
EDITED BY : Hai-Gang Zhang, Ya Liu and Xiongwen Chen

PUBLISHED IN : Frontiers in Pharmacology

CARDIAC HYPERTROPHY: FROM COMPENSATION 
TO DECOMPENSATION AND PHARMACOLOGICAL 
INTERVENTIONS

https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/journals/pharmacology


Frontiers in Pharmacology 1 June 2021 | Cardiac Hypertrophy and Pharmacological Interventions

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88966-909-7 

DOI 10.3389/978-2-88966-909-7

https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Pharmacology 2 June 2021 | Cardiac Hypertrophy and Pharmacological Interventions

Topic Editors: 
Hai-Gang Zhang, Army Medical University, China
Ya Liu, Army Medical University, China
Xiongwen Chen, Temple University, United States

Citation: Zhang, H.-G., Liu, Y., Chen, X., eds. (2021). Cardiac Hypertrophy: From 
Compensation to Decompensation and Pharmacological Interventions. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88966-909-7

CARDIAC HYPERTROPHY: FROM COMPENSATION 
TO DECOMPENSATION AND PHARMACOLOGICAL 
INTERVENTIONS

https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/journals/pharmacology
http://doi.org/10.3389/978-2-88966-909-7


Frontiers in Pharmacology 3 June 2021 | Cardiac Hypertrophy and Pharmacological Interventions

04 Editorial: Cardiac Hypertrophy: From Compensation to Decompensation 
and Pharmacological Interventions

Ya Liu, Xiongwen Chen and Hai-Gang Zhang

07 Gallic Acid Attenuates Angiotensin II-Induced Hypertension and Vascular 
Dysfunction by Inhibiting the Degradation of Endothelial Nitric Oxide 
Synthase

Xiao Yan, Qi-Yu Zhang, Yun-Long Zhang, Xiao Han, Shu-Bin Guo and 
Hui-Hua Li

17 Energy Metabolism in Exercise-Induced Physiologic Cardiac Hypertrophy

Kefa Xiang, Zhen Qin, Huimin Zhang and Xia Liu

29 New Insights and Current Approaches in Cardiac Hypertrophy Cell 
Culture, Tissue Engineering Models, and Novel Pathways Involving 
Non-Coding RNA

Nina Kastner, Katrin Zlabinger, Andreas Spannbauer, Denise Traxler, 
Julia Mester-Tonczar, Ena Hašimbegović and Mariann Gyöngyösi

36 Endogenous CCN5 Participates in Angiotensin II/TGF-b
1
 Networking of 

Cardiac Fibrosis in High Angiotensin II-Induced Hypertensive Heart 
Failure

Anan Huang, Huihui Li, Chao Zeng, Wanli Chen, Liping Wei, Yue Liu and 
Xin Qi

46 Effect of Triptolide on Temporal Expression of Cell Cycle Regulators 
During Cardiac Hypertrophy

Jing-Mei Li, Xi-Chun Pan, Yuan-Yuan Ding, Yang-Fei Tong, Xiao-Hong Chen, 
Ya Liu and Hai-Gang Zhang

58 tRNA-Derived Small RNAs and Their Potential Roles in Cardiac Hypertrophy

Jun Cao, Douglas B. Cowan and Da-Zhi Wang

76 Mixed Hypertrophic and Dilated Phenotype of Cardiomyopathy in a 
Patient With Homozygous In-Frame Deletion in the MyBPC3 Gene 
Treated as Myocarditis for a Long Time

Olga Blagova, Indira Alieva, Eugenia Kogan, Alexander Zaytsev, 
Vsevolod Sedov, S. Chernyavskiy, Yulia Surikova, Ilya Kotov and 
Elena V. Zaklyazminskaya

84 Signaling via the Interleukin-10 Receptor Attenuates Cardiac Hypertrophy 
in Mice During Pressure Overload, but not Isoproterenol Infusion

Nicholas Stafford, Farryah Assrafally, Sukhpal Prehar, Min Zi, 
Ana M. De Morais, Arfa Maqsood, Elizabeth J. Cartwright, Werner Mueller 
and Delvac Oceandy

98 Role of PI3-Kinase in Angiotensin II-Induced Cardiac 
Hypertrophy: Class I Versus Class III

Tiecheng Zhong, Zonggui Wang, Sayeman Islam Niloy, Yue Shen, 
Stephen T. O’Rourke and Chengwen Sun

Table of Contents

https://www.frontiersin.org/research-topics/12137/cardiac-hypertrophy-from-compensation-to-decompensation-and-pharmacological-interventions
https://www.frontiersin.org/journals/pharmacology


Editorial: Cardiac Hypertrophy: From
Compensation to Decompensation
and Pharmacological Interventions
Ya Liu1, Xiongwen Chen2* and Hai-Gang Zhang1*

1Department of Pharmacology, Army Medical University (Third Military Medical University), Chongqing, China, 2Cardiovascular
Research Center, Temple University Lewis Katz School of Medicine, Philadelphia, PA, United States

Keywords: cardiac hypertrophy, cardiac fibrosis, heart failure, cardiac remodeling, heart function

Editorial on the Research Topic

Cardiac Hypertrophy: From Compensation to Decompensation and Pharmacological
Interventions

INTRODUCTION

Cardiac hypertrophy is not a single disease, but a complication and a pathological process of many
forms of cardiovascular disease, such as hypertension, congestive heart failure, valvular diseases and
ischemic diseases, etc. (Yu et al., 2020). It is characterized by abnormal increases in mass and volume
of myocardium at the whole heart level, in the size of individual myocyte at cell level, and in synthesis
of protein and reprogramming expression of fetal genes at molecule level (Dodge-Kafka et al., 2019;
Zhang et al., 2020). Myocardial hypertrophy is an important aspect of myocardial remodeling, which
including not only the hypertrophic growth of myocytes but also the proliferation and activation of
interstitial fibroblasts to produce intercellular matrix, namely fibrosis (Ge et al., 2021). These three
pathological processes, cardiomyocyte hypertrophy, fibrosis and remodeling, are overlapped and
closely related to each other.

Cardiac remodeling involves metabolic, mechanical, electrical, and structural alterations
(Pitoulis and Terracciano, 2020). It is initially an adaptive response to pressure or volume
overload. The myocardium undergoes hypertrophic growth as a compensatory measure aiming
to improve myocardial contractility, reduce wall stress and maintain cardiac output. However,
increase in mass and volume of myocardial tissue inevitably increase the oxygen consumption
and dysfunction of energy metabolism in myocardial tissue (Nakamura and Sadoshima, 2018).
Simultaneously, apoptosis, necrosis and autophagic cell death occur in cardiac myocytes, and
proliferation and activation arise in fibroblasts, leading to interstitial fibrosis (Zhu and sun,
2018). The continued presence and evolving hypertrophy eventually lead to decompensation of
heart function (Messerli et al., 2017; Oldfield et al., 2020). Many studies have demonstrated that
ventricular hypertrophy and remodeling is associated with a significantly increased risk of heart
failure, malignant arrhythmia, and even sudden death, and is thought to be an independent risk
factor for increasing morbidity and mortality of cardiovascular diseases (He et al., 2020).
Therefore, clinical guidelines in many countries and organizations have suggested it as primary
goal to control or reverse cardiac hypertrophy in the therapeutics of hypertension and chronic
heart failure (Di Palo and Barone, 2020).

Multiple signal transduction pathways involving Gq-phospholipase C-diacylglycerol (DAG)/
inositol triphosphate (IP3), mitogen-activated protein kinases, calcineurin-nuclear factor of activated
T cells (NFAT), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), mammalian target of
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rapamycin (mTOR), transforming growth factor (TGF)-β, play
important roles in the development of cardiac hypertrophy
(Nakamura and Sadoshima, 2018), and complex crosstalks and
feedbacks among them are present widely. Although the
molecular mechanisms underlying cardiac hypertrophy have
been extensively studied, there are still many uncharted
territories that need to be explored thoroughly, especially the
molecular mechanisms that control the transformation from
compensation to decompensation.

During the transition from compensated hypertrophy to
decompensation and deterioration of systolic heart function,
apoptotic and necroptotic loss of cardiomyocytes, contractile
dysfunction and massive fibrosis are key points. Heger et al.
(2016) have documented in a review article that TGFβ
superfamily play a central role. Some modulators of
mitochondrial pores and transporters, such as NLR Family
Pyrin Domain Containing 3 (NLRP3), adenine nucleotide
translocator 1 (ANT1) and various miRNAs, etc., and
regulators of adrenoceptor-mediated signaling pathway, such
as SMAD4 and β-arrestin, are suggested to be switch
molecules for this transition. Zhen et al. (2021) recently
reported that signal transducers and transcriptional activation
1 (STAT1) was able to enhance mitochondrial function and
prolong the time of compensation period through uncoupling
protein 2 (Ucp2)/dynamin-related protein 1 (Drp1) signaling
pathway.

In recent years, noncoding RNAs including microRNAs
(miRNAs), circular RNAs (circRNAs) and long non-coding
RNAs (lncRNAs) have gained more and more attention in the
cardiac hypertrophy research field (Heger et al., 2016; He et al.,
2020). Multiple miRNAs, such as miR-1, miR-21, miR-132/212,
have been uncovered to regulate the process of cardiac
hypertrophy via influencing the expression of a number of
target genes including β1-adrennergic receptor, TGFβ1
receptor III, matrix metalloproteinase-2, connexin 43 (Wang
et al., 2016; Mushtaq et al., 2020). Meanwhile, various
lncRNAs have been shown to play important roles in both
cardiac development and pathological cardiac remodeling.
Targeting noncoding RNAs seems to open up a novel strategy
for the treatment of cardiac hypertrophy.

This Research Topic aims to provide a platform for discussing
about the molecular mechanisms of cardiac hypertrophy and
remodeling, as well as the potential drug targets. Nine articles
from 5 countries are collected here. Huang et al. reported that
cellular communication network factor 5 (CCN5) could inhibit

fibroblast-to-myofibroblast transition and suggested it might
serve as a potential biomarker for estimating cardiac fibrosis
in hypertensive patients as well as a novel therapeutic target.
Stafford et al. demonstrated the role of IL-10 signal in the
development of cardiac hypertrophy and indicated it might
become a therapeutic target. Xiang et al. contributed an
interesting review paper focused on the variation of energy
metabolism in exercise-induced physiological myocardial
hypertrophy, which may antagonize the progress of
pathological hypertrophy.

Transfer RNA derived small RNAs (tsRNAs) have recently
emerged as important modulators of protein translation and
shown to possess varied functions. Cao et al. reviewed that
nuclear and mitochondrial tsRNAs, including tRNA halves
(tiRNAs), and tRNA fragments (tRFs), exert crucial effects in
the development of pathological and decompensated cardiac
hypertrophy, implying new therapeutic targets to battle
cardiovascular disease.

Thanks to the advantages of multi-target effects, traditional
Chinese medicine has attracted growing interests in the
treatment of cardiovascular diseases. Yan et al. demonstrated
gallic acid could effectively attenuate angiotensin II-induced
hypertension and vascular dysfunction through inhibit
immunoproteasome. In the article by Li et al., it was found
that triptolide, the major active component of the Chinese
medicinal herb Tripterygium wilfordii Hook F, improved
cardiac hypertrophy via correction of the unbalanced
expression of various cell cycle regulators.

Remarkably, cardiac hypertrophy is not only a complication
(result) of multiple cardiovascular diseases, but also a
pathological process (reason) of them. Due to the complexity
of signaling pathway networks underlying cardiac hypertrophy, it
might be difficult to block and reverse cardiac hypertrophy by
targeting a single molecule. Therefore, further research needs to
be performed, and interventions targeting immune-inflammatory
reaction and transcription factors may bring the promise to treat
cardiac hypertrophy.
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Hypertension is a major cause of heart attack and stroke. Our recent study revealed that
gallic acid (GA) exerts protective effects on pressure overload-induced cardiac
hypertrophy and dysfunction. However, the role of GA in angiotensin II (Ang II)-induced
hypertension and vascular remodeling remains unknown. C57BL/6J mice were subjected
to saline and Ang II infusion. Systolic blood pressure was measured using a tail-cuff
system. Vascular remodeling and oxidative stress were examined by histopathological
staining. Vasodilatory function was evaluated in the aortic ring. Our findings revealed that
GA administration significantly ameliorated Ang II-induced hypertension, vascular
inflammation, and fibrosis. GA also abolished vascular endothelial dysfunction and
oxidative stress in Ang II-infused aortas. Mechanistically, GA treatment attenuated Ang
II-induced upregulation of the immunoproteasome catalytic subunits b2i and b5i leading to
reduction of the trypsin-like and chymotrypsin-like activity of the proteasome, which
suppressed degradation of endothelial nitric oxide synthase (eNOS) and reduction of nitric
oxide (NO) levels. Furthermore, blocking eNOS activity by using a specific inhibitor (L-N

G-
nitroarginine methyl ester) markedly abolished the GA-mediated beneficial effect. This
study identifies GA as a novel immunoproteasome inhibitor that may be a potential
therapeutic agent for hypertension and vascular dysfunction.

Keywords: gallic acid, angiotensin II, hypertension, immunoproteasome, eNOS degradation
INTRODUCTION

Hypertension remains a major risk factor for cardiovascular events, chronic kidney disease, and heart
failure (Carey et al., 2018). Recent studies have revealed that vascular inflammation and oxidative stress,
which are hallmarks of endothelial dysfunction, contribute to the pathogenesis of hypertension (Wang
et al., 2016; Konukoglu and Uzun, 2017; Lang et al., 2019). Importantly, endothelial nitric oxide
synthase (eNOS) acts as a key regulator of vasodilation and vasoprotection in physiological and
pathological states, respectively (Garcia and Sessa, 2019). eNOS-derived nitric oxide (NO) inhibits
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https://www.frontiersin.org/articles/10.3389/fphar.2020.01121/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01121/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01121/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01121/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01121/full
https://loop.frontiersin.org/people/974240
https://loop.frontiersin.org/people/967915
https://loop.frontiersin.org/people/736015
https://loop.frontiersin.org/people/676916
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:hhli1935@aliyun.com
https://doi.org/10.3389/fphar.2020.01121
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.01121
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.01121&domain=pdf&date_stamp=2020-07-22


Yan et al. GA Attenuates Angiotensin II-Induced Hypertension
platelet aggregation and adhesion, vascular smooth muscle
proliferation, and vascular inflammation (Forstermann and Sessa,
2012). Increasing evidence suggests that sustained hypertensive
stimuli such as reactive oxygen species and angiotensin II (Ang II),
suppress eNOS expression and NO bioavailability, thereby leading
to a reduction of endothelium-dependent vasodilation in the
vasculature (Gryglewski et al., 1986; Schrader et al., 2007).
Inhibition of basal eNOS activity by administration of L-N

G-
nitroarginine methyl ester (L-NAME) increases vasoconstriction,
pathological vascular remodeling, and blood pressure (Ribeiro
et al., 1992). In contrast, animal and pre-clinical studies have
demonstrated that gene delivery of eNOS is effective in inhibiting
vascular injury and promoting endothelial regeneration (Cooney
et al., 2007). It is interesting to note that the ubiquitin-proteasome
system (UPS) is involved in the regulation of eNOS activity (Stangl
et al., 2004). However, the underlying mechanisms by which the
proteasome modulates eNOS stability in Ang II-induced
hypertension and vascular dysfunction remain unclear.

Natural compounds have been shown to reduce the risk factors
of cardiovascular diseases (Pandey and Rizvi, 2009). As a plant-
derived phenolic acid, gallic acid (GA) has been shown to exert
beneficial effects on myocardial hypertrophy, fibrosis, and
oxidative stress in response to various hypertrophic stimuli (Ryu
et al., 2016; Yan et al., 2019). We have recently found that GA
administration attenuates pressure overload-induced cardiac
hypertrophic remodeling by promoting the autophagy-
dependent degradation of epidermal growth factor receptor,
glycoprotein 130, and calcineurin A (Yan et al., 2019).
Moreover, several studies have revealed that GA inhibits
hypertension in spontaneously hypertensive rats (SHRs) and L-
NAME-treated mice (Kang et al., 2015; Jin et al., 2017a).
Intriguingly, an in vitro finding demonstrates that GA improves
endothelial injury by suppressing the chymotrypsin-like activity of
the proteasome (Kam et al., 2014). However, there is little
information about the role of GA in the regulation of
endothelial dysfunction and hypertension in Ang II-infused mice.

Here, we provide novel evidence that GA administration
significantly attenuated Ang II-induced hypertension and
vascular remodeling, which was associated with an
improvement of endothelium-dependent vascular dysfunction.
Furthermore, GA markedly blocked the activity and expression
of the immunoproteasome catalytic subunits b2i and b5i, leading
to the suppression of eNOS degradation and the reduction of NO
levels in Ang II-infused mice. Collectively, these data indicate
that GA ameliorates vascular injury likely by inhibiting
immunoproteasome-dependent eNOS degradation, and may
serve as a promising candidate for treating hypertension.
MATERIALS AND METHODS

Animal Models and Experimental Protocols
Wild-type (WT) C57BL/6 mice (male, 8–12 weeks) were
purchased from Jackson Laboratory (Bar Harbor, ME, USA).
The procedures were approved by the Animal Care and Use
Committee of Capital Medical University (AEE1-2016-045). All
Frontiers in Pharmacology | www.frontiersin.org 28
investigations were conformed to the Guide for the Care and Use
of Laboratory Animals published by the U.S. National Institutes
of Health (NIH Publication No.85-23, revised 1996). The Ang II-
induced hypertension model was performed by 14-day
subcutaneous infusion of Ang II (490 ng/kg/min; Sigma-
Aldrich, St. Louis, MO) or saline using osmotic mini-pumps
(Alzet MODEL 1007D; DURECT, Cupertino, CA) as previously
described (Wang et al., 2016; Lang et al., 2019). The systolic
blood pressure (SBP) and heart rate (HR) of mice was gauged by
a tail-cuff system (SoftronBP-98A; Softron, Tokyo, Japan).

Mice were orally gavaged with vehicle or GA (Sigma-Aldrich)
at doses of 5 or 20 mg/kg body weight (BW) daily and randomly
subjected to the saline or Ang II treatment. A specific eNOS
inhibitor L-NAME (Sigma-Aldrich) was administrated in the
drinking water (1 mg/ml) (Boe et al., 2013). After 2 weeks of Ang
II or saline infusion, animals were anaesthetized by
intraperitoneal injection of an overdose of pentobarbital (100
mg/kg, Sigma-Aldrich). The aortas were harvested and prepared
for further histological and molecular experiments.

Vascular Relaxation Analysis
The thoracic aortas were isolated and cut into 4-mm segments
and gently mounted on force transducers (Power Laboratory,
AD Instruments, Bella Vista, Australia) in organ chambers. The
samples were challenged with 60 mmol/L KCl, and then
stimulated by noradrenaline. The vascular responses to
increasing concentrations of acetylcholine (ACh) and sodium
nitroprusside (SNP) were detected as described previously
(Wang et al., 2016; Lang et al., 2019).

Histopathology
The aortic tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections (5 mm) were stained with
haematoxylin and eosin (H&E) and Masson’s trichrome
reagent, as well as dihydroethidine (DHE, 1 mM in PBS;
Sigma-Aldrich) in accordance with standard procedures (Wang
et al., 2016; Lang et al., 2019). Immunohistochemistry staining
was performed with the anti-Mac-2 antibody (1:200 dilution;
Santa Cruz Biotechnology Inc., Dallas, TX). Images were
detected by Nikon Labophot 2 microscope (Nikon, Tokyo,
Japan) and analyzed using Image J software (US National
Institutes of Health, Bethesda, MD).

Proteasome Activity
The aortic proteasome activity was measured using fluorogenic
peptide substrates as previously described (Li et al., 2015; Chen
et al., 2019; Li J. et al., 2019). In brief, the protein of aorta was
isolated with HEPES buffer (50 mM, pH 7.5) consist of 20 mmol/
L KCl, 5 mmol/L MgCl2, and 1 mmol/L dithiothreitol. Z-LLE-
AMC (45 mmol/L), Ac-RLR-AMC (40 mmol/L), and Suc-LLVY-
AMC (18 mmol/L) were utilized to evaluate the caspase-like,
trypsin-like, and chymotrypsin-like activity, respectively. Twenty
micrograms of protein were added to 100 ml of the HEPES buffer
containing the fluorogenic peptide substrates and incubated for
10 min at 37°C. The fluorescence intensity was gauged with the
excitation at 380 nm and emission at 460 nm.
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Quantitative Real-Time PCR Analysis
Total RNA was extracted from aorta tissues by Trizol Reagent
(Invitrogen, Carlsbad, CA) and reverse-transcribed according to
the manufacturer’s protocol (Wang et al., 2016; Lang et al., 2019).
PCR amplification was performed using 1–2 mg of cDNA and
gene-specific primers (Sangon Biotech, Shanghai, China), which
are listed in Supplementary Table 1. Quantitative real-time PCR
(qPCR) was performed with an iCycler IQ system (Bio-Rad, CA),
and the transcript quantities were normalized to the amount of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Western Blot Analysis
Total proteins were isolated from snap-frozen aorta samples
using RIPA buffer containing protease inhibitors (Solarbio
Science Technology Co, China). The lysates (40–50 mg) were
separated by electrophoresis in 8–12% SDS-PAGE gels,
transferred to the polyvinylidene difluoride (PVDF)
membranes (Bio-Rad), and incubated with the primary
antibodies against b2i (Abcam, London, UK), b5i (Abcam), p-
eNOS1177 (Cell Signaling Technologies, Boston, MA), eNOS
(Cell Signaling Technologies), and GAPDH (Proteintech
Group Inc, Rosemont, IL). The horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG were purchased from
Cell Signaling Technologies. All blots were analyzed by the
Image J software and normalized to GAPDH.

NO Assay
The aortic and serum NO levels were evaluated using a
colorimetric assay kit (Nanjing Jiancheng Biological Company,
China) in accordance with the manufacturer’s protocol.

Statistical Analysis
All results are presented as mean ± standard error of the mean
(SEM). The normality test (Shapiro-Wilk) was used to determine
whether the data were normally distributed. The student t test
was used to compare the significant difference between two
groups in normal distribution. If the data were not normally
distributed, the Mann-Whitney test was performed. One-way
ANOVA following Newman-Keuls multiple comparison test was
performed to evaluate the significance of difference between the
means of groups. For blood pressure data and ACh- or SNP-
induced vasodilation tests in aortic rings, repeated-measures
ANOVA analysis of variance was utilized. If the ANOVA
analysis demonstrated a significant effect, post hoc comparisons
were made pairwise with the Fisher least significant difference
test. P < 0.05 was considered statistically significant.
RESULTS

GA Reduces Ang II-Induced Hypertension,
Vascular Remodeling, and Inflammation
To investigated the functional role of GA in the regulation of
blood pressure in Ang II-infused mice, wild-type (WT) mice
were treated with different doses of GA (5 or 20 mg/kg BW) and
infused with Ang II (490 ng/kg/min). Systolic blood pressure
Frontiers in Pharmacology | www.frontiersin.org 39
(SBP) was measured by the noninvasive tail-cuff method. We
found that Ang II infusion for 2 weeks significantly increased
SBP compared with saline-treated controls, whereas this increase
was markedly reduced by GA (5 or 20 mg/kg BW) in Ang II-
treated mice (Figure 1A). The heart rate was not significantly
altered in the vehicle- and GA-treated mice after saline or Ang II
infusion (Figure 1B). Moreover, Ang II-induced increases in
aortic wall thickening, collagen deposition, and the accumulation
of Mac-2-positive macrophages were also blunted in GA-treated
mice (Figures 1C–E). Accordingly, Ang II-induced upregulation
of the mRNA expression of proinflammatory and fibrotic genes
(interleukin [IL]-1b, IL-6, tumor necrosis factor [TNF]-a,
monocyte chemoattractant protein-1, a-smooth muscle actin,
collagen I, and collagen III) in Ang II-infused aortas was
remarkably attenuated in GA-treated mice in a dose-dependent
manner (Figures 1F, G). These results indicate that the
administration of GA improves Ang II-induced hypertension
and vascular injury.

GA Blocks Vascular Dysfunction and
Oxidative Stress in Ang II-Infused Mice
To determine whether GA treatment suppressed vascular
dysfunction, we evaluated ex vivo vascular function in vehicle-
or GA-treated mice in response to Ang II. Two-week Ang II
infusion significantly impaired endothelium-dependent
vasodilatation to acetylcholine (ACh) compared with saline
control (Figure 2A). However, this effect was dose-
dependently improved in GA-treated mice (Figure 2A).
Consistent with previous findings (Wang et al., 2016), there
was no statistically significant difference in endothelium-
independent vasodilatation to sodium nitroprusside (SNP)
between Ang II- and saline-treated mice (Figure 2B).
Moreover, SNP-induced vasodilatation was not changed in
Ang II-infused mice after GA administration (Figure 2B).
These data suggest that GA prevented endothelial dysfunction
in Ang II-infused mice.

Recent studies have found that vascular superoxide
production contributes to endothelial dysfunction in the Ang
II-treated mouse model (Rajagopalan et al., 1996; Wang et al.,
2016). As indicated in Figure 2C, Ang II infusion for 2 weeks
markedly increased the formation of aortic superoxide as
characterized by dihydroethidium (DHE) staining, whereas this
effect was abolished in GA-treated mice in a dose-dependent
manner. Furthermore, the upregulated mRNA levels of the
NADPH oxidase catalytic subunits NOX1, NOX2, and NOX4,
and p22phox in Ang II-infused aortas were significantly
ameliorated in mice treated with GA (Figure 2D). Therefore,
these findings illustrate that the GA treatment attenuates Ang II-
induced aortic superoxide formation, which is associated with
vascular dysfunction.

GA Inhibits eNOS Degradation by
Attenuating Immunoproteasome Activity in
Ang II-Treated Mice
It is well established that eNOS-derived NO exerts essential
effects on vascular dilation (Forstermann and Sessa, 2012). We
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revealed that Ang II infusion for 2 weeks significantly reduced
aortic and serum NO levels, and this effect was diminished after
GA treatment (Figures 3A, B). However, the mRNA level of
eNOS, inducible NO synthase (iNOS), Ang II type I receptor
(AT1R), and AT2R were not altered in Ang II-infused mice after
GA treatment (Figure 3C and Supplementary Figure 1). It is
interesting to note that GA treatment reversed the Ang II-
induced downregulation of p-eNOS1177 and eNOS protein
expression in the aortas (Figure 3D) and human umbilical
Frontiers in Pharmacology | www.frontiersin.org 410
vein endothelial cells (HUVECs) (Supplementary Figure 2),
suggesting that reduction of eNOS expression occurs at
protein level.

Since the proteasome-mediated regulation of eNOS stability
contributes to endothelial function and vasodilation in the aorta
(Stangl et al., 2004), we then investigated whether GA affects
proteasome activity and expression of catalytic subunits. As
expected, Ang II infusion significantly induced increase of the
trypsin-like and chymotrypsin-like activity of the proteasome as
A B

D

E

F G

C

FIGURE 1 | Gallic acid (GA) ameliorates hypertension, vascular inflammation, and fibrosis in Ang II-infused mice. WT mice were orally gavaged with vehicle or GA (5
or 20 mg/kg BW) for 14 days in the presence of saline or Ang II infusion (490 ng·kg-1min-1). (A) Average systolic blood pressure of vehicle or GA-treated mice before
and after Ang II treatment obtained by telemetry (n=6). (B) Heart rate was assessed by the noninvasive tail-cuff method in vehicle- and GA-treated mice after saline
and Ang II infusion (n=6). (C) Representative images of haematoxylin and eosin (H&E) staining of the thoracic aorta (left), and quantification of the wall thickness of
each group (right, n=6). (D) Representative images of Masson’s trichrome staining of the thoracic aorta (left), and quantification of the percentage of fibrotic area
(right, n=6). (E) Representative images of immunohistochemical staining of aorta sections with anti-Mac-2 antibody (left), and quantification of Mac-2-positive
macrophages (right, n=6). A indicates adventitia; E, endothelium; M, media. Scale bar: 50 mm. (F) Quantitative real-time PCR (qPCR) analyses of the mRNA
expression of IL-1b, IL-6, TNF-a, and MCP-1 in the aorta (n=6). (G) qPCR analyses of a-SMA, collagen I, and collagen III mRNA expression levels (n=6). GAPDH as
the internal control. For blood pressure data, repeated-measures ANOVA was used. If the ANOVA analysis demonstrated a significant effect, post hoc comparisons
were made pairwise with the Fisher least significant difference test. One-way ANOVA following Newman-Keuls multiple comparison test was utilized to evaluate the
significance of difference between the means of groups. *P < 0.05 versus saline + control, #P < 0.05 versus Ang II + control.
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well as the mRNA levels of the immunoproteasome subunits b2i
and b5i, but did not influence other standard and catalytic
subunits (b1, b2, b5, and b1i) in the aorta, and the increase
was dose-dependently abolished by GA (Figures 4A, B).
Moreover, GA treatment also markedly reduced the protein
levels of b2i and b5i in Ang II-treated aortas and HUVECs
(Figure 4C and Supplementary Figure 2). Overall, these results
indicate that GA blunts the Ang II-induced reduction of NO and
degradation of eNOS likely by suppressing the activity and
expression of b2i and b5i in the aorta.

Blockage of eNOS Activity Diminishes GA-
Mediated Protective Effects on
Hypertension in Ang II-Treated Mice
To test whether eNOS is involved in Ang II-induced
hypertension and vascular dysfunction after GA administration
in mice, we treated wild-type mice with GA in the presence or
absence of a special eNOS inhibitor (L-NAME) for 2 weeks. In
agreement with our previous results (Figures 1 and 2), the
Frontiers in Pharmacology | www.frontiersin.org 511
administration of GA abolished the Ang II-induced increase of
SBP and decrease of aortic and serum NO levels (Figures 5A, C).
The heart rate was not changed in vehicle- or GA-treated mice
after Ang II infusion (Figure 5B). Ang II-induced increases in
aortic thickening, collagen deposition, the accumulation of Mac-
2-positive macrophages, and superoxide formation were also
ameliorated in GA-treated mice (Figures 5D–G). However, these
effects were reversed by L-NAME treatment (Figures 5A, C–F).
Accordingly, L-NAME did not affect the heart rate in Ang II-
infused mice (Figure 5B). Collectively, these results suggest that
GA suppresses hypertension and vascular injury by attenuating
the degradation of eNOS after Ang II infusion.
DISCUSSION

In this study,wedemonstrated thatGAadministration significantly
ameliorated the Ang II-induced development of hypertension and
vascular remodeling in mice. Mechanistically, GA reduced the
A B

D

C

FIGURE 2 | Gallic acid (GA) attenuates Ang II-induced vascular dysfunction and oxidative stress. (A) Dose-response curves of endothelium-dependent relaxation (ACh,
n=6). (B) Dose-response curves of endothelium-independent relaxation in response to SNP (n=6). (C) Representative images of DHE staining of the aortic superoxide
production (left), and quantification of fluorescence intensity (right, n=6). A indicates adventitia; E, endothelium; M, media. Scale bar: 50 mm. (D) Quantitative real-time
PCR (qPCR) analyses of the mRNA expression levels of NOX1, NOX2, NOX4, and p22phox (n=4). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal
control. For ACh- or sodium nitroprusside (SNP)-induced vasodilation tests in aortic rings, repeated-measures ANOVA analysis of variance was utilized. If the analysis
of variance demonstrated a significant effect, post hoc comparisons were made pairwise with the Fisher least significant difference test. One-way ANOVA following
Newman-Keuls multiple comparison test was used to evaluate the significance of difference between the means of groups. *P < 0.05 versus saline + control, #P < 0.05
versus Ang II + control.
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activity and expression of the immunoproteasome catalytic
subunits b2i and b5i, which abolished the degradation of eNOS,
leading to the production ofNOand improvement of endothelium-
dependent vascular dysfunction (Figure 6). Therefore, our study
provides evidence that GA represents a novel immunoproteasome
inhibitor andmay be a potential therapeutic agent for hypertension
and vascular dysfunction.

The renin-angiotensin-aldosterone system (RAAS) plays a
critical role in the initiation and development of hypertension. As
Frontiers in Pharmacology | www.frontiersin.org 612
the most powerful vasoconstrictor in the RAAS, Ang II is involved
in the regulation of multiple processes, including inflammation,
fibrosis, and oxidative stress (Forrester et al., 2018). Current
strategies for treating hypertension comprise adrenoceptor
antagonists, angiotensin-converting enzyme inhibitors (ACEIs),
angiotensin receptor blockers, and mineralocorticoid antagonists;
however, their efficacy remains low (Cai and Calhoun, 2017). Thus,
there is an urgentneed to identify candidate therapeutic approaches
for treating hypertensive diseases. GA is a food-derived polyphenol
A B

D

C

FIGURE 3 | Gallic acid (GA) downregulates the degradation of endothelial nitric oxide synthase (eNOS) and the reduction of nitric oxide (NO) levels in Ang II-treated
aortas. (A) Measurement of NO levels in the aorta by the colorimetric assay (n=6). (B) NO levels in the serum (n=6). (C) The qPCR analysis of eNOS mRNA
expression in the aorta (n=6). (D) Representative immunoblotting analyses of the protein expression of p-eNOS1177 and eNOS (left), and quantification of the relative
protein levels (right, n=4). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. One-way ANOVA following Newman-Keuls multiple
comparison test was used to evaluate the significance of difference between the means of groups. *P < 0.05 versus saline + control, #P < 0.05 versus Ang II +
control.
A B

C

FIGURE 4 | Gallic acid (GA) abolishes immunoproteasome activity and catalytic subunit expression in the aorta after Ang II infusion. (A) The caspase-like, trypsin-
like, and chymotrypsin-like activity of the proteasome in aortas in response to Ang II infusion with vehicle or GA treatment (n=4). (B) Quantitative real-time PCR
(qPCR) analyses of the mRNA expression of b1, b2, b5, b1i, b2i, and b5i. (C) Representative immunoblotting analyses of the protein expression of b2i and b5i (left),
and quantification of the relative protein levels (right, n=4). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. One-way ANOVA following
Newman-Keuls multiple comparison test was used to evaluate the significance of difference between the means of groups. *P < 0.05 versus saline + control, #P <
0.05 versus Ang II + control.
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compound that plays beneficial roles in improving hypertension,
vascular dysfunction, and cardiac hypertrophic remodeling in
several hypertensive models (Jin et al., 2017a; Jin et al., 2017b). In
Ang II-treated H9c2 cells and SHRs, GA attenuates GATA4-
induced NOX activity, which reduces oxidative stress and blood
pressure (Jin et al., 2017b). Moreover, GA ameliorates L-NAME-
induced hypertension and myocardial fibrosis by modulating
histone deacetylase 1 and 2 (Jin et al., 2017a). In this study, our
data revealed that GA abolished Ang II-induced hypertension and
vascular dysfunction, which was associated with the suppression of
Frontiers in Pharmacology | www.frontiersin.org 713
the activity and expression of the immunoproteasome subunits b2i
and b5i, leading to decreased eNOS degradation.

The 26S proteasome accounts for the majority of protein
degradation in mammalian cells (Angeles et al., 2012;
Thibaudeau and Smith, 2019). As the core part of the UPS, the
26S proteasome is composed of the 20S core protease and 19S
regulatory particle. The 20S proteasome contains two pairs of
inner b-rings and three catalytic b-subunits including b1
(PMSB6), b2 (PMSB7), and b5 (PMSB5), which exhibit
caspase-like, trypsin-like, and chymotrypsin-like activity,
A  B
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C

FIGURE 5 | Blocking endothelial nitric oxide synthase (eNOS) activity inhibits gallic acid (GA)-mediated protective effect on Ang II-induced hypertension and vascular
remodeling. (A) Average systolic blood pressure was gauged by the noninvasive tail-cuff method in vehicle or GA-treated mice before and after Ang II infusion
together with L-N

G-nitroarginine methyl ester (L-NAME) treatment (1 mg/ml drinking water, n=6). (B) Heart rate of vehicle or GA-treated mice after Ang II infusion
together with L-NAME treatment (n=6). (C) Nitric oxide (NO) levels in the aorta (left, n=6) and serum (right, n=6). (D) Haematoxylin and eosin (H&E) staining in the
aorta (left). Quantification of aortic wall thickness (right, n=6). (E) Masson’s trichrome staining for aortic fibrosis (left). Quantification of the fibrotic area (right, n=6).
(F) Immunohistochemical staining of aorta sections with anti-Mac-2 antibody (left), and quantification of Mac-2-positive macrophages (right, n=6). (G) Dihydroethidine
(DHE) staining of superoxide production in the aorta (left). Quantification of DHE fluorescence intensity (right, n=6). A indicates adventitia; E, endothelium; M, media.
Scale bar: 50 mm. For blood pressure data, repeated-measures ANOVA was used. If the ANOVA analysis demonstrated a significant effect, post hoc comparisons
were made pairwise with the Fisher least significant difference test. After the normality test (Shapiro-Wilk), the student t test was performed to compare the significant
difference between two groups in normal distribution, and the Mann-Whitney test was used for the data that were not normally distributed. *P < 0.05 versus Ang II,
#P < 0.05 versus Ang II + GA.
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respectively. After stimulation with interferon-g or TNF-a, the
standard b-subunits of the constitutive proteasome are replaced
by their inducible b-counterparts such as b1i (PMSB9 or LMP2),
b2i (PMSB10 or MECL-1), and b5i (PMSB8 or LMP7), which
form the immunoproteasome (Thibaudeau and Smith, 2019).
Previous studies revealed that adverse stimuli activate the
immunoproteasome, which is involved in the pathogenesis of
cardiovascular diseases including cardiac hypertrophy, ischemia-
reperfusion injury, and neointimal formation (Barringhaus and
Matsumura, 2007; Li et al., 2015; Guo et al., 2016; Chen et al.,
2019). Importantly, our recent studies indicate that Ang
II infusion upregulates the activity and expression of
immunoproteasome subunits (b2i and b5i) in the heart, atria,
retina, and aorta (Li et al., 2015; Li et al., 2018; Wang et al., 2018;
Li F. D. et al., 2019; Li J. et al., 2019; Wang et al., 2020). The
depletion of b2i or b5i markedly attenuates Ang II-induced
blood pressure, cardiac hypertrophy, and atrial fibrillation in
mice (Li et al., 2015; Li et al., 2018; Li J. et al., 2019). Furthermore,
we revealed that b5i is involved in the modulation of the
infiltration of proinflammatory cells into abdominal aortic
aneurysm and atherosclerotic lesion, as well as vascular
remodeling in ApoE knockout mice (Li F. D. et al., 2019;
Wang et al., 2020). It is worth noting that several nutritional
factors, such as quercetin, d-tocotrienol, and resveratrol, are
potential proteasome inhibitors, which may represent a
strategy for treating cardiovascular diseases (Qureshi et al.,
2013; Chen et al., 2019). Here, we provided new evidence that
GA administration significantly ameliorated the activity and
expression of the immunoproteasome subunits b2i and b5i in
Ang II-treated aortas (Figure 3). Therefore, these data suggest
that GA serves as a novel inhibitor of the immunoproteasome
and may reduce eNOS degradation in the aorta.

eNOS has been reported to play critical roles in the modulation
of vasodilation, vascular inflammation, leucocyte adhesion, and
vascular smooth muscle proliferation (Forstermann and Sessa,
2012). Knockout of eNOS impairs endothelium-dependent
relaxation, elevates blood pressure, and induces abnormal
vascular remodeling in mice (Forstermann and Sessa, 2012).
Frontiers in Pharmacology | www.frontiersin.org 814
Furthermore, drugs interfering with the RAAS, such as ACEIs
and angiotensin receptor blockers, could improve eNOS
dysfunction and vascular oxidative stress (Mancini et al., 1996;
Wassmann et al., 2002). Early studies indicated that eNOS function
is maintained by multiple mechanisms, including transcriptional
and post-transcriptional modulation, post-translational
modification, phosphorylation, and protein-protein interactions
(Garcia and Sessa, 2019). Recently, increasing evidence has
demonstrated that UPS-dependent proteolysis is responsible for
the regulation of eNOS degradation (Stangl and Stangl, 2010).
Proteasome inhibitors, including MG132, lactacystin, and MLN-
273, increase eNOSexpression in endothelial cells and in the arterial
wall (Stangl et al., 2004;Herrmann et al., 2007; Thomas et al., 2007).
In this study, we extended previous findings and revealed that GA
markedly protected against the Ang II-induced degradation of
eNOS by inhibiting the immunoproteasome subunits b2i and b5i,
leading to an improvement of endothelial dysfunction (Figures 2–
4). Accordingly, blocking eNOS activity with the inhibitor L-
NAME significantly reversed these effects (Figure 5). Thus, our
results indicate that GA attenuates hypertension and vascular
remodeling by reducing the immunoproteasome-mediated
degradation of eNOS.

In conclusion, this study unveiled a new role for GA in the
regulation of hypertension and vascular dysfunction after Ang II
stimulation. GA administration abolished the activity and
expression of the immunoproteasome subunits b2i and b5i,
which attenuated the degradation of eNOS. Thus, our findings
suggest that GA is a new immunoproteasome inhibitor and may
represent a promising therapeutic option for the treatment of
hypertension and vascular remodeling. Further investigations are
needed to explore the molecular mechanisms underlying the
action of GA to modulate immunoproteasome expression.
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FIGURE 6 | A working diagram of gallic acid (GA)-mediated beneficial effect on the Ang II-infused mouse model. Ang II infusion increases the activity and the
expression of the immunoproteasome subunits b2i and b5i, which induces the degradation of endothelial nitric oxide synthase (eNOS) and the reduction of nitric
oxide (NO) levels thereby leading to hypertension and impairment of vascular function. Conversely, GA administration attenuates these effects. Ang II, angiotensin II;
eNOS, endothelial nitric oxide synthase; GA, gallic acid; NO, nitric oxide.
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SUPPLEMENTARY FIGURE S1 | Effect of GA administration on mRNA
expression levels of iNOS, AT1R, and AT2R. qPCR analyses ofthe mRNA
expression of iNOS, AT1R, and AT2R in the aorta (n=6). GAPDH as the internal
control. One-way ANOVA following Newman-Keuls multiple comparison test was
utilized to evaluate the significance of difference between the means of groups.

SUPPLEMENTARY FIGURE S2 | Effect of GA treatment on protein expression of
p-eNOS1177, eNOS, b2i, and b5i in vitro. Representative immunoblotting analyses of
the protein expression ofp-eNOS1177, eNOS, b2i, and b5iin confluent HUVEC streated
with GA (10 mm) after 24 h of Ang II (100 nm) stimulation (left), and quantification of the
relativeprotein levels (right, n=3).After thenormality test (Shapiro-Wilk), thestudent t test
was used to compare the significant difference between two groups in normal
distribution, and theMann-Whitney test was utilized for the data that were not normally
distributed. *P < 0.05 versus Ang II, #P < 0.05 versus Ang II + GA.
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Physiologic hypertrophy of the heart preserves or enhances systolic function without
interstitial fibrosis or cell death. As a unique form of physiological stress, regular exercise
training can trigger the adaptation of cardiac muscle to cause physiological hypertrophy,
partly due to its ability to improve cardiac metabolism. In heart failure (HF), cardiac
dysfunction is closely associated with early initiation of maladaptive metabolic remodeling.
A large amount of clinical and experimental evidence shows that metabolic homeostasis
plays an important role in exercise training, which is conducive to the treatment and
recovery of cardiovascular diseases. Potential mechanistic targets for modulation of
cardiac metabolism have become a hot topic at present. Thus, exploring the energy
metabolism mechanism in exercise-induced physiologic cardiac hypertrophy may
produce new therapeutic targets, which will be helpful to design novel effective
strategies. In this review, we summarize the changes of myocardial metabolism (fatty
acid metabolism, carbohydrate metabolism, and mitochondrial adaptation), metabolically-
related signaling molecules, and probable regulatory mechanism of energy metabolism
during exercise-induced physiological cardiac hypertrophy.

Keywords: energymetabolism, exercise, physiologic cardiac hypertrophy, signalingmolecules, regulatorymechanism
INTRODUCTION

The health benefits of exercise are indisputable. Exercise not only reduces cardiac risk factors and
improves cardiac function, but also reduces mortality and morbidity from various cardiovascular
diseases (Lavie et al., 2015; Tao et al., 2015; Ostman et al., 2017; Acosta-Manzano et al., 2020;
Bersaoui et al., 2020). Some researchers have demonstrated the cardiac protective effect of regular
exercise on patients with cardiovascular disease (Ellison et al., 2012), and endurance training can
Abbreviations: ATGL, adipose triglyceride lipase; GPCRs, G-protein-coupled receptors; FAT/CD36, fatty acid translocases;
FATP, fatty acid transporters; FA-CoA, acetyl CoA; ACC, Acetyl coenzyme A carboxylase; PPARa/b, peroxisome
proliferators-activated receptor a/b; PGC-1a/b, Peroxisome proliferator-activated receptor-g coactivator-1a/b; OXPHOS,
oxidative phosphorylation; ETC, electron transfer chain; FAO, fatty acid oxidation; ERR, estrogen-related receptors; NRF-1,
nuclear receptor factor 1; eNOS, endothelial nitric oxide synthase; LCFA, long-chain fatty acids; PI3K, phosphatidylinositol 3
kinase; IRS, insulin receptor substrate; IGF-1R, insulin-like growth factor-1 receptor; PKC-a, protein kinase C-a; O-
GlcNAcylization, O-junction of monosaccharide b-N-acetyl-glucosamine; HDAC, histone deacetylase; MCU,
mitochondrial calcium uniporter; VEGFs, vascular endothelial growth factors; CST, chronic swimming training; PAAC,
partial aortic constriction; AMPK, Adenosine 5’-monophosphate (AMP)-activated protein kinase.
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improve cardiac performance by transforming pathological
cardiac hypertrophy into a physiological state (Garciarena
et al., 2009). However, the exact mechanism of this cardiac
adaptation is not fully understood.

Notably, exercise can induce physiological cardiac
hypertrophy (Ellison et al., 2012; Xiao et al., 2014; Xiao et al.,
2016). In this state, myocardial hypertrophy has normal or
enhanced contractile function, considered adaptive, and is not
a risk factor for heart failure (Shimizu and Minamino, 2016).
Physiological cardiac hypertrophy is characterized by mild heart
growth, its mass is usually 10%‑20% higher than that of
normalized heart (Maillet et al., 2013). The physiological
hypertrophy of myocardium induced by exercise training is
different from pathological hypertrophy at the stimulation mode,
structure, and molecular level (McMullen and Jennings, 2007). In a
study of myocardial gene expression profile in rats, it was shown
that during exercise-induced physiological myocardial hypertrophy,
the glucose signal of cardiomyocytes was significantly different,
while there was no significant change in pathological hypertrophy
(Kong et al., 2005). A large number of studies have proved that the
metabolic coordination is an essential condition for myocardial
adaptive growth (Turpeinen et al., 1996; Peterzan et al., 2017;
Fulghum and Hill, 2018; Gibb and Hill, 2018; Heallen et al.,
2020), but it is not clear whether the regulation of myocardial
energymetabolism can reverse myocardial remodeling and improve
myocardial function. Therefore, the study of energy metabolism in
exercise-induced physiological cardiac hypertrophy is beneficial to
the exploration of exercise-induced cardiac adaptation andmight be
a unique research perspective for interventions in heart failure and
other cardiovascular diseases. This review describes the variation of
energy metabolism in exercise-induced physiological myocardial
hypertrophy from three aspects: fatty acid metabolism,
carbohydrate metabolism, and mitochondrial adaptation, and
summarizes the related signal molecules (Figure 1) and possible
regulatory pathways of this energy metabolism (Figure 2).
Frontiers in Pharmacology | www.frontiersin.org 218
CHANGES OF MYOCARDIAL
METABOLISM IN EXERCISE-INDUCED
PHYSIOLOGIC CARDIAC HYPERTROPHY

The heart has to keep contracting to provide the body with the
oxygen and nutrients it needs. Under normal physiological
conditions, due to the small storage of high energy phosphate
in cardiac myocytes, normal heart function depends on the tight
coupling of intracellular ATP production and myocardial
contraction (Kolwicz et al., 2013), and ATP is mainly derived
from the catabolism of glucose and fatty acids. Glucose oxidation
is a key source of myocardial ATP. In healthy adults, the heart
obtains about 50%‑70% of myocardial acetyl CoA derived ATP
from fatty acids (Lopaschuk et al., 1994). When endogenous fatty
acid supply is reduced, intracellular triacylglycerol hydrolyzes the
fatty acid back through specific lipases including adipose
triglyceride lipase (ATGL) (Haemmerle et al., 2011; Kienesberger
et al., 2012) for fatty acid oxidation and subsequent ATP
generation. The efficient absorption and recycling of fatty acids
by the heart is the key to ensuring ATP supply and systolic function
(Kim and Dyck, 2016), and glycolysis produces less than 10% of
total ATP in healthy hearts (Lygate et al., 2013). The main pathway
for ATP resynthesis is mitochondrial oxidative phosphorylation
(>98%), which is driven by the reduction equivalent NADH and
FADH2 produced by fatty acid oxidation, pyruvate oxidation, and
Krebs cycle. In a healthy heart, the hydrolysis rate of ATP matches
the rate of ATP resynthesis, and the tissue content of ATP is very
constant, even though the conversion rate of ATP is greatly raised
(Stanley and Chandler, 2002). The elevated acute load during
exercise has a strong effect on myocardial metabolism (Gibala
et al., 1998). In the heart, exercise boosts contractility and oxygen
consumption, which is 10 times higher than the resting rate (Olver
et al., 2015). Although the heart can take advantage of substrates
including carbohydrates, lipids, amino acids, and ketone bodies, to
provide energy, while its substrate preference vary under both
FIGURE 1 | A schematic of the major signaling molecules of metabolism in exercise-induced physiological myocardial hypertrophy, showing integration and cross-
talk of various pathways.
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physiological and pathological stress (Ritterhoff and Tian, 2017).
The changes of substrate utilization and mitochondrial adaptation
induced by exercise in physiological cardiomyocytes are effective
guarantees to maintain the normal myocardial cells function.

Fatty Acid Metabolism
Exercise heightens fat catabolism in adipose tissue and increases
triglycerides and free fatty acids in plasma, thus promoting the
utilization of fatty acids. It was found that the myocardial
hypertrophy of female mice after exercise was significantly
enhanced compared with that of male mice, which may be
related to the heightened level of free fatty acid in plasma
caused by exercise (Foryst-Ludwig et al., 2011). During
exercise, hormone-mediated lipid interpretation of fatty acid
metabolites in adipose tissue during exercise potentially
promotes cardiac physiological growth by activating G-protein-
coupled receptors (GPCRs), Akt, or nuclear receptors (Foryst-
Ludwig et al., 2015). Not only did free fatty acids increase rapidly
with exercise (Frandsen et al., 2019), but they also seemed to
remain elevated during exercise adaptation, and the elevated
levels of free fatty acids in plasma were considered sufficient to
promote cardiac fat catabolism (Pels et al., 1985; Monleon et al.,
2014). The uptake of free fatty acids by cardiomyocytes was
achieved through plasma membrane transporters, fatty acid
translocases (FAT/CD36), fatty acid transporters (FATP), and to
a lesser extent, transmembrane diffusion. CD36 deficiency will
result in defective fatty acid uptake (Tanaka et al., 1997; Abumrad
and Goldberg, 2016). In exercise-induced physiological
myocardial hypertrophy, fatty acid and glucose oxidation are
enhanced, accompanied by increasing gene expression of
encoding fatty acid transporters, fatty acid binding proteins, and
lipid metabolic pathways (Strøm et al., 2005; Dobrzyn et al., 2013;
Nakamura and Sadoshima, 2018). After fatty acid uptake and
conjugation with acetyl CoA (FA-CoA), FA-CoA enters the
mitochondria, via the carnitine acyl transferase shuttle (CPT-1
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and CPT-2) (Abel and Doenst, 2011). CPT-I and CPT-II are
responsible for the input of mitochondrial fatty acids and control
the rate-limiting steps of the mitochondrial fatty acid oxidation
pathway (Lehman et al., 2000). The up-regulated expressions of
CPT-I and CPT-II were found in a mice model of exercise training
and CPT-II mRNA expression was significantly heightened in
exercise-induced physiologic myocardial hypertrophy (Iemitsu
et al., 2003). Acetyl coenzyme A carboxylase (ACC) is a key
enzyme in fatty acid synthesis. An increase in ACC phosphorylation
was observed in cardiomyocytes during moderate exercise training,
including the phosphorylation of ACC-1 (265 kDa) and ACC-2 (280
kDa) (Coven et al., 2003). It is possible that ACC phosphorylation
reduces the generation of malonyl coenzyme A, thereby indirectly
lightening its inhibition of CPT-I activity, increasing the level of free
fatty acids in plasma (Awan and Saggerson, 1993; Abu-Elheiga et al.,
2001), and playing an important role in regulating fatty acid
oxidation (Lopaschuk et al., 1994).

Carbohydrate Metabolism
Glucose uptake in the heart was found to be transversely
distributed, and the subendocardial layer is about 30% higher
than the epicardial layer. The altered transmural distribution of
glucose uptake after exercise probably reflects the metabolic
adaptation of different myocardial layers to the physiologic
growth of cardiomyocytes induced by exercise (Takala et al.,
1983; Kainulainen et al., 1985; Kainulainen et al., 1989). It was
found that exercise training elevated GLUT4 mRNA levels of left
ventricle in rats (Vettor et al., 2014). The myocardial glucose
uptake was significantly higher in the exercise group than that in
the rest group (Gertz et al., 1988; Kemppainen et al., 2002). In
addition, experimental studies have demonstrated that the
elevation of catecholamine and intracellular calcium concentration
can raise GLUT4 translocation in the heart (Rattigan et al., 1991),
while exercise can activate the sympathetic nerve, elevate
catecholamine levels in the body, strengthen calcium concentration
FIGURE 2 | A schematic overview of probable regulatory mechanism of energy metabolism during exercise-induced heart growth, such as autophagy, post-
translational modification, microRNAs, angiogenesis, and inflammation.
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and myocardial contractility in cardiomyocytes. These mechanisms
may all play a role in promoting glucose uptake during exercise. At
the same time, studies have indicated that the glucose utilization rate
of cardiomyocytes in the exercise group is significantly lower than
that in the control group (Monleon et al., 2014). At present, only
pyruvate kinase activity has been found to be elevated in exercise-
adapted rat hearts (York et al., 1975; Stuewe et al., 2000), but little is
known about the effect of exercise on rate-limiting enzymes in
glycolysis pathway. Glycolysis, aerobic oxidation of glucose and
glycogen synthesis, were all enhanced in vitro perfusion hearts of
exercise-adapted mice (Riehle et al., 2014). However, in exercise-
adapted rats, basal myocardial glycolysis was reduced despite
increased myocardial glucose and palmitate oxidation (Burelle
et al., 2004). Differences between the two studies may be due to
differences in animal models (such as rodent species, exercise type)
or differences in cardiac perfusion regiments (matrix levels, hormone
addition). It was found that the glycogen accumulation in the
perfused heart of exercise training adapted mice (Riehle et al.,
2014) may be due to the increased glucose uptake stimulated by
insulin (Jensen and Richter, 2012). The cardiac glycogen is a
potential source of myocardial energy (Aguiar et al., 2017), and
glycogen resynthesis after exercise contributes to glucose
homeostasis. Recent studies have manifested that cardiac-specific
expression of a kinase-deficient 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase transgene lowered glycolytic rate and regulated
the expression of genes known to promote cardiac growth (Boström
et al., 2010; Bezzerides et al., 2016; Gibb et al., 2017). These researches
further illustrated that depressed glycolytic activity appeared to be
important in exercise-induced physiological cardiac hypertrophy.
These experimental results showed that although glucose uptake,
aerobic oxidation, and glycogen synthesis are all prolonged in
exercise-induced hypertrophic myocardium, cardiomyocytes still
give priority to fatty acid oxidation to provide energy. Metabolic
adaptation maintains the balance between glucose and fatty acid
catabolism on the premise of improving the efficiency of cardiac
energy production.

Mitochondrial Adaptation
The role of mitochondria in physiological myocardial
hypertrophy cannot be ignored. Exercise training promoted
mitochondrial biosynthesis in the heart (Vettor et al., 2014),
which was related to exercise-induced cardiac hypertrophy
(White et al., 1987; Rimbaud et al., 2009a; Abel and Doenst,
2011). A recent study showed that a single exhausting exercise in
untrained or trained rats resulted in increasing levels of
cytochrome C, Caspase3, and mitochondrial DNA deletion
(Huang et al., 2009), suggesting that mitochondrial damage
may be an indirect signal to activate mitochondrial biogenesis.
It was found that mitochondrial DNA synthesis, electron
transport chain related enzyme activity and citrate synthase
activity all increased in the hearts of swimming training mice
(Riehle et al., 2014). The energy consumption of the heart during
exercise is several times higher than that of the resting state,
which is related to the increasing of oxygen consumption and
mitochondrial ATP production rate. Meanwhile, the myocardial
mitochondrial ATP production rate must be highly matched
with the ATP decomposition rate. Swimming training induced
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the enhancement of mitochondrial respiration and ATP
production in physiological myocardial hypertrophy of mice
(Ascensão et al., 2011), and some experiments proved that the
mitochondrial respiration of isolated myocardium of mice also
increased after exercise training, which was consistent with the
change of gene expression of fatty acid utilization (O’Neill et al.,
2007). In addition, exercise training promotes myocardial
physiological hypertrophy while carrying out adaptive
remodeling of mitochondria (Bo et al., 2010). Eight weeks of
exercise conditioned training increased the number of
myocardial mitochondria, especially the smaller ones
(Dworatzek et al., 2014). In mice, exercise strongly promotes
the division of myocardial mitochondria, thereby enhancing the
function of mitochondria; these mitochondrial changes occur in
a manner dependent on adrenergic signals (Coronado et al.,
2018). In cardiomyocytes, mitochondria are considered to be the
main source of reactive oxygen species. Under normal/basic
conditions, ROS is produced as a by-product of mitochondrial
electron transfer activity and is buffered by antioxidant systems.
Exercise-induced reactive oxygen species may have beneficial
effects on heart growth (Sadoshima, 2006; Alleman et al., 2014;
Schieber and Chandel, 2014), probably because ROS, a second
messenger to change redox sensitive enzymes, contributes to
exercise-induced mitochondrial adaptive signal transduction.

The above studies showed that the adjustment of myocardial
energy metabolism contributes to exercise-induced physiological
myocardial hypertrophy. Although fatty acids seem to favor
energy production, the heart has the ability to respond quickly
to variation in matrix availability, ensuring that ATP production
continues to meet its energy needs (Taegtmeyer et al., 2004; Hue
and Taegtmeyer, 2009; Smith et al., 2018). Therefore, exercise
training is related to the regulation of fatty acid, glucose
metabolism and mitochondrial adaptation, which may further
promote the coordination of myocardial metabolic flexibility and
myocyte physiological hypertrophy. However, the specific
mechanism is still not well understood and needs further study.
THE SIGNALING MOLECULES OF
METABOLISM IN EXERCISE-INDUCED
PHYSIOLOGICAL MYOCARDIAL
HYPERTROPHY

PGC-1a
Peroxisome proliferator-activated receptor-g coactivator-1a
(PGC-1a) is a transcriptional coactivator initially identified as
a cold-inducing factor involved in the mitochondrial biogenesis
of brown adipocytes (Puigserver et al., 1998). PGC-1a is
required for the normal reserve of fatty acid oxidation (FAO)
(Lehman et al., 2008; Peterzan et al., 2017), and PGC-1b for the
normal expression of OXPHOS gene (Vianna et al., 2006).
PGC-1a/b promotes coordination of gene transcription,
mitochondrial biosynthesis, and growth signal at various
levels of oxidative metabolism (Rowe et al., 2010). The
expression of PGC-1a increases in exercise-induced
myocardial hypertrophy, which promotes the production of
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mitochondria and the ability of fatty acid oxidation (FAO)
(O’Neill et al., 2007; Watson et al., 2007; Riehle et al., 2014). The
cardiac function of adult PGC-1a/b-deficient mice does not
show obvious abnormalities, but the expression of genes related
to the mitochondrial energy transmission pathway (including
FAO, tricarboxylic acid cycle, ETC/OXPHOS) in the gene
expression profile is significantly and widely down-regulated
(Martin et al., 2014). It is probably that PGC-1a/b is not
necessary to maintain mitochondrial density and cardiac
function in the basal state (Vega et al., 2015), but in the
process of exercise-induced physiological myocardial growth,
it is necessary to maintain the high volume respiratory function
of hypertrophic myocardial mitochondria by driving the
expression of genes related to mitochondrial energy
conduction and ATP synthesis pathway. PGC-1a also
promotes a broader mitochondrial biological response
through interaction with estrogen-related receptors (ERR) and
nuclear receptor factor 1 (NRF-1) (Scarpulla et al., 2012).
Studies have demonstrated that, ERR directly activates
mitochondrial energy metabolism involving TCA cycle,
electron transfer, and oxidative phosphorylation in
cardiomyocytes (Dufour et al., 2007). In the exercise training
experiment, endothelial nitric oxide synthase (eNOS) in left
ventricular murine tissue (Kojda et al., 2001; Zhang et al., 2007)
elevates the gene expression of PGC-1a (Vettor et al., 2014). In
addition, it is also found that PGC-1a plays an important role
in protecting cardiomyocytes from ROS-mediated injury. In the
hearts of PGC-1a knockout mice, the basic mRNA expression
levels of ROS detoxifying enzymes such as cytoplasmic copper/
zinc-SOD1, mitochondrial Mn-SOD, and peroxisome catalase
were significantly reduced (St-Pierre et al., 2006). However,
whether ERR, eNOS and ROS play a role in cardiac exercise
adaptation by affecting the expression of PGC-1a needs
further study.

PPARa
The content of PPARa and PPARb in cardiomyocytes are the
highest, while the expression level of PPARg is low (Vega et al.,
2015). Although both PPARa and PPARb were initially
considered to be regulators of peroxisome b-oxidation
(Issemann and Green, 1990), it was later found that only the
activation of PPARa in cardiomyocytes regulated the uptake,
oxidation and storage of fatty acids in the heart (Gulick et al.,
1994; Brandt et al., 1998; Mascaró et al., 1998). Research finds
that Cn works by activating PPARa to promote mitochondrial
energy production and myocardial growth (White et al., 1987;
Turpeinen et al., 1996). Initially, the increasing expression of
myocardial peroxisome proliferator-activated receptor (PPARa)
was detected during treadmill training in mice (Dobrzyn et al.,
2013). Later, it was found that the level of PPARa also increased
in exercise-induced physiologic hypertrophic cardiomyocytes
(Youtz et al., 2014). In addition, some experiments found that
gene expression of PPARa was reduced in pathological cardiac
hypertrophy, suggesting that upregulation of PPAR-a expression
may limit pathological cardiac hypertrophy (Barger et al., 2000).
However, another study explained that the elevating levels of
Frontiers in Pharmacology | www.frontiersin.org 521
PPARa may be the result of physiological hypertrophy
(Rimbaud et al., 2009b). These results further illustrated that
PPARa may play an important role in inhibiting the
transformation from physiological growth to pathological
hypertrophy of cardiomyocytes.

AMPK
In skeletal muscle, AMPK is activated during exercise to
increase metabolism (Winder and Hardie, 1996; Winder
et al., 1997). AMPK also acts as an important energy sensor
and metabolic regulator in the heart (Bairwa et al., 2016).
When activated by increasing energy demand, its role is to
boost the intake and catabolism of fatty acids (Hardie, 2004).
The increase in myocardial stromal metabolism during exercise
can be explained by the activation of AMPK (Coven et al.,
2003). The activation of AMPK can enhance the uptake of
long-chain fatty acids (LCFA) in wild-type cardiomyocytes
(Habets et al., 2007) but not the uptake in CD36 knockout
cardiomyocytes (Samovski et al., 2015), promote the transport
of CD36 to the plasma membrane (Luiken et al., 2003; Kim and
Dyck, 2016), indicating that AMPK promotes the CD36
expression and transport to raise fatty acid supply. In
addition, AMPK plays a role in myocardial metabolism by
phosphorylating ACC, a key enzyme that activate fatty acid
metabolism (Nagendran et al., 2013; Hardie et al., 2016). It was
found that CD36 expression and ACC phosphorylation are up-
regulated in physiologically hypertrophic myocardium induced
by exercise training (Strøm et al., 2005; Dolinsky and Dyck,
2006). Thus, AMPK may strengthen the energy supply of
exercise-induced myocardial hypertrophy through interaction
with CD36 and ACC.

PI3K
Mitochondrial-associated factor phosphatidylinositol 3 kinase
(PI3K) signaling and its downstream effectors Akt and GSK-3b
promote myocardial physiological hypertrophy growth and
maintain normal cardiac function (McMullen et al., 2003).
Although PI3K inhibition can reduce the size of the heart and
prevent the adaptation of mitochondria to physiological
hypertrophy (Shioi et al., 2000). However, the downregulation
of the effector Akt by PI3K is not necessary for mitochondria to
adapt to cardiac hypertrophy, suggesting that there is an
independent PI3K signaling pathway in the induction of
physiological hypertrophy and may be related to the regulation
of mitochondrial metabolism (O’Neill et al., 2007). It was found
that the repolarization of K+ current amplitude of ventricular
myocytes in PI3K cultured group and swimming training
induced physiological cardiac hypertrophy group are both
higher than that of the wild type, while the expression of
transcripts encoding K+, Ca2+, and other ion channel subunits
is elevated, which is parallel to the increased cardiomyocyte size
and total cellular RNA expression. It is suggested that the steady-
state regulation of physiological myocardial hypertrophy and
excitability induced by exercise may be related to myocardial
PI3Ka signal (Yang et al., 2010), and the normal maintenance of
myocardial electrical function is inseparable from energy.
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Therefore, PI3K may be related to the energy regulation of
maintaining electrical excitation homeostasis in exercise-
induced physiological myocardial hypertrophy.

IGF-1R and IR
Insulin-like growth factor-1 receptor (IGF-1R) has been proved
to be an important condition for inducing myocardial
physiological growth in mice (McMullen et al., 2004; Kim
et al., 2008). In heart-specific IR knockout mice, the expression
of PPARa decreased, the level of PGC-1a did not change.
Meanwhile, the mitochondrial respiration and ATP synthesis
rate were impaired (Boudina et al., 2009). The deletion of insulin
receptor substrate (IRS), which is necessary for IGF-1R and IR
signal transduction, preventing the activation of PGC-1a, but
increasing the capacity of mitochondria after exercise (Riehle
et al., 2014). These results provide evidence that the coordination
of growth procedures and metabolic reprogramming may occur
in insulin-like growth factor-1 and insulin triggered
signaling pathways.

PKC-a
Experiments with swimming-trained mice have shown that
activation of PKC-a suppresses apoptosis, promotes the growth
of physiological cardiomyocytes and improves cardiac function
(Naskar et al., 2014). Excessive activation of PKC-a in the
liver affects glucose and fatty acid metabolism. In myocardium,
PKC-a activation protects myocardium by improving cardiac
mitochondrial function (Nowak and Bakajsova, 2013). These
related researches of PKC-a indicated that the role of PKC-a in
exercise-induced physiological hypertrophy may be associated
with the regulation of metabolism.
THE PROBABLE REGULATORY
MECHANISM OF ENERGY METABOLISM
DURING EXERCISE-INDUCED HEART
GROWTH

Autophagy
The recycling of cell components by autophagy has become an
important process of adaptive response to exercise (Halling and
Pilegaard, 2017). Many beneficial effects of exercise may be
related to autophagy, especially physiological myocardial
hypertrophy caused by exercise. It was found that the activity
of autophagy increased significantly in the heart of exercise-
induced physiologically hypertrophic rats (Qi et al., 2020). Some
previous studies have shown that autophagy/mitophagy plays an
important role in the adaptation of skeletal muscle to endurance
exercise and interacts with mitochondrial organisms (He et al.,
2012; Vainshtein et al., 2015; Ju et al., 2016). A team found that
mitochondrial autophagy-related proteins Beclin1, LC3, and
Bnip3 are significantly up-regulated during acute exercise (Li
et al., 2016a). Therefore, there may be a certain interaction
between autophagy and metabolism in exercise-induced
physiological hypertrophic cardiomyocytes.
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Post-Translational Modification
Post-translational modification refers to the process of covalent
processing of the translated proteins. There are more than 20
post-translational modification processes in eukaryotic cells,
such as acetylation, phosphorylation, ubiquitination, and
methylation. The mitochondrial proteome consists of
approximately 1100 to 1500 proteins, most of which are
encoded by nuclear DNA and transferred to mitochondria
after post-translational modification (Zhou et al., 2013).
Studies have found that metabolic adjustment of myocardium
during exercise may be related to ACC phosphorylation in fatty
acid metabolism (Coven et al., 2003). By activating PKC-d and
simultaneously inhibiting PKC-a phosphorylation, the PKC
subtype is reversed, resulting in impaired cardiac function
during physiological hypertrophy (Naskar et al., 2014). In
addition, a research shows that the protein O-GlcNAcylization
in physiologically growing cardiomyocytes in swimming trained
mice is reduced as a whole compared to sedentary mice (Belke,
2011). The O-junction of monosaccharide b-N-acetyl-
glucosamine (O-GlcNAcylization) is a post-translational
modification on serine and threonine residues, which is an
important mechanism for regulating various cellular processes
(Mailleux et al., 2016). Another study compared the low and high
running ability of rats. The author mentioned the difference in
the level of cardiac O-GlcNAcylization of several mitochondrial
proteins, among which the O-GlcNAc levels of complex I and
complex IV proteins in the low-volume group are higher than
high capacity group (Johnsen et al., 2013). Therefore, O-
GlcNAcylization may play a role in mitochondrial adaptation
to exercise-induced cardiac hypertrophy. Meanwhile, in the
physiological cardiac hypertrophy induced by aerobic exercise,
PPARb and histone deacetylase (HDAC) I and II were found to
be elevated, accompanied by the interaction between metabolism
and epigenetic genes (Soci et al., 2016). Deacetylase (HDAC)
affects the acetylation of histones, and exercise training can
accelerate the up-regulation of HDAC gene expression and
increase the acetylation of histones in cardiomyocytes
(Medford et al., 2013; Konhilas et al., 2015; Bernardo et al.,
2018). In addition, myocardium-specific histone deacetylase
HDAC3 (a member of HDAC I) plays a unique role in
maintaining cardiac function and modulating fatty acid
metabolism by regulating histone acetylation in the promoter
region of myocardial energy gene (Montgomery et al., 2008).
These studies indicated that posttranslational modification may
play a complementary role in regulating cardiac growth and
myocardial energy metabolism.

MicroRNAs
MicroRNAs are small non-coding RNA molecules with a length
of about 22 nucleotides, which activate the post-transcriptional
gene expression by binding to target messenger RNA to promote
its degradation. Some animal and human studies have shown
that the levels of microRNAs in exercise-induced cardiac
hypertrophy have been altered (Table 1). Among them, the
expressions of miR-17-3p, miR-30, miR-21, miR-27a/b, miR-
144, miR-145 (Wang et al., 2018), miR-29 (Soci et al., 2011),
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miR-19b, miR-208b, and miR-133b (Ramasamy et al., 2015)
were up-regulated. MiR-1, miR-133, miR-124, miR-143 (Wang
et al., 2018), miR-341 (Martinelli et al., 2014), miR-100, miR-22,
miR-99b, miR-181a, miR-191a (Ramasamy et al., 2015), miR-
214 (Melo et al., 2015), miR-199, miR-222 (Schüttler et al.,
2019), miR-26b-5p, miR-204-5p, and miR-497-3p (Qi et al.,
2020) were down-regulated. MicroRNAs regulate gene
expression in hypertrophic myocardium induced by exercise
training, in which miR-17-3p and miR-222 may induce
cardiomyocyte metabolism and mitochondrial adaptation
(Schüttler et al., 2019). Furthermore, inhibition of endogenous
miR-199 inducing physiological myocardial hypertrophy may
be related to up-regulation of PGC-1a mRNA expression (Li
et al., 2016b). MiR-1 suppresses the translation of MCU (a kind
of mitochondrial calcium transporter), reduces the uptake of
mitochondrial Ca2+ in cardiomyocyte, and increases the
production of metabolic energy (Zaglia et al., 2017). Inhibition
of miR-208b increases the expression of epigenetic target
proteins, which may stimulate the interaction between
metabolism and cell growth (Soci et al., 2016). In addition, in
a study on the relationship between miRNAs and exercise-
induced physiological cardiac hypertrophy, KEGG pathway
analysis showed that 12 up-regulated miRNAs are associated
with fatty acid degradation, fatty acid metabolism, and fatty acid
elongation (Xu et al., 2017). These researches indicated that
microRNAs may have a certain effect on metabolism in
maintaining exercise-induced physiological myocardial
hypertrophy. However, the roles of lncRNAs and circRNAs in
physiological cardiac hypertrophy have not been reported
(Wang et al., 2020).
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Angiogenesis
VEGFs are main regulators of myocardial angiogenesis. Some
studies have found that inhibition of VEGFs signal transduction
leads to capillary thinning and early heart failure (Izumiya et al.,
2006; Sano et al., 2007), indicating that cardiomyocytes may
produce angiogenic factors to maintain capillary density, oxygen
supply, and function. The number of myocardial capillaries
increased significantly in physiological myocardial hypertrophy
(Anversa et al., 1983; Oka et al., 2014), while the capillary density
was attenuated in pathological myocardial hypertrophy (Anversa
and Capasso, 1991; Beltrami et al., 1994), suggesting that the
number of myocardial capillaries is controlled by the
myocardium, and the decrease in capillary density may cause
hypoxia or even contraction dysfunction. Therefore, the growth
of physiologically hypertrophic cardiomyocytes induced by
exercise may be related to angiogenesis providing a good
oxygen supply for myocardial metabolism.

Inflammation
There are total 59 genetic variation in the study of physiological
cardiac hypertrophy in swimming mice or treadmill rats, only
two genes (Cd74 and Col3a1) are changed in both mice and rat
models. The immune-function related gene Col3a1 was down-
regulated in response to exercise in mice (1.6, 3.1-fold) and rats
(1.8-fold) but up-regulated in most pathological cardiac
hypertrophy models (Galindo et al., 2009). In the study of
cardiac cell RNA sequencing, it was found that one of the
most significant difference in the physiologically hypertrophic
myocardium induced by swimming training was the severe
downregulation of the autoimmunity pathway, accompanied
TABLE 1 | Overview of microRNA levels altered in exercise-induced physiologic cardiac hypertrophy and their cellular targets.

MicroRNA Cellular Target Animal Model and Exercise Modality References

miR-17-3p TIMP3, PTEN Mice, swimming exercise (Wang et al., 2018)
miR-30 P53, Drp-1 Mice, treadmill running (Wang et al., 2018)
miR-21 PDCD4 Mice, treadmill running (Wang et al., 2018)
miR-27a/b ACE Rats, swimming exercise (Wang et al., 2018)
miR-144 PTEN Rats, swimming exercise (Wang et al., 2018)
miR-145 TSC2 Rats, swimming exercise (Wang et al., 2018)
miR-29 collagen Rats, swimming exercise (Soci et al., 2011)
miR-19b PTEN, MuRF, Bcl2, Atrogin-1, aCryB Rats, swimming exercise (Ramasamy et al., 2015)
miR-208b THRAP1, Myostatin Rats, swimming exercise (Ramasamy et al., 2015; Soci et al., 2016)
miR-133b CyclinD, NelfA, RhoA, Ccd42 Rats, swimming exercise (Ramasamy et al., 2015)
miR-100 IGF1R, Akt, mTOR Rats, swimming exercise (Ramasamy et al., 2015)
miR-22 CDK6, Sir1, Sp1 Rats, swimming exercise (Ramasamy et al., 2015)
miR-99b IGF1R, Akt, mTOR Rats, swimming exercise (Ramasamy et al., 2015)
miR-181a MAPK1, TNFa, GATA4 Rats, swimming exercise (Ramasamy et al., 2015)
miR-191a Egr1, Cd4, Casp4, SOCS4, p53 Rats, swimming exercise (Ramasamy et al., 2015)
miR-1 Bcl-2 Mice, treadmill running (Zaglia et al., 2017; Wang et al., 2018).
miR-133 Calcineurin, PI3K/Akt signaling Rats, swimming exercise (Wang et al., 2018)
miR-124 PI3K Rats, swimming exercise (Wang et al., 2018)
miR-143 ACE2 Rats, swimming exercise (Wang et al., 2018)
miR-341 c-Myb Mice, treadmill running (Martinelli et al., 2014)
miR-199 PGC1a Mice, treadmill running (Li et al., 2016b; Schüttler et al., 2019)
miR-222 P27, Hipk1, Hmbox1 Mice, swimming exercise (Schüttler et al., 2019)
miR-214 SERCA2a Rats, leg flexing exercise (Melo et al., 2015)
miR-26b-5p LC3B, Beclin1, SQSTM1 Rats, swimming exercise (Qi et al., 2020)
miR204-5p LC3B, Beclin1, SQSTM1 Rats, swimming exercise (Qi et al., 2020)
miR-497-3p LC3B, Beclin1, SQSTM1 Rats, swimming exercise (Qi et al., 2020)
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by the obvious selective splice of exon variants (AS) (Song et al.,
2012). In addition, in a study using high-density oligonucleotide
microarray to detect myocardial gene expression profiles in
physiologically and pathologically hypertrophic rats,
inflammation-related genes (such as pancreatitis-associated
proteins and arachidonic acid 12 lipoxygenase) increased in
the pathological process, but not in physiological hypertrophy
(Kong et al., 2005). At the molecular level, the up-regulated
expression of Rho kinase promoted inflammation. Fasudil is an
inhibitor of Rho kinase. It was found that fasudil could
significantly reduce the left ventricular dysfunction of
pathological myocardial hypertrophy caused by partial aortic
constriction (PAAC), but has no significant regulatory effect on
left ventricular hypertrophy induced by chronic swimming
training (CST). These results suggest that Rho kinase is
involved in PAAC-induced pathological myocardial
hypertrophy (Balakumar and Singh, 2006). However, it is not
ruled out that the regulatory effect of Rho kinase on physiological
hypertrophy is not obvious due to the down-regulation of
immune pathway in physiological cardiac hypertrophy induced
by CST. It remains further explored whether the down-
regulation of this immune pathway affects the energy
metabolism of the myocardium.
CONCLUSIONS

Metabolic remodeling is closely related to the occurrence and
development of cardiac hypertrophy and other heart diseases.
Exploring the energy metabolism mechanism of cardiomyocytes
may lead to new therapeutic targets, which will be helpful to design
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new effective methods and strategies for the treatment of heart
failure (Bøgh et al., 2020;Makrecka-Kuka et al., 2020; Zuurbier et al.,
2020). As we all know, physical exercise has a protective effect on
the heart, and can even partially compensate for heart damage and
improve heart function. Combined with the metabolic adaptation
pathway observed in the studies of myocardial physiological
hypertrophy induced by exercise, we can further explore how
exercise-induced metabolic adaptation coordinate cell signals and
gene expression, which may be helpful to guide exercise training
scientifically, maximize the benefits of exercise, improve heart
health, and develop new treatment strategies for the treatment of
heart failure caused by various complex reasons and aging in
the future.
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Cardiac hypertrophy is an ongoing clinical challenge, as risk factors such as obesity,
smoking and increasing age become more widespread, which lead to an increasing
prevalence of developing hypertrophy. Pathological hypertrophy is a maladaptive
response to stress conditions, such as pressure overload, and involve a number of
changes in cellular mechanisms, gene expression and pathway regulations. Although
several important pathways involved in the remodeling and hypertrophy process have
been identified, further research is needed to achieve a better understanding and explore
new and better treatment options. More recently discovered pathways showed the
involvement of several non-coding RNAs, including micro RNAs (miRNAs), long non-
coding RNAs (lncRNAs), and circular RNAs (circRNAs), which either promote or inhibit the
remodeling process and pose a possible target for novel therapy approaches. In vitro
modeling serves as a vital tool for this further pathway analysis and treatment testing and
has vastly improved over the recent years, providing a less costly and labor-intensive
alternative to in vivo animal models.

Keywords: cardiac hypertrophy, disease modeling, hypertrophy induction, non-coding RNA, tissue engineering
INTRODUCTION

Left ventricular hypertrophy is a consequence of hypertension in up to 30% of patients (Cramariuc
and Gerdts, 2016). Due to widespread risk factors such as obesity and smoking, the prevalence of
hypertension and subsequent myocardial hypertrophy is rising, which poses a significant public
health burden in an aging population (Benjamin et al., 2018). This development combined with the
relative paucity of direct treatment options for cardiac hypertrophy makes continued research and
the identification of novel therapeutic target molecules absolutely vital. Cardiac hypertrophy is an
adaptive process which develops in response to physiological but also pathological processes,
leading to heart muscle and cell hypertrophic growth with increased rigidity of the heart structures,
and impaired diastolic function leading to heart failure with preserved ejection fraction (HFpEF)
(Loonat et al., 2019; Zhao et al., 2020). Hypertrophic growth involves cardiomyocyte enlargement
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rather than division, as adult cardiomyocytes have lost the ability
to divide (Porrello et al., 2013). Pathological hypertrophy leads to
the loss of functional cardiomyocytes (Nakamura and
Sadoshima, 2018) and can subsequently progress to heart
failure with reduced ejection fraction (HFrEF) (Tham et al.,
2015). The main focus in hypertrophy research lies in the
investigation of signaling pathways, gene expression analysis,
and production of certain proteins and transcription factors,
which influence or are responsible for the remodeling process.
Many pathways have been identified to be involved in the
development of cardiac hypertrophy including calcineurin/
nuclear factor of activated T cells (NFAT), mitogen-activated
protein kinase ERK, small guanosine triphosphate (GTP)-
binding proteins (Ras, Rho), PKC, transcriptional regulation,
cell surface level control, miRNA, and many more (Stansfield
et al., 2014). Hypertrophic signaling pathways are initiated
through mechanical stimulation such as pressure overload and
neurohumoral mechanisms including the release of signaling
factors such as growth factors, hormones, cytokines, and
chemokines (Heineke and Molkentin, 2006).

Non-coding RNAs are RNAs that do not code for a protein
and are not translated, however they have been shown to
interfere with and regulate numerous physiological and
pathophysiological pathways. There are different classes of
non-coding RNAs, include microRNAs (miRNAs), long non-
coding RNAs (lncRNAs) and circular RNAs (circRNAs),
depending on their structure, length and function (Jaé and
Dimmeler, 2020). MiRNAs are small RNAs with a length of
approximately 22 nucleotides, which can inhibit mRNA
translation and signal mRNA degradation (O’Brien et al.,
2018). LncRNAs comprise of over 200 nucleotides and they
can induce structural changes in DNA and chromatin, therefore
regulating gene expression, and bind miRNAs thereby inhibiting
their function (Dhanoa et al., 2018). Similarly, circRNAs also act
as a sponge for miRNAs, however their structural properties are
different to other non-coding RNAs, as they are circularized and
are more robust resistant to RNAses (Yu and Kuo, 2019).

The purpose of this mini-review is to summarize the
developments in myocardial hypertrophy models, new
pathways, tissue engineering and non-coding RNAs relevant in
myocardial hypertrophy induction and progression.
CARDIAC HYPERTROPHY CELL CULTURE
AND TISSUE ENGINEERING MODELS

Cell culture models are essential for the investigation of
pathological and physiological pathways in cardiac diseases. In
contrast, in vivo animal models more closely simulate human
physiological and pathological conditions. In cardiac research the
most popular animal models are rodents such as rats and mice
(Zuppinger, 2019). However, they differ from human physiology
in some key aspects, such as faster heart rates and stem cell
phenotypes (Ginis et al., 2004; Jochmans-Lemoine et al., 2015).
Several large animal models using pigs, sheep, or dogs have been
established to more accurately simulate human pathophysiology
Frontiers in Pharmacology | www.frontiersin.org 230
and cardiac hypertrophy with HFpEF and HFrEF, but very high
cost and labor intensity limit their use for specialized research
questions (Spannbauer et al., 2019). Sophisticated in vitro models
are therefore an important tool to elucidate new remodeling and
hypertrophy pathways and identify molecules of interest before
proceeding to costly translational models.

The most widely used technique is a 2D monolayer cell culture,
which allowed the discovery of several important hypertrophy
pathways and cellular mechanisms, but lacks the complexity of
interactivity between cells and cell types with electrical and
paracrine factors (Zuppinger, 2016). To achieve a more realistic
in vitro model of cardiac hypertrophy where native in vivo niche
conditions can be imitated, cell culture techniques have vastly
improved in recent years, giving rise to 3D cultures and organoids
(Dutta et al., 2017). Cardiac organoids have been developed and
have steadily improved, however the optimal ratio of
cardiomyocytes, fibroblasts and endothelial cells is the subject of
ongoing debate (Nugraha et al., 2019). The most prominent
techniques for producing cardiac organoids include the use of
hydrogels such as collagen, cell sheet technology where cells are
cultured and subsequently stacked in different layers and hanging
drop culture (Dutta et al., 2017; Nugraha et al., 2019). Despite their
many advantages, it is important to note that cardiac organoids in
their current state are still far from the complexity of the organs
they are meant to represent and are also unable to capture
organism-wide processes like immune response or neurohumoral
feedback mechanisms (Iakobachvili and Peters, 2017), which also
limit their use in modeling of in vivo myocardial hypertrophy.
METHODS OF CARDIAC HYPERTROPHY
INDUCTION

In vitro cardiac hypertrophy can be induced by various methods
such as chemical stimulation or mechanical stress induction.
Mechanical stress induction is achieved by pressure overload in
vivo and simulated by stretching of cardiomyocytes in vitro. On a
cellular level, an activation of different oncogenes such as c-fos, c-
myc, c-jun, and Egr-1, also called immediate-early genes, and
activation of heat shock protein-70 are triggered and lead to
subsequent upregulation of hypertrophy inducing genes ANP,
BNP, and b-MHC (Rysä et al., 2018).

Pharmacological agents that are used for hypertrophy
induction are for example phenylephrine (Jain et al., 2018),
angiotensin II (Gelinas et al., 2018), noradrenaline (Guven,
2018), endothelin-1 (Zlabinger et al., 2019), and isoproterenol
(Zhang et al., 2016). These agents interfere with a known
pathway that is crucial in remodeling and subsequent cardiac
hypertrophy. Angiotensin II was described to play a role in
cardiac hypertrophy induction over 40 years ago, as it is part of
the Renin-Angiotensin-Aldosterone-System. Endothelin-1 was
discovered to have a higher protein and mRNA expression in
dilated cardiomyopathy and influence matrix metalloproteinase
9 (Mmp9) expression levels (Hathaway et al., 2015). Further, a
significant difference in mortality and pathogenesis has been
reported in patients with a gene variation of the endothelin type
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A receptor gene (polymorphisms G231A and C1363T)
(Herrmann et al., 2001; Telgmann et al., 2007). Noradrenaline
is a stress induced neurotransmitter, which has been shown to be
involved in cardiac hypertrophy and damage due to toxic effects
on cardiomyocytes (Jain et al., 2015). Isoproterenol is a b-agonist
and activates the Renin-Angiotensin-Aldosterone-System, thus
inducing hypertrophic pathways (Leenen et al., 2001). All these
pharmacologic agents induce hypertrophy by binding to specific
G-coupled receptors on the cell membrane, which then induce
diacylglycerol (DAG) and subsequently protein kinase C (PKC).
PKC plays an important role in internal Ca2+ mobilization,
which allows hypertrophic induction through NFAT or
calmodulin-dependent kinase (CaMK) pathway interference
(Heineke and Molkentin, 2006).

Induction of hypertrophy by all of these chemical agents show a
similar modeling time of 24 h, which may be extended to 48 h
depending on the used cell type (Zhang et al., 2016; Zlabinger et al.,
2019; Zhao et al., 2020). The concentration needs to be optimized
by testing different dilutions before the experiment, however the
general used concentrations are 20 µM phenylephrine (Gelinas
et al., 2018), 100 nM angiotensin II (Zlabinger et al., 2019), 10
mM isoproterenol (Zhang et al., 2016), and 10 nM endothelin-1
(Loonat et al., 2019).
CELLS SOURCES AND MODELS FOR
IN VITRO CARDIAC HYPERTROPHY
MODELING

Establishing a cardiac hypertrophy model needs to incorporate
several decisions about induction models, cell sources, pathways of
Frontiers in Pharmacology | www.frontiersin.org 331
interest and cell culture types. Table 1 gives a broad overview about
established approaches, while also mentioning the investigated
pathway of the respective study. It is evident that a preferred
choice of cell source are rat cardiomyocytes, which are mostly
cultured in a 2D cell culture and the induction of hypertrophy is
often performed chemically with pharmacological agents such as
angiotensin II or isoproterenol. These approaches are based on
availability of the cell source, as rat or also murine tissue for cell
extraction is more easily accessible and animal care is cheaper to
maintain than with larger animals. Further, chemical induction is a
relatively easy method for hypertrophy induction compared to
mechanical stress induction, which presumably is why it is
often preferred.

When considering which hypertrophy model to choose for a
study, various factors need to be considered beforehand. The
most prominent factor in research is often time and cost
effectiveness, which acts in favor of 2D chemically stimulated
cultures, however this is not the best option in quality of results
in some cases. The analysis of certain genes, proteins and non-
coding RNAs might be insufficient in chemical stimulated cell
hypertrophy models, as these do not trigger all the pathways that
would be activated in vivo, which can lead to a false read-out and
interpretations (Carreño et al., 2006). 3D models, such as
organoids, can be stimulated mechanically and show a better
comparability to in vivo conditions. These also allow to
investigate the crosstalk between different cell types, especially
the three main types within the heart cardiomyocytes, fibroblast,
and endothelial cells, which are often not considered in regular
2D models. Fibroblasts especially play an important role in
fibrosis and remodeling during hypertrophy processes and are
therefore important to investigate (Travers et al., 2016).
Organoids appear as the most ideal option in regard to
TABLE 1 | Overview over different approaches of hypertrophy induction methods and used cell sources in in vitro models and the investigated pathway of the study.

Cell source Hypertrophy Model Involved pathways Reference

Neonatal rat ventricular
myocytes (NRVM)

2D Cell culture, Chemical hypertrophy, Ang II, PE AMPK pathway, O-GlcNAc signalling (Gelinas et al., 2018)

Adult rat ventricular myocytes
(ARVM)

2D Cell culture, Chemical hypertrophy, PE AMPK pathway, O-GlcNAc signalling (Gelinas et al., 2018)

Neonatal rat cardiomyocytes 2D Cell culture, Chemical hypertrophy, PE Protein kinase D (PKD) knockdown, AKT/mTOR signaling
pathway, autophagy

(Zhao et al., 2020)

Murine neonatal cardiomyocytes Micro ridges vs 2D cell culture, Chemical
hypertrophy, PE

Cardiomyocyte morphology on 3D surfaces – F-Actin,
Myomesin, Actinin

(Jain et al., 2018)

H9c2 cardiomyocytes 2D Cell culture, Chemical hypertrophy, Iso ANP, BNP, ROS, 3-nitrotyrosine and p67 (phox), MMP,
(p)ERK1/2, (p)p38, (p)JNK

(Zhang et al., 2016)

Primary neonatal rat ventricular
myocytes

2D Cell culture, Chemical hypertrophy, PE, ET1,
Iso, Ang II

Myocyte area, protein-bound SRB fluorescence (Loonat et al., 2019)

hiPSC from dermal fibroblasts
edited with Crispr/Cas9

2D Cell culture/3D matrigel mattress, Mutational
hypertrophy, heterozygous Ca-sensitizing TnT-
I79N mutation

TnT-I79N protein levels, cytosolic Ca buffering and
electrophysiology

(Wang et al., 2017)

Rat ventricular cardiomyocytes 2D Cell culture, Chemical hypertrophy, Ang II GATA4 and miR-26a (also b-MHC and ANF) (Liu et al., 2016)
Neonatal rat ventricular
myocytes

2D Cell culture, Chemical hypertrophy, Ang II b-catenin, NFATc3, WNT pathway (Jiang et al., 2018)

H9c2 cardiomyocytes 2D Cell culture, Chemical hypertrophy, NA Mitochondrial KATP channel, mitochondrial membrane
potential, oxidant status, total antioxidant status,
superoxide dismutase

(Guven, 2018)

Porcine cardiac progenitor cells 2D Cell culture, Chemical hypertrophy, Ang II,
ET1

MiR-21, MiR-29a, GATA4, and MEF2c Expression (Zlabinger et al.,
2019)
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simulating hypertrophy conditions in vivo, while still considering
the principles of 3R (replacement, reduction, and refinement).
Improving and also simplifying organoid technology should be
the goal in translational research, so it can be used more widely
for disease modeling such as cardiac hypertrophy instead of
animal models.
NEW PATHWAYS IN CARDIAC
HYPERTROPHY INVOLVING NON-CODING
RNAS

Among some well-known and established pathways in cardiac
hypertrophy new signaling cascades have been identified over the
last few years, especially with the rise of non-coding RNAs. Non-
coding RNAs include amongst others miRNAs, lncRNAs, and
circRNA. Some have been shown to play a role in remodeling
and hypertrophy induction, either in promoting or inhibiting the
process (Wehbe et al., 2019). These non-coding RNAs have also
been investigated as potential treatment targets in cardiac
hypertrophy, which may lead to new therapeutic approach for
patients in the future (Li et al., 2018).

miRNAs Influence Hypertrophy Pathways
MiRNAs are small non-coding RNAs with a length of
approximately 22 nucleotides and interfere with mRNAs
through complementary binding causing degradation or
inhibition of transcription (Fabian and Sonenberg, 2012;
Wehbe et al., 2019).

Pro-Hypertrophic miRNAs
Recently, Zhang et al. showed that miRNA-29 played a significant
role, as overexpression seemed to inhibit angiotensin II induced LV
hypertrophy in a mouse model. Collagen I and III secretion and
TGFb and pSMAD2/3 levels were downregulated indicating that
hypertrophy was indeed hindered (Zhang et al., 2020). MiRNA-
26a also seems to show anti-hypertrophic effects in rat models and
in cell culture, as it targets the 3’-UTR of the GATA4 mRNA (Liu
et al., 2016). Similar effects on remodeling can be seen with
miRNA-101, as an overexpression in a rat hypertrophy model
showed reduced gene expression and protein levels of known
hypertrophy related genes like Rab1a, ANF, and b-MHC and
reduced relative cell areas (Wei et al., 2015). MiRNA-133
downregulation has been found to aid hypertrophy development,
however restoring the expression during hypertrophy induction
only reduced fibrosis and apoptosis, but not hypertrophy signaling
itself (Abdellatif, 2010).

Anti-Hypertrophic miRNAs
On the other hand, miRNAs can also induce or help
induce hypertrophy, as shown with, e.g., miRNA-22. MiRNA-
22 overexpression has been shown to be able to induce
hypertrophy in vitro by modulating PTEN levels without
adding any other stimulating agent and further showed to be
crucial for phenylephrine and angiotensin II hypertrophy
induction (Xu et al., 2012; Huang et al., 2013). MiRNA-217
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similarly promotes cardiac hypertrophy interfering with PTEN
levels. Additionally, catalysis of histone 3 lysine 9 dimethylation
(H3K9me2) and mRNA downregulation of euchromatic
histone–lysine N-methyltransferases (EHMT1/2) have been
described to imitate fetal heart associated conditions further
leading to hypertrophy development (Inagawa et al., 2013;
Thienpont et al., 2017). MiR-155 is another player that has
been identified to promote cardiac hypertrophy, by causing an
inflammatory response with macrophage migration and
signaling (Heymans et al., 2013). Additionally, miRNA-
200c has been identified to interfere in MAPK/ERK pathway
upregulation by targeting dual-specific phosphatase-1 (DUSP-1)
(Singh et al., 2017).

LncRNAs and circRNAs: Importance in
Remodeling Pathways
LncRNAs can regulate promotors, enhancers and insulators by
conformation changes and forming secondary structures further
influencing expression of other genes. Moreover, lncRNAs can
modulate miRNAs by acting as a sponge and therefore influence
genes post-transcriptionally. The lncRNA myosin heavy‐chain‐
associated RNA transcripts (MHRT) has been described to
influence hypertrophy induction, as it antagonizes chromatin‐
remodeling factor Brg1, which further activates b‐MHC. MHRT
is encoded in the same gene locus (beta-cardiac muscle myosin
heavy chain gene) as miRNA-208, which promotes cardiac
hypertrophy (Callis et al., 2009; Han et al., 2011; Han et al.,
2014). Another prominent lncRNA, identified by Wang et al.
(2014a), is cardiac hypertrophy related factor (CHRF). The
authors showed that CHRF was upregulated in cardiac
hypertrophy and heart failure. CHRF acts as a sponge for a
miRNA‐489, therefore de‐represses the myeloid differentiation
primary response gene 88 (Myd88) and subsequently induces
remodeling (Wang et al., 2014a). Cardiac‐apoptosis‐related
lncRNA (CARL) has also been shown be strongly expressed in
hypertrophy remodeling by inhibiting miR‐539 (Muthusamy
et al., 2014; Wang et al., 2014b).

CircRNAs are circularized RNAs which are covalently closed.
They are more stable than linear RNAs due to this structural
feature and have recently gained an increasing research
attention. However, they have not been as excessively studied
as miRNAs and lncRNAs, leaving room for further studies on
circRNAs in hypertrophy remodeling and in cardiovascular
diseases in general (Hansen et al., 2013; Ottaviani and Martins,
2017; Li et al., 2018). CircRNAs can, similarly to lncRNAs, act as
a sponge for miRNAs, thereby inhibiting them. CircRNA ciRS-7/
CDR1as has been identified as a sponge for miR-7, which has
been shown to be upregulated in patients with left ventricular
hypertrophy (Hansen et al., 2013; Kaneto et al., 2017). The heart-
related circRNA (HRCR) has also been found to inhibit miRNA-
233 in the same way, therefore de-repressing the activity-
regulated cytoskeleton-associated protein (K. Wang et al., 2016).

CircRNAs and LncRNAs provide a new approach for
treatment due to their sponging properties and they may
present a new biomarker for predicting the severity of the
remodeling process and in heart failure. However, some
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challenges for non-coding RNAs as therapeutic option must still
be faced, including off-target effects and delivery (Dong
et al., 2018).
CONCLUSIONS AND OUTLOOK

Cardiac hypertrophy will remain an ever-present clinical
challenge due to several widespread risk factors in an
increasingly aging patient population. Advanced and refined
tissue engineering approaches give an opportunity to study
pathological pathways extensively without requiring in vivo
animal studies, which are more costly, time- and labor-
intensive. These approaches allow the identification of possible
biomarkers and the testing of therapies in a setting that mimics
in vivo conditions more closely, although not perfectly as some
factors like immune interactions are still lacking. The induction
of cardiac hypertrophy in vitro is predominantly performed with
pharmacological agents, such as angiotensin II, as mechanical
stress induction poses a greater challenge.

Several well-known pathways which are involved in
hypertrophic remodeling have been identified, including newer
Frontiers in Pharmacology | www.frontiersin.org 533
additions mostly revolving around non-coding RNAs like
miRNAs, lncRNAs, and circRNAs. Non-coding RNAs that aid or
negatively interfere with cardiac hypertrophy have been identified
by inhibiting other factors (supporting or inhibitory) in
the hypertrophy signaling cascades. There have been dozens
of studies on a great number of different factors involved in
this complex pathological process. Further, also epigenetic
modifications have been discovered to be regulated and
influenced to some degree by non-coding RNAs, which are
involved in cardiac hypertrophy (Dong et al., 2018). However, it
is important to further investigate and develop even more advanced
tissue engineering options to allow a more profound understanding
of remodeling pathways and subsequently the development of new
pharmacological targets and treatment approaches.
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Aberrant activation of angiotensin II (Ang II) accelerates hypertensive heart failure (HF); this
has drawn worldwide attention. The complex Ang II/transforming growth factor (TGF)-b1
networking consists of central mechanisms underlying pro-fibrotic effects; however, this
networking still remains unclear. Cellular communication network 5 (CCN5), known as
secreted matricellular protein, mediates anti-fibrotic activity by inhibiting fibroblast-to-
myofibroblast transition and the TGF-b1 signaling pathway. We hypothesized that
endogenous CCN5 plays an essential role in TGF-b1/Ang II networking-induced cardiac
fibrosis (CF), which accelerates the development of hypertensive HF. This study aimed to
investigate the potential role of CCN5 in TGF-b1/Ang II networking-induced CF. Our
clinical retrospective study demonstrated that serum CCN5 decreased in hypertensive
patients, but significantly increased in hypertensive patients taking oral angiotensin-
converting enzyme inhibitor (ACEI). A negative association was observed between
CCN5 and Ang II in grade 2and 3 hypertensive patients receiving ACEI treatment. We
further created an experimental model of high Ang II-induced hypertensive HF. CCN5 was
downregulated in the spontaneously hypertensive rats (SHRs) and increased via the
inhibition of Ang II production by ACEI. This CCN5 downregulation may activate the TGF-
b1 signaling pathway, which promotes direct deposition of the extracellular matrix (ECM)
and fibroblast-to-myofibroblast transit ion via act ivated Smad-3. Double
immunofluorescence staining of CCN5 and cell markers of cardiac tissue cell types
suggested that CCN5 was mainly expressed in the cardiac fibroblasts. Isolated cardiac
fibroblasts were exposed to Ang II and transfected with small interfering RNA targeting
CCN5. The expression of TGF-b1 together with Col Ia and Col IIIa was further promoted,
and alpha-smooth muscle actin (a-SMA) was strongly expressed in the cardiac fibroblasts
stimulated with Ang II and siRNA. In our study, we confirmed the anti-fibrotic ability of
endogenous CCN5 in high Ang II-induced hypertensive HF. Elevated Ang II levels may
decrease CCN5 expression, which subsequently activates TGF-b1 and finally promotes
the direct deposition of the ECM and fibroblast-to-myofibroblast transition via Smad-3
activation. CCN5 may serve as a potential biomarker for estimating CF in hypertensive
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INTRODUCTION

Cardiovascular disease is the leading cause of deaths, accounting
for 17.7 million deaths of 55 million deaths worldwide in 2017
(Yasin et al., 2019;Yasin et al., 2019).Hypertension is themain risk
factor for cardiovascular disease and may lead to increased
morbidity of coronary artery disease, heart failure (HF),
and myocardial infarction. The worldwide prevalence of
hypertension and the associated complication, especially HF
secondary to hypertension, have drawn attention (Dagenais
et al., 2019). Long-term high blood pressure (BP) may promote
the development of pathological cardiac structural and functional
deterioration, leading to left ventricular (LV) hypertrophy and
cardiac fibrosis (CF). These irreversible cardiac remodeling
responses always culminate into HF eventually (Lai et al., 2019).

Over-activation of the renin-angiotensin-aldosterone system
(RAAS), as the major cause of juvenile hypertension, is often
characterized by aberrant activation of angiotensin II (Ang II).
Over-expression of Ang II affects regulation of high BP and CF,
eventually leading to HF (Berk et al., 2007; Singh and Karnik,
2019). In this high Ang II-induced hypertensive HF, Ang II type
1 receptor, bound to Ang II, may activate transforming growth
factor-b1 (TGF-b1), which subsequently promotes deposition of
the extracellular matrix (ECM) and sensitize fibroblast-to-
myofibroblast transition (Nagpal et al., 2016). Downregulation
of Ang II expression by blocking the conversion of angiotensin I
(Ang I) to Ang II using an angiotensin-converting enzyme
inhibitor (ACEI) prevents cardiac function deterioration from
HF in hypertensive patients (Zhang et al., 2019). In clinical
practice, ACEI has high recommendation level in treatment of
high Ang II-induced hypertensive HF (Yancy et al., 2017).

The cellular communication network (CCN) family, known
as a group of matricellular proteins, has been described with
variant cell functions in regulating fibrosis, angiogenesis, cell
differentiation, and wound repair (Xu et al., 2015; Jeong et al.,
2016). Several members of the CCN family play essential roles in
the development of pressure overload-induced myocardial
fibrosis. CCN2 (cellular communication network 2), also called
as connective tissue growth factor, is a pro-fibrotic mediator in
the development of CF, which can be induced by TGF-b1 in
cardiac fibroblasts and cardiomyocytes (Ye et al., 2019). Besides
these pro-fibrotic effects of CCN2, the anti-fibrotic potential of
cellular communication network 5 (CCN5, Wisp-2) (Grunberg
F, heart failure; TGF, transforming
ation network 5; ACEI, angiotensin-
taneously hypertensive rats; CCN2,
CM, extracellular matrix; LV, left
sterone system; Ang I, angiotensin I;
at; LVPW, left ventricle posterior wall;
ntricular ejection fraction; FS, fraction
actin.
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et al., 2018). As secreted proteins, CCN2 and CCN5 play
opposing roles in the development of CF. The possible
mechanisms underlying anti-fibrotic effects involve in blocking
fibroblast-to-myofibroblast transition, endothelial-mesenchymal
transition, and the TGF-b1 signaling pathway (Jeong et al., 2016).
Although several studies have reported the anti-fibrotic effects of
exogenous CCN5 in HF, the roles of endogenous CCN5 in high
Ang II-induced hypertensive HF still remain unclear (Yoon et al.,
2010; Jeong et al., 2016). We hypothesized that endogenous
CCN5 plays an essential role in TGF-b1/Ang II networking-
induced CF which accelerates the development of hypertensive
HF. We aimed to investigate the potential role of CCN5 in TGF-
b1/Ang II networking-induced CF.
METHODS AND MATERIALS

For expanded and detailed information about the human study
population, reagents, BP measurement, echocardiography,
histopathology, ELISA estimation, reverse transcription and
real-time quantitative polymerase chain reaction, protein
extraction, Western blotting, neonatal rat cardiomyocytes,
and cardiac fibroblasts culture, small interfering RNA
transfection, and immunofluorescence assay, please refer to the
Supplementary Materials.

Human Study Population
All protocols were approved by the Ethical Committee Board of
Tianjin Union Medical Center, and all subjects provided
informed consent.

Animals Model of Hypertensive Heart
Failure
Spontaneously hypertensive rats (SHRs) obtained by selective
inbreeding of the Wistar-Kyoto rats (WKYs; Vital River, Beijing,
China) with a genetic basis for high BP were selected for
mimicking hypertension. Normotensive WKY (Vital River,
Beijing, China) were chosen as the negative controls. Twenty-
four 13-week-old SHRs (weight 200 ± 20 g) were equally divided
into the model group or enalapril group based on whether
enalapril treatment [SFDA approval number H20170298, 5
mg/tablet, Merck Sharp & Dohme (Australia) Pty. Ltd] was
given or not. Additionally, the control group comprised 13-
week-old WKYs (n = 12). The animals were housed in a 12-h
light/dark room and given free access to tap water and chow feed
under laboratory conditions. This experiment proceeded after
acclimatization in an on-site facility for 1 week. The enalapril
group animals were administered with enalapril [1.05 mg. (Kg.
day)−1] orally in a 1 ml of distilled water; accordingly, animals in
the control and model groups were administered with 1 ml of
distilled water using a disposable plastic syringe.
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Statistical Analysis
Data were analyzed using SPSS version 17.0 (SPSS Inc., Chicago,
USA). Discrete variables were expressed as numbers and
percentages. Mean ± SD or median with interquartile (IQ) 25%
and 75% (Q25–Q75) were based on the normality for continuous
variables. Normality for continuous variables was performed by the
Kolmogorov-Smirnov tests. Categorical variables were analyzed
using chi-square tests. To compare groups, we used the Mann-
Whitney U-test followed by Tukey’s multiple comparison tests or
Kruskal-Wallis tests to analyze non-normally distributed
continuous variables. Spearman correlation analysis was
performed for non-conformity analysis. In all analyses, statistical
significance was accepted at P < 0.05.
RESULTS

Demographic Characteristics
A total of 380 hypertensive patients and 39 normotensive subjects
(control) were enrolled into this study. All characteristics of
hypertensive patients across BP categories [grade 1 (n = 50),
mean BP 149.76/87.84 mmHg; grade 2 (n = 110), mean BP
163.69/94.22 mmHg; grade 3 (n = 220), mean BP 190.21/104.03
mmHg] were demonstrated. There were no differences in age, nor
history of hypertension between the hypertensive patients and the
normotensive subjects (P > 0.05) (Supplemental Table 1).
Compared to normotensive subjects, the heart rate levels of all
hypertensive patients increased significantly (P < 0.05). The
distribution of sex, drinking, and smoking was comparable
between the hypertensive patients and normotensive subjects (P >
0.05). Additionally, no statistical difference was demonstrated in the
lipid metabolism and renal function between hypertension and
control groups (P > 0.05). Although the median body mass index
(BMI) increased gradually with hypertension grade in patients, no
Frontiers in Pharmacology | www.frontiersin.org 338
significant difference was demonstrated among diverse sub-groups
(P > 0.05). Cardiac structure deterioration was observed in the
hypertensive patients, especially in patients with grade 3
hypertension [left atrium (LA), LV, left ventricle posterior wall
(LVPW), interventricular septum (IVS), P < 0.001]. Cardiac systolic
function [left ventricular ejection fraction (LVEF): P > 0.05] showed
no difference among diverse sub-groups. However, the E/A ratio, an
echocardiographic index for evaluating diastolic dysfunction,
decreased significantly with increasing hypertension grade (P <
0.05). To indirectly evaluate the extension of CF, we calculated the
left ventricular mass index (LVMI) value for each subject. The mean
LVMI level were significantly increased with increasing
hypertension grade (P < 0.01).

Elevation of Serum Ang II,
CCN2, and CCN5
Serum Ang II, CCN2 concentrations were higher in the
hypertensive patients, compared to normotensive subjects. grade
3 hypertension patients (CCN2: median 855.73 pg/ml, Ang II:
median 209.72 ng/L) showed the highest CCN2 and Ang II
concentrations compared with grade 1 (CCN2: median 404.13
pg/ml, Ang II: median 122.44 ng/L) and grade 2 patients (CCN2:
median 653.43 pg/ml, Ang II: median 141.41 ng/L) (P < 0.01)
(Figures 1A, B).

Contrarily, CCN5 levels decreased along with the increased BP
(grade 1: median 344.17 pg/ml, grade 2: median 284.45 pg/ml, grade
3: median 224.01 pg/ml, P < 0.05) (Figure 1C). ACEI, which
inhibits the conversion of Ang I to Ang II, could attenuate the
expression of Ang II. CCN5 can be secreted into circulating blood
from multiple vital organs including the heart, lung, and adipose
tissue. To evaluate the effects of lung and adipose on serum CCN5
levels, the expression of CCN5 in the lung and adipose tissue was
determined viaWestern blotting assay. No differences were showed
in the expression of CCN5 betweenWKY and SHR in the lung and
A B

D E F

C

FIGURE 1 | Comparison of Ang II (A, D), CCN2 (B, E), and CCN5 (C, F) concentrations in different of blood pressure levels among hypertensive patients with or
without ACEI. Data were expressed as median with interquartile range (IQR); whiskers represent ± 1.5 IQR (boxplots). *P < 0.05 vs. control, #P < 0.05 vs. grade 1,
$P < 0.05 vs. grade 2. †P < 0.05 vs. No ACEI. grade 1/2/3 were defined as the grade of blood pressure in hypertensive patients. Ang II, angiotensin II; CCN2,
cellular communication network factor 2; CCN5, cellular communication network 5; ACEI, angiotensin converting enzyme inhibitor.
September 2020 | Volume 11 | Article 1235

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Huang et al. Anti-Fibrotic Effects of Endogenous CCN5
adipose tissue. However, the expression of CCN5 in adipose tissue
was higher than that in the lung (WKY: P < 0.05, SHR: P < 0.05).
This suggested that the change in serum CCN5 levels mainly be
affected by production and secretions of the heart in normotensive
and hypertensive subjects (Figure S1).

Moreover, we explored whether the downregulation of Ang II
could affect the serum CCN2 or CCN5 levels in hypertensive
patients (Figures 1D–F). We cataloged all hypertensive patients
across ACEI usage rates. Serum Ang II levels were decreased after
ACEI treatment in hypertensive patients (P < 0.05). Furthermore,
we found that hypertensive patients using ACEI had elevated CCN2
and lower CCN5 levels (P < 0.05).

Association Between Ang II and CCN2/
CCN5
Spearman analysis was performed to evaluate whether serum
CCN2 and CCN5 are related to serum Ang II. To investigate
whether downregulating Ang II had an influence on this
association, all hypertensive patients were divided into two
sub-groups according to the usage of ACEI (Figures 2A–D).
Serum CCN2 levels (r = 0.286, P < 0.01) and serum CCN5 levels
(r = −0.347, P <0.01) correlated with serum Ang II levels in
hypertensive patients without ACEI treatment. Coincidently,
these Spearman rank relationships were further enhanced in
hypertensive patients using ACEI (CCN2: r = 0.340, P < 0.01;
CCN5: r = −0.406, P < 0.01). Afterward, we investigated this
association between Ang II and CCN5 further from grade 1 to
grade 3 hypertensive patients with ACEI or not. These results
demonstrated that negative association between Ang II and
CCN5 was found in grade 2, and 3 hypertensive patients with
Frontiers in Pharmacology | www.frontiersin.org 439
the treatment of ACEI respectively (grade 2: r = −0.544, P < 0.01;
grade 3: r = −0.401, P < 0.001) (Figures 2E, F).

Characterization of High Ang II-Induced
Hypertensive Heart Failure
After 14 weeks, the SHR model group exhibited a higher
expression of Ang II in both serum and myocardial tissue than
the WKYs of the control group. Moreover, the Ang II expression
in the serum and myocardial tissue could be downregulated
using enalapril (Figures 3A–C). Over the 14-week observation
period, both SBP and DBP of the model group (SHR) were
increased markedly compared to those of the control group
(WKY) (Figure 3D). Enalapril decreased systolic blood pressure
(SBP) and diastolic blood pressure (DBP) levels immediately.
There was no difference in the ratio of the heart and body weight
between the model and control groups until week 28 (Figure 3E).

Echocardiography was performed at distinct time points of
24- and 28-week to determine the success of the experimental
model of hypertensive HF (Figures 3F, G). LV mass, as one of
the essential cardiac hypertrophic indices, was increased in the
model group with decreased LVEF and fraction shortening (FS)
value at 24 weeks. The cardioprotective effects of enalapril from
inhibiting Ang II, was not apparent until week 28. Enalapril
protected LVEF, FS, and LV mass from deterioration. Enarapril
could ameliorate cardiac dysfunction in the high Ang II-induced
HF, but this protective effect depended on the persistent
inhibition of Ang II. Subsequently, serum BNP and sST2
(soluble suppression of tumorigenicity-2) levels were detected,
indicating that enalapril could attenuate high Ang II-induced
hypertensive HF (Figures 3H, I).
A B

D E F

C

FIGURE 2 | Association between serum CCN2/CCN5 and serum Ang II in hypertensive patients. (A) Spearman analysis between serum CCN2 and serum Ang II in
hypertensive patients without ACEI. (B) Spearman analysis between serum CCN5 and serum Ang II in hypertensive patients without ACEI. (C) Spearman analysis
between serum CCN2 and serum Ang II in hypertensive patients with ACEI. (D) Spearman analysis between serum CCN5 and serum Ang II in hypertensive patients
with ACEI. (E) Spearman analysis between serum CCN2 and serum Ang II in patients with grade 2 hypertension on treatment with ACEI treatment. (F) Spearman
analysis between serum CCN2 and serum Ang II in patients with grade 3 hypertension on ACEI treatment. CCN2, cellular communication network factor 2; CCN5,
cellular communication network 5; Ang II, angiotensin II; ACEI, angiotensin converting enzyme inhibitor.
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Endogenous CCN5 and Ang II-TGF-b1
Signaling Axis Networking in Hypertensive
Heart Failure
After evaluation of cardiac structure, and function, our results
indicated that long-term stimuli of high BP could induce CF,
hypertrophy, and even severe HF.We evaluated the morphological
changes of the heart tissue further. Myocyte hypertrophy occurred
significantly in the model group from week 24; however, this kind
of hypertrophy was reversed by enalapril at week 28 (Figure S2).
Myocardial fibrosis participated in the entire cardiac hypertrophy
process. Collagen deposition occurred in the model group at week
24 and further worsened at week 28. Enalapril could effectively
Frontiers in Pharmacology | www.frontiersin.org 540
attenuate this collagen deposition in SHRs at 24 and 28 weeks
(Figures 4A, B). These results coincided with the expression of
collagen Ia and collagen IIIa (Figure 4C).

A previous study demonstrated that CCN5 could block the
TGF-b1 signaling pathway and fibroblast-to-myofibroblast
transition (Jeong et al., 2016). In our study, we found that
TGF-b1 and alpha-smooth muscle actin (a-SMA) were also
elevated, which indicated that pro-fibrotic pathways and
fibroblast-to-myofibroblast transition were activated in the
model group (Figures 4D). These results demonstrated
that endogenous CCN5 might create a link between Ang II
and TGF-b1 and a-SMA. Thereafter, we investigated the
A B

D E

F

G

I

H

C

FIGURE 3 | High Ang II-induced hypertensive heart failure. (A) Illustration of the experimental strategy in this work. (B, C) Ang II concentrations in serum or
myocardial tissue. *P < 0.05 vs. control, #P < 0.05 vs. model. (D) Blood pressure reduction in SHRs treated by enalapril for 14 weeks. *P < 0.05 vs. model. (E) Ratio
of heart weight and body weight in SHR or treated by enalapril at 28 weeks. *P < 0.05 vs. control, #P < 0.05 vs. model. (F) Echocardiographic phenotype in SHRs
or treated by enalapril at 24 and 28 weeks respectively. (G) Quantification of cardiac function at different time-points (EF, FS, LV mass). *P < 0.05 vs. control, #P <
0.05 vs. model. (H, I) Serum biomarker concentrations of myocardial injuries (BNP, and sST2) in SHRs at 28 weeks. *P < 0.05 vs. control, #P < 0.05 vs. model. Ang
II, angiotensin II; SHRs, spontaneously hypertensive rats; EF, ejection fraction; FS, fractional shortening; LV mass, left ventricular mass; BNP, brain natriuretic peptide;
sST2, soluble suppression of tumorigenicity-2.
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interaction of CCN5 and Ang II-TGF-b1 signaling axis in fibrotic
pathways. The expression of myocardial CCN5 was significantly
reduced in the model group and in reverse increased after
inhibition of Ang II by enalapril (Figure 4D). The results of
Western blotting analysis also revealed decreased endogenous
CCN5 and an activated TGF-b1 signaling pathway and
fibroblast-to-myofibroblast transition (Figures 5A–H).

To confirm the main resource of CCN5 in cardiac tissues, we
isolated the rat neonatal cardiomyocytes (CMs) and cardiac
fibroblasts from neonatal WKY. Then we performed double
immunofluorescence staining of CCN5 and cell markers (TnI or
vimentin) of CMs and cardiac fibroblasts. CCN5 was mainly
expressed in cardiac fibroblasts (P < 0.05 vs. CMs) (Figure 6A).
Additionally, we performed the double immunofluorescence
staining of CCN5 and CD31 (cell marker of cardiac endothelial
cells). No clear co-localization was found between CCN5 and
CD31 in cardiac tissues, and this demonstrated that CCN5 may
not be mainly expressed in cardiac endothelial cells (Figure 6B).

To evaluate the essential role of endogenous CCN5 in the Ang
II induced profibrotic pathophysiology, the isolated cardiac
fibroblasts were exposed to Ang II (0.1 mM). The siRNA
targeting CCN5 was synthesized and transfected into cardiac
fibroblasts to suppress the CCN5 expression. After stimulation
with Ang II, CCN5 expression was significantly down-regulated
in the cardiac fibroblasts, and this downregulation was further
enhanced after on using siRNA (*P < 0.05 vs. control; #P < 0.05
vs. Ang II/scrambled siRNA) (Figure 7A). The expression of
Frontiers in Pharmacology | www.frontiersin.org 641
TGF-b1, Col Ia, and Col IIIa was also upregulated on use of
siRNA. These results confirmed that Ang II promoted the TGF-
b1 induced CF by down-regulating the expression of CCN5. We
investigated the effects of downregulation of CCN5 on fibroblast-
to-myofibroblast transition. siRNA could significantly promote
expression of a-SMA in the cardiac fibroblasts, suggesting that
fibroblast-to-myofibroblast transition was enhanced by
downregulation of CCN5 expression (Figure 7B).
DISCUSSION

In this study, we demonstrated that CCN5 downregulation might
be closely related to Ang II expression in hypertensive HF. CCN5
expression could be elevated by inhibiting Ang II, which provided
a cardioprotective effect in hypertension-induced HF. Serum
CCN5, CCN2, and Ang II concentrations were tested between
hypertensive patients and healthy controls, and we further
investigated on the association between Ang II and matricellular
proteins of CCN5 and CCN2. Using our experimental model of
high Ang II-induced hypertensive HF along with elevated
expression of Ang II in both serum and myocardial tissue, we
evaluated whether downregulation of CCN5 could affect the
cardiac structure, function, and myocardial fibrosis.

Moreover, we elucidated the indispensable role of endogenous
CCN5 in high Ang II-induced hypertensive HF. Our clinical results
A B

D

C

FIGURE 4 | Anti-fibrotic effects of CCN5 in high Ang II-induced hypertensive heart failure at 28 weeks. (A) Representative Masson staining of myocardial tissue from
different groups at 24 and 28 weeks. Scale bar 100 mm. (B) Quantification of CVF from different groups at 24 and 28 weeks. *P < 0.05 vs. control, #P < 0.05 vs.
model. (C) Western blot analysis of Col Ia and Col IIIa from different groups at 24 and 28 weeks. Quantification of Col Ia and Col IIIa in SHRs or treated by enalapril
at 24 and 28 weeks. *P < 0.05 vs. control, #P < 0.05 vs. model. (D) Relative expression of CCN5, a-SMA, and TGF-b1 in SHRs or treated by enalapril at 24 and 28
weeks. *P < 0.05 vs. control, #P < 0.05 vs. model.
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demonstrated that serum CCN5 levels reduced significantly because
of the increased severity and history of high BP in hypertensive
patients. Additionally, this negative association was described
between serum Ang II and CCN5, especially in grade 2 and 3
Frontiers in Pharmacology | www.frontiersin.org 742
hypertensive patients using oral ACEI regularly. Our rat model of
essential hypertensive HF revealed a significant decrease of CCN5 in
high Ang II-induced hypertensive HF. Expression of CCN5 was
upregulated after ACEI treatment, which further reversed
A B

D E
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C

FIGURE 5 | (A) Representative Western blot analysis of CCN5, TGF-b1, Smad-2, Smad-3, a-SMA, p-Smad-2/3, Smad-7, and CCN2 in myocardial tissue among
different groups. (B–H) Quantification of CCN5, TGF-b1, Smad-2, Smad-3, a-SMA, p-Smad-2/3, Smad-7, and CCN2 expression in myocardial tissue among
different groups. *P < 0.05 vs. control, #P < 0.05 vs. model. CVF, collagen volume fraction; Col Ia, collagen Ia; Col IIIa, collagen IIIa; SHRs, spontaneously
hypertensive rats; CCN5, cellular communication network 5; a-SMA, alpha smooth muscle actin; TGF-b1, transforming growth factor-b1; CCN2, cellular
communication network 2.
A

B

FIGURE 6 | CCN5 expression in major rat cardiac cell types. (A) Double immunofluorescence-staining of CCN5 and cell markers (vimentin/TnI) in CFs and CMs.
Scale bar 30 mm. Quantitative analysis of intensive immunofluorescence density of CCN5. *P < 0.05 vs. CMs. (B) Double immunofluorescence-staining of CCN5 and
CD31 (cell marker of cardiac ECs), scale bar 100 mm. CCN5, cellular communication network 5; CFs, cardiofibroblasts; CMs, cardiomyocytes; ECs, endothelial cells;
IF, immunofluorescence.
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FIGURE 7 | Downregulation of CCN5 enhanced Ang II-induced activation of pro-fibrotic effects. (A) Representative Western blot analysis of CCN5, TGF- b1, Col 1a,
and Col IIIa. *P < 0.05 vs. control, #P < 0.05 vs. Ang II/siRNA NC. *P < 0.05 vs. control, #P < 0.05 vs. Ang II/siRNA NC. CCN, cellular communication network 5;
TGF, transforming growth factor. (B) Representative image of immunofluorescent staining of myofibroblasts markers (a-SMA, Scale bar 50 mm. *P < 0.05 vs control,
#P < 0.05 vs Ang II/siRNA NC.
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myocardial fibrosis and protected heart function via inhibition of
TGF-b1 signaling and fibroblast-to-myofibroblast transition.

CCN5 has multiple biological functions (Bornstein and Sage,
2002). Unlike the other CCN family proteins, CCN5 specially lacks
a cysteine-rich carboxyl-terminal repeat domain, suggesting that it
may be an alternative regulator of other CCN family proteins.
Comparison studies of CCN2 with prominent pro-fibrotic activity
in cardiac remodeling, in which CCN5 is best characterized,
reported anti-hypertrophic and anti-fibrotic effects in the heart
(Jeong et al., 2016; Ye et al., 2019). Besides cardiac tissue, lung
and adipose tissue show high CCN5 expression (Hammarstedt
et al., 2013; Fiaturi et al., 2018; Grunberg et al., 2018). To exclude
interference of serum CCN5 from secreted CCN5 from lung and
adipose tissue, we compared the expression of CCN5 in lung and
adipose tissue between WKY and SHR. The results suggested that
CCN5 expression in lung and adipose tissue might not cause the
differentiated expression of CCN5 in the serum. Therefore, we
assessed the serum CCN5 levels to predict the expression of CCN5
in cardiac tissue. To the best of our knowledge, these protective
effects of CCN5 in the heart were verified via supplementation of
exogenous CCN5. However, whether expression of endogenous
CCN5 could be modulated by exogenous stimuli and play an
indispensable role in anti-hypertrophic and anti-fibrotic activity
remained unclear.

Ang II is known as the primary regulatory factor in a series of
RAAS-induced physiological and pathophysiological actions, which
Frontiers in Pharmacology | www.frontiersin.org 843
participates in homeostatic control of arterial pressure, tissue
perfusion, and extracellular volume (Park et al., 2019). Active Ang
II is converted from Ang I by ACE, which is cleaved by renin. High
Ang II expression induced by RAAS over-activation contributes to
the pathophysiology of diseases such as hypertension and
hypertensive HF (Rosenkranz, 2004). Our results demonstrated
that Ang II increased gradually in hypertensive patients with
increasing BP levels. Additionally, we created an experimental
model of hypertensive HF with increased Ang II in the serum
and myocardial tissue. These results implied that our experimental
model mimicked a high Ang II-induced hypertensive HF.

To verify the essential role of CCN5 in hypertension, firstly we
detected decreased CCN5 levels, but elevated CCN2 levels in all
hypertensive patients. A previous study indicates opposite effects
of CCN2 and CCN5 on the regulation of CF, which is consistent
with our results (Jeong et al., 2016). Through the comparison of
CCN5 levels in hypertensive patients with and without ACEI
treatment and further associated analysis, we found that patients
with higher Ang II levels had lower concentrations of CCN5,
which suggested that an interaction might exist between Ang II
and CCN5. In our experimental model, we found that CCN5 was
mainly expressed in cardiac fibroblasts, but not cardiomyocytes or
cardiac endothelial cells. High Ang II expression could
downregulate CCN5 expression to promote CF and deteriorate
cardiac systolic and diastolic functions. Meanwhile, Ang II can be
attenuated using ACEI, followed by ameliorateion of myocardial
September 2020 | Volume 11 | Article 1235
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fibrosis and cardiac function. During this process, we detected
activated TGF-b1, which both promoted direct deposition of
ECM, and fibroblast-to-myofibroblast transition via activated
Smad-3 (Nagpal et al., 2016).

Fibroblasts within a healthy working heart control the secretion
and maintenance of ECM components and more importantly
regulate the transmission of mechanical and electrical stimuli
(Santiago et al., 2010). In hypertensive-induced cardiac
hypertrophy and fibrosis, the phenotype conversion of cardiac
fibroblast-to-myofibroblast is a critical event, this could precipitate
HF (Czubryt, 2019). With elevation of BP, cardiac fibroblasts
become overactivated and converted to myofibroblasts in
response to pressure overload. During this process, several key
phenotypic markers of myofibroblast are recognized including a-
SMA and periostin (Bagchi et al., 2016). In this study, high a-SMA
expression was found in the myocardial tissue of SHRs, opposed to
the decreased expression after downregulation of Ang II using
ACEI. After inhibiting the expression of CCN5 in the cardiac
fibroblasts, we found a significant increase of a-SMA in the
cardiac fibroblasts. These results demonstrated that Ang II might
promote the phenotype conversion of cardiac fibroblast-to-
myofibroblast by directly inhibiting the expression of CCN5.

Although the fibroblast-to-myofibroblast conversion has been
described previously, the signaling mechanisms governing this
conversion were not yet clearly elucidated. Phenotype fibroblast-
to-myofibroblast conversion can be induced by mechanical
tension, or TGF-b1 stimuli, which aids in quick ECM pathological
remodeling (Roche et al. , 2015). The TGF-b1-Smad
signaling pathway, which is arguably one of the most potent
inductive mechanisms, is involved in this process (Roche et al.,
2015). Obviously, healthy myocardial tissue was devoid
of myofibroblasts, but myofibroblasts became abundant after
receiving several stimulating factors, which promoted
hypersecretion of ECM components such as collagen type I,
periostin, and fibronectin (Tomasek et al., 2002). Excessive ECM
components produced bymyofibroblast accelerate CF and even HF.

Taken together, the results of this study showed that serum
CCN5 was reduced significantly in hypertensive patients and
increased in hypertensive patients using ACEI. The negative
association between CCN5 and Ang II in the serum indicated
that Ang II interacted with CCN5. Our experimental model of high
Ang II-induced hypertensive HF revealed that CCN5 was
downregulated in the high Ang II SHR and increased via Ang II
production inhibition by ACEI treatment. Thereafter, this
downregulation of CCN5 activates TGF-b1, which promotes
direct deposition of ECM, and fibroblast-to-myofibroblast
transition via activated Smad-3.

The current study highlights the essential role of endogenous
CCN5 in CF. CCN5 participates in the Ang II/TGF-b1 networking.
However, this networking is a vastly and complicated process,
endogenous CCN5 may interact with multiple signaling factors
including matrix metalloproteases and metalloproteases within the
Ang II/TGF-b1 networking (Jeong et al., 2016). This study cannot
cover all of biological functions of endogenous CCN5 within this
networking. Further work will focus on the crucial role of
endogenous CCN5 in degradation of the ECM.
Frontiers in Pharmacology | www.frontiersin.org 944
In summary, we verifiy the essential role of endogenous
CCN5 in high Ang II-induced hypertensive HF. Elevated Ang
II inhibit CCN5 expression, which subsequently activates TGF-
b1 and finally promotes direct deposition of ECM and fibroblast-
to-myofibroblast transition via Smad-3 activation. CCN5 can be
used as a potential biomarker for estimating CF in hypertensive
patients. A novel therapeutic target can be developed for
stimulating endogenous CCN5 production.
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Adult mammalian cardiomyocytes may reenter the cell cycle and cause cardiac
hypertrophy. Triptolide (TP) can regulate the expressions of various cell cycle regulators
in cancer cells. However, its effects on cell cycle regulators during myocardial hypertrophy
and mechanism are unclear. This study was designed to explore the profile of cell cycle of
cardiomyocytes and the temporal expression of their regulators during cardiac
hypertrophy, as well as the effects of TP. The hypertrophy models employed were
neonatal rat ventricular myocytes (NRVMs) stimulated with angiotensin II (Ang II) for
scheduled times (from 5 min to 48 h) in vitro and mice treated with isoprenaline (Iso) for
from 1 to 21 days, respectively. TP was used in vitro at 1 mg/L and in vivo at 10 mg/kg.
NRVMs were analyzed using flow cytometry to detect the cell cycle, and the expression
levels of mRNA and protein of various cell cycle regulators were determined using real-
time PCR and Western blot. It was found NRVM numbers in phases S and G2 increased,
while that in the G1 phase decreased significantly after Ang II stimulation. The mRNA
expression levels of p21 and p27 increased soon after stimulation, and thereafter, mRNA
expression levels of all cell cycle factors showed a decreasing trend and reached their
lowest levels in 1–3 h, except for cyclin-dependent kinase 1 (CDK1) and CDK4 mRNA.
The mRNA expression levels of CDK1, p21, and p27 increased markedly after stimulation
with Ang II for 24–48 h. In myocardium tissue, CDK and cyclin expression levels peaked in
3–7 days, followed by a decreasing trend, while those of p21 and p27 mRNA remained at
a high level on day 21. Expression levels of all protein were consistent with the results of
mRNA in NRVMs or mice. The influence of Ang II or Iso on protein expression was more
obvious than that on mRNA. TP treatment effectively prevented the imbalance in the
expression of cell cycle regulators in the hypertrophy model group. In Conclusion, an
imbalance in the expression of cell cycle regulators occurs during cardiac hypertrophy,
and triptol ide corrects these abnormal expression levels and attenuates
cardiac hypertrophy.
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INTRODUCTION

Cardiac hypertrophy is considered to be a compensatory adaptation
in response to intrinsic and extrinsic stimuli and is characterized by
the reactivation of fetal genes such as b-myosin heavy chain (b-
MHC) and brain natriuretic peptide (BNP), enhanced protein
synthesis, increased sarcomere organization, and an increase in
heart mass with the enlargement of cardiomyocytes (Tan et al.,
2011; Pillai et al., 2015; Martens et al., 2020). Although it initially
occurs as a compensatory response, a sustained increase in
hypertrophy eventually leads to ventricular dilatation and heart
failure (Pillai et al., 2015), which increases the morbidity and
mortality of various cardiovascular diseases. Therefore, reversing
pathological myocardial hypertrophy has become an important
strategy for the prevention and treatment of cardiovascular diseases.

Cardiomyocytes in mammals proliferate speedily during
embryonic stage but withdraw from the cell cycle soon after birth
and are considered terminally differentiated cells. Accumulated
studies have revealed that adult cardiomyocytes are capable of cell
cycle reentry (Li et al., 2013; Zebrowski and Engel, 2013; Estrella
et al., 2015). The cell cycle is controlled by various regulators,
including cyclins, cyclin-dependent kinases (CDK) and CDK
inhibitors (CDKI). Cell cycle regulators in cardiomyocytes can be
reactivated and expressed when stimulated by pathologic factors.
Therefore, cardiomyocytes can undergo DNA and protein synthesis
but cannot complete mitosis successfully, resulting in an increase in
mass and volume, i.e., cardiac hypertrophy (Ahuja et al., 2007).
Although the myocardial expression and activation of main cyclin/
CDK complexes, such as cyclin A-CDK1/2, cyclin B-CDK1, cyclin
D-CDK4/6, and cyclin E-CDK2, remain at high levels during early
mammalian embryonic stages (Tane et al., 2014), the protein
expression of cell cycle regulators is significantly downregulated in
cardiomyocytes after birth (Ahuja et al., 2007). Various researchers
have indicated that cell-cycle regulation plays an important role
during the hypertrophic growth of cardiomyocytes (Hinrichsen
et al., 2008). Di Stefano et al. reported that triple transfection with
p21, p27, and p57 siRNAs induced both neonatal and adult
cardiomyocytes to enter the S phase and increased the nuclei/
cardiomyocyte ratio, which implies that CDKI expression plays an
active role in maintaining cardiomyocyte withdrawal from the cell
cycle (Di Stefano et al., 2011). Moreover, CDKI downmodulation
increased both cyclin E and A levels. Hence, cell cycle activity is not
only required for cell division but also involved in hypertrophic
growth. Considering that all the cell cycle regulators vary
dynamically and play roles synergistically with the progression of
cardiac hypertrophy, it is necessary to elucidate the expression
pattern of the cell cycle regulator family and explore the possible
mechanisms of the hypertrophic response.

Triptolide (TP), the major active component of the Chinese
medicinal herb Tripterygium wilfordii Hook F, has been used for
the treatment of some inflammatory, autoimmune disorders,
such as lupus, nephrotic syndrome, Behçet’s disease, and
Abbreviations: Ang II, angiotensin II; CSA, cross-sectional area; CDK, cyclin-
dependent kinase; CDKI, cyclin-dependent kinase inhibitor; HW, heart weight;
Iso, isoprenaline; LVW, left ventricular weight; MHC, myosin heavy chain;
NRVM, neonatal rat ventricular myocyte; TP, triptolide.
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rheumatoid arthritis, and a variety of cancers (Pan, 2010; Fan
et al., 2016; Ziaei and Halaby, 2016; Hou et al., 2019; Noel et al.,
2019). It has been suggested that TP could downregulate the
expression of the retinoblastoma protein (Rb), cyclin A, cyclin B,
CDK1, and CDK2; trigger cell cycle arrest in the S phase; and
induce apoptosis in the cells involved in human renal cell
carcinoma and multiple myeloma (Li et al., 2011; Noel et al.,
2019). TP can also abrogate the growth of colon cancer and
induce cell cycle arrest by inhibiting the transcriptional
activation of early gene 2 promoter binding factor (E2F)
(Oliveira et al., 2015). Besides the immunomodulatory and
anti-cancer effects, It has been also reported that TP treatment
can protect rat hearts against pressure overload-induced cardiac
fibrosis, improve ventricular function (Wen et al., 2013; Zhang
et al., 2013; Li et al., 2017) and attenuate cardiac hypertrophy
(Ding et al., 2016), even though it may cause acute myocardial
damage, such as myocardium denaturation, swelling, and
necrosis when administered with high dose (Hou et al., 2019).
However, the effects of TP on cell cycle regulators in myocardial
hypertrophy and its mechanism are currently poorly understood.
Therefore, the aims of the present study were to explore the
temporal expression of cell cycle regulators in cardiac
hypertrophy and the effects of TP in vitro and in vivo.
MATERIALS AND METHODS

Animals
Seventy-two male C57BL/6J mice (18–21 g) were provided by the
Experimental Animals Center of the Third Military Medical
University (Chongqing, China). Animals were kept in the facility
for 1 week to become accustomed to the new environment. Mice
were randomly divided into model groups and TP groups, injected
subcutaneously with isoproterenol hydrochloride (Sigma, St. Louis,
MO, USA) 10 mg/kg twice daily to induce ventricular hypertrophy
referring to the method described by other researchers (Lin et al.,
2008; Ma et al., 2011; Taglieri et al., 2011). Animals in the model
groups (isoproterenol-treated group, Iso) and TP groups were
respectively injected intraperitoneally with vehicle or TP (purity
99.69%; Beijing Medicass Biotechnol, Beijing, China) at doses of 10
µg/kg daily for 0, 1, 3, 7, 14, or 21 days (n = 6 in each group). TP was
dissolved in DMSO and then diluted in normal saline. The final
used concentration of TP and DMSO was 1 mg/ml and 0.1% (v/v),
respectively. All animals were weighed every 3 days, and the doses
were adjusted accordingly. Themice in all groups were housed in an
animal room with a 12 h light/12 h dark conditions and fed freely
standard chow and water. The temperature and relative humidity
were kept constant. All protocols conform to the Guide to the Care
and Use of Laboratory Animals published by the Canadian Council
on Animal Care and were approved by the Ethical Committee for
Animal Experimentation of the Third Military Medical University.

Sampling
At the end of the treatment, all animals were weighed. The mice
were decapitated, and the hearts were carefully isolated, placed in a
dish with normal saline, blotted slightly and then weighed. The tibial
September 2020 | Volume 11 | Article 566938

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. Triptolide Balance Cardiomyocytic Cell Cycle
length (TL) was measured to calculate the ratio of heart weight and
left ventricular weight to tibial length (HW/TL and LVW/TL,
respectively), and the degree of ventricular hypertrophy was
assessed by measuring the HW/TL ratio. The ventricles were
divided into multiple segments for histology, RNA extraction, and
total cellular protein extraction. Middle ventricular slice was fixed
with a formalin neutral buffer solution, and the apex of the ventricle
was collected and stored in liquid nitrogen for further experiments.

Cell Culture and Treatment
Neonatal rat ventricular myocytes (NRVMs) from 1- to 3-day-old
Sprague-Dawley rats were isolated and grown in DMEM containing
10% fetal bovine serum (FBS) and 1 × 10-7 mol/ml 5-Bromo-2-
deoxyuridine under 5% CO2 air at 37°C for 48 h. NRVMs were
cultured in serum-free DMEM for 24 h and then incubated for 0, 5,
10, 30 min, and 1, 2, 3, 6, 12, 24, 48 h, respectively, in a serum-free
medium containing 1.0 mmol/L Ang II, to which 1.0 mg/L TP was
added to determine its effects. The cell size was determined with
rhodamine-phalloidin staining and analyzed with ImageJ software
(NIH Image, National Institutes of Health, Bethesda, MD, USA).

Cell Cycle Analysis
NRVM cells were cultured for 48 h in 6-well plates (5 × 106 cells
per well) and then cultured in serum-free DMEM for 24 h. After
incubation for a scheduled time (0, 5, 10, and 30 min, and 1, 2, 3,
6, 12, and 24 h) in a serum-free medium containing 1.0 mmol/L
Ang II, the cells were trypsinized, centrifuged (4°C, 2500 × g,
5 min), fixed in ice-cold 70% ethanol for 24 h, washed with PBS
and centrifuged (10 min, 2500 × g, 4°C). The cells were incubated
with 50 mg/ml RNase at 37°C for 30 min, stained with 50 mg/ml
propidium iodide (PI) at room temperature in the dark for
Frontiers in Pharmacology | www.frontiersin.org 348
20 min, and analyzed with flow cytometry to detect the cell
cycle, and progression of the cell cycle was assessed.

Real-Time PCR
Total RNA was extracted from NRVMs and left ventricular tissue
using TRIzol reagent (TaKaRa, Japan) according to the
manufacturer’s instructions. RNA was reverse transcribed with a
Prime Script RT reagent kit (TaKaRa, Japan) into complementary
DNA (cDNA) in a total volume of 20 ml. Real-time PCR for b-
MHC, cyclin A1, A2, B1, D1, E1, CDK1, 2, 4, 6, and CDK inhibitor
p21 and p27 mRNA were performed using primers designed by
Premier 5.0 (Premier Biosoft International, Palo Alto, CA, USA)
(Table 1). The reaction was performed in a total volume of 10 µl
with QPK-201 SYBR Green PCR Master Mix (Bio-Rad, USA), and
the thermal cycling conditions were as follows: after an initial 3 min
at 95°C, the samples were subjected to 44 cycles comprising 10 s at
95°C for denaturation, 30 s at 58°C for annealing, and 30 s at 72°C
for elongation, and finally, 10 min at 72°C for ending the reaction.
All results were repeated in six independent experiments. The Ct
values were normalized to both the b-actin expression levels and the
normal controls, and the relative quantification was calculated using
the 2-DDCt method.

Western Blot Assay
NRVMs were stimulated with 1.0 mmol/L Ang II and 1.0 mg/L TP
for 0.5, 2, 12, and 24 h, respectively. Total proteins were extracted
from NRVMs or left ventricular tissue using RIPA lysis buffer
(Beyotime, Shanghai, China) containing protease inhibitors. Equal
amounts of denatured proteins were separated with 10% sodium
dodecyl sulfate-polyacrylamide gels and then transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, MA,
TABLE 1 | Primers used for real-time RT-PCR.

Species Gene Forward (5’!3’) Reverse (5’!3’)

Rat CDK1 TCTTCGCTCGTTAAGAGTTAC ATCTGCCAGTTTGATTGTTC
CDK2 GTTGACGGGAGAAGTTGTGG GCTTGACGATGTTAGGGTGAT
CDK4 CTACGGACATACCTGGACAAA AATCTAGGCCGCTTAGAAACT
CDK6 GTGGAAGTTCAGACGTGGAT CAAGCATTTCAGAAGGAGGT
cyclin A1 TCTGACCGTTCCAACCAC TGAATAGCCCGTAAATGC
cyclin B1 CAGGCTTTCTCCGATGTGAT TGCTCTTCCTCCAGTTGTCTG
cyclin D1 GCCCTCCGTTTCTTACTTCA CTCCTCTTCGCACTTCTGCT
cyclin E1 GTCAACGACACGGGAGAAGT AGCAGCGAGGACACCATAAG
p21 GGTGATGTCCGACCTGTTCC ACGCTCCCAGACGTAGTTGC
p27 TTGGGTCTCAGGCAAACTCT GCAGGTCGCTTCCTCATCC
b-MHC GACAACGCCTATCAGTACATG CCAATGGCAGCAATAACA
b-actin CGTAAAGACCTCTATGCCAACA TAGGAGCCAGGGCAGTAATC

Mouse CDK1 GCTTTTCCACGGCGACTCAG ATCCAAGCCGTTCTCGTCCA
CDK2 GCATTCCTCTTCCCCTCATCA TCCAAAGGCTCTTGCTAGTCCA
CDK4 GCTGCTACTGGAAATGCTGACC TCACTCTGCGTCGCTTTCCT
CDK6 TTCCAAATCTGCTCAACCCATC CTGGTTGGATGGCAGGTGAG
cyclin A2 GAGGCAGCCAGACATCACTAACA AACACAGACATGGAGGAGAGGAAT
cyclin B1 TCTCCATGCTGGACTACGACAT AGCAGGGAGTCTTCACTGTAGGAT
cyclin D1 GTGAGGAGCAGAAGTGCGAAGA CTCGGCAGTCAAGGGAATGGT
cyclin E1 GAAGGCCCTTAAGTGGCGTCT AGCACCTCACCCGTGTCGTT
p21 TACTTCCTCTGCCCTGCTGC TGGTCTGCCTCCGTTTTCG
p27 GCGGTGCCTTTAATTGGGTC AGCAGGTCGCTTCCTCATCC
b-MHC TGCCAATGACGACCTGAAAGA CGCTCGCTGGTCTCAATCAG
b-actin CCGTAAAGACCTCTATGCCAACA CTGCTGGAAGGTGGACAGTGAG
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USA), which were blocked with 5% (w/v) nonfat milk powder in
phosphate-buffered saline (PBS) containing 0.1% (v/v) Tween 20.
Then, the membranes were incubated with primary antibodies for
b-actin, b-MHC (1:500; Santa Cruz Biotechnology, USA), CDK4,
CDK6, and cyclin D1 (1:500; Santa Cruz), and P21 and P27 (1:200;
Santa Cruz) at 4°C overnight, followed by horseradish peroxidase
(HRP)-conjugated secondary antibody. Antibody-reactive proteins
were detected by means of chemiluminescence, and the intensity
was captured using a ChemiDoc touch system (Bio-Rad, CA, USA).

Morphological Observation of Myocardium
Left ventricular tissue was fixed in 4% formalin for 48 h,
embedded in paraffin and cut into 5 mm slices. The left
ventricular tissue slices were stained with hematoxylin/eosin
(HE) staining, Masson staining, and fluorescein isothiocyanate
(FITC)-labeled lectin wheat germ agglutinin (Sigma, St. Louis,
MO, USA). The cross-sectional areas (CSAs) were measured in a
blinded fashion with the Image Pro Plus 5.1 Image analysis
program (Media Cybernetics, Silver Spring, MD, USA). The
fraction of myocardial volume occupied by fibrillar collagen
was calculated as the ratio of the fibrotic area to the total LV area.

Statistical Analysis
The results are presented as the mean ± standard error of the
mean (SEM), analyzed by one-way analysis of variance
(ANOVA) with least significant difference (LSD) post hoc
analyses with statistical software (SPSS, Chicago, IL, USA) and
GraphPad Prism version 5.01 (GraphPad Software, La Jolla, CA,
USA). P value of <0.05 was considered statistically significant.
RESULTS

Ang II Induces Cell Cycle Re-Entry
in NRVMs
To further confirm that pathological stimuli could promote
cardiomyocyte re-entry into the cell cycle during cardiac
hypertrophy, cell cycle analysis by flow cytometry with PI staining
revealed significant cell cycle alterations in NRVMs after
stimulation with Ang II. After stimulation for 5 min, the number
of treated cells in the G1 phase increased more quickly than that of
the controls (86.09% vs. 80.9%). Noticeably, the number of cells in
the S phase showed a significantly increase after stimulation for
5 min. With the increase in stimulation time, the number of cells in
the G1 phase showed a decreasing trend, and simultaneously, the S
+G2 phase cell numbers increased. After Ang II stimulation for 24 h,
we observed that 69.63% of NRVMs were found in the G1 phase,
and 28.33% were found in the S+G2 phase. These results indicate
that the NRVM cell cycle can be reinitiated by disease-related
hypertrophic stimuli, which is represented by the increased
cardiomyocyte number in the S+G2 phase while the number of
cells in the G1 phase decreased significantly compared with that in
the control group (Figures 1A, B).

Hypertrophic Response of NRVM
The NRVM size increased soon after stimulation with Ang II (1.0
mmol/L), and the surface area of the NRVMs was significantly
Frontiers in Pharmacology | www.frontiersin.org 449
increased after stimulation for 10 min. Then, the surface area
continued to increase with the addition of stimulation time. After
stimulation for 24–48 h, the cell area significantly increased by 2.7–
3.1-fold compared to the control (Ang II vs. control: 6285~6870 ±
61~71 vs. 1682 ± 35 µm2, respectively, p < 0.01). We observed that
the TP treatment decreased cell size significantly compared with
Ang II treatment (Figures 2A, B). Simultaneously, the number of
binucleate cells elevated markedly after stimulated with Ang II, and
TP treatment reduced it strikingly from 6 h (shown in Figure 2C).

Moreover, b-MHC mRNA and protein expressions, one of
markers of cardiac hypertrