staining analysis. Scale bar, 
100 μm, n=8 per group. (D) The surface area of NRVMs was evaluated by immunofluorescent staining (green indicates cells stained with 
α-actinin marker, blue indicates DAPI staining). Scale bar, 50 μm, n=6 per group. (E) The mRNA expression levels of ANP and BNP of 
ISO, CRP and PPARγ inhibitor treated mice hearts were determined by qRT-PCR and GAPDH as an internal control, n=8 per group. 
(F) qRT-PCR analysis of the mRNA levels of ANP and BNP of NRVMs 48 hours after treated with ISO, CRP, PPARγ agonist or PPARγ 
inhibitor and GAPDH as an internal control, n=6 per group. One-way ANOVA followed by Bonferroni’s post hoc test was used to analyze 
the data. Results was presented as the mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001. CRP, Citri Reticulatae Pericarpium; ISO, isoproterenol; 
ANP, atrial natriuretic polypeptide; BNP, brain natriuretic polypeptide; NRVMs, neonatal rat ventricular cardiomyocytes; ANOVA, one-
way analysis of variance.
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of heart, hemodynamic stresses and contractile force and 
enhances cardiac output and oxygen consumption. However, 
when ISO infusion is sustained, myocardial ischemia and 
injury occurred. Excessive adrenaline activity destroys the 
homeostasis of the heart, changes its morphology and gene 
expression pattern and induces cardiomyocyte apoptosis and 
interstitial fibrosis (1,35,36). Cardiac apoptosis and fibrosis 
resulted from cardiac remodeling eventually impair heart 
function and induce HF (37,38). To investigate the potential 
new drugs to treat ISO-induced cardiac pathological 
hypertrophy and remodeling could shed light on dealing 
with chronic HF. 

Previously, we studied the therapeutic effect of QLQX, 
a traditional Chinese medicine formula on multiple CVDs, 
including HF, myocardial infarction, as well as cardiac 
pathological hypertrophy and myocardial ischemia/ 
reperfusion (I/R) injury (13-16). Mechanistically, our 
previous studies showed that the beneficial effects of QLQX 
were closely related to the activation of PPARγ and its 
coactivator PGC-1α. When PPARγ upregulation mediated 

by QLQX was inhibited by PPARγ inhibitor, the protective 
efficacy of QLQX was abrogated, indicating that effective 
ingredients in QLQX may play a therapeutic role in heart 
protection similar as PPARγ agonist. QLQX combined 
with PPARγ agonist (rosiglitazone) treatment did not 
further enhance the beneficial effects of QLQX on cardiac 
remodeling, further confirming that QLQX might regulate 
cardiac remodeling in the same way as PPARγ agonist. Since 
QLQX is extracts of 11 herbal medicines, which consists 
numerous effective ingredients, this study focuses on 
investigating if a single herb could provide similar protective 
effects on HF as QLQX. We found CRP administration 
could protect against ISO-induced HF. Analysis of ISO-
treated NRVMs and ISO-infused mice, showed that CRP 
could decrease cardiac hypertrophy, alleviate cardiac fibrosis 
and apoptosis and reduce the deposition of extracellular 
proteins. Similar as the therapeutic function of QLQX, 
CRP provided cardio-beneficial effects via PPARγ activation 
and could be blocked by the application of PPARγ inhibitor. 

Pathological  cardiac hypertrophy,  a  major and 



Annals of Translational Medicine, Vol 8, No 21 November 2020 Page 11 of 15

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(21):1396 | http://dx.doi.org/10.21037/atm-20-2200

Figure 5 The protective efficacy of CRP on ISO-induced cardiac fibrosis and apoptosis was abrogated by PPARγ inhibitor. (A) Cardiac 
fibrosis was measured by Masson trichrome staining analysis (blue indicates the scared fibrotic area, red indicates the normal myocardium 
area). Scale bar, 50 μm, n=8 per group. (B) The deposition of fibrosis-related proteins including collagen type I, collagen type III and α-SMA 
was evaluated by western blot analysis, housekeeping gene β-tubulin used as the normalization control, n=6 per group. (C) The expression 
of apoptosis-related proteins including Bax, Bcl-2, cleaved caspase-3 and caspase-3 was measured by western blot analysis, β-tubulin as the 
loading control, n=6 per group. One-way ANOVA followed by Bonferroni’s post hoc test was used to analyze the data. Results were presented 
as the mean ± SD. **, P<0.01; ***, P<0.001. CRP, Citri Reticulatae Pericarpium; ISO, isoproterenol; ANOVA, one-way analysis of variance.
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independent risk factor for HF, is characterized by 
cardiomyocyte hypertrophy, disarray and interstitial 
fibrosis, myocytes apoptosis and releasing of ANP and 
BNP (39). Compared with the saline-treated control 
group, CRP obviously improved the ISO-induced cardiac 
dysfunction, decreased the cardiomyocytes size, preserved 
the morphology of the myocardium and reduced the 
mRNA level of ANP and BNP, indicating its effective 
role in reversing cardiac hypertrophy and pathological 
reconstruction. Until now, up to 140 chemical components 
from CRP have been isolated and identified, including 
alkaloids, flavonoids, and essential oils (19). Flavonoids, 
such as hesperidin, nobiletin were considered as the 
primary bioactive constituents in CRP. Hesperidin has 
been found to be effective in inhibiting cardiac remodeling 
via blocking PKCα/βII-AKT, JNK and TGFβ1-Smad 
signaling pathways (40). Nobiletin was reported to inhibit 
cardiomyocyte hypertrophy and HF through regulation 
of NBP1 activity (41). However, further studies are 
still needed to verify which chemical component in 
CRP is responsible for its protective effects on cardiac 
pathological hypertrophy.

Pathological myocardial fibrosis caused by the abnormal 
deposition of extracellular protein and excessive proliferation 
of cardiac fibroblasts, is the key contributor to cardiac 
dysfunction, arrhythmia and HF (42,43). ISO-induced 
cardiac fibrosis marked by increased deposition of collagen 
type I, collagen type III, α-SMA and histopathology 
accumulation of collagen, was significantly suppressed by the 
application of CRP in our study. Previous studies showed that 
nobiletin could decrease cardiac dysfunction and interstitial 
fibrosis via suppressing JNK, P38, and NF-κB signaling 
pathways (44). Whether the function of CRP in regulation of 
cardiac fibrosis are related to nobiletin or the other effective 
component needed to be further studied. 

Oxidative stress (OS) and excessive free radicals 
produced by mitochondria due to sustained ISO infusion 
result in DNA damage and membrane peroxidation, 
enhance membrane permeability and release of Bax and 
cytochrome C into cytoplasm from mitochondria, activate 
caspase and eventually increase cell apoptosis (45,46). The 
administration of CRP in ISO-infused mice decreased the 
ratio of Bax to Bcl-2 and activated Cleaved-caspase3 to 
Caspase3, suggesting that CRP reduced cardiac apoptosis. 
Hesperidin was found played an anti-apoptotic role in 
regressing cardiac hypertrophy by activating PPARγ (27). 
Among approximately 140 components in CRP, hesperidin 
is the main effective ingredient and was well characterized. 

Many studies show that hesperidin could protect and 
preserve cardiac function, however whether the anti-
apoptosis effects of CRP is dependent on hesperidin are still 
unclear. 

CVDs have become a major problem affecting the 
health of all ages (47). There is a critical need to identify 
new molecular therapeutic targets through laboratory 
researches (48). In this study, we found similar as QLQX, 
CRP-mediated PPARγ activation is responsible for its 
therapeutic effects on cardiac remodeling. The new findings 
in this study further demonstrate that PPARγ and PGC-1α 
could be potential therapeutic targets for the treatment of 
cardiac dysfunction and HF.

Conclusions

In conclusion, the present study reveals for the first time that 
CRP was effective in preventing cardiac hypertrophy, fibrosis 
and apoptosis and preserving heart function in ISO-induced 
mice through meditating the activation of PPARγ and PGC-
1α. More importantly, the new findings in this study provide 
experimental evidence for the application of CRP to treat 
cardiac dysfunction and HF. Clinical trials are still required 
to evaluate the potential clinical use of CRP in the future. 
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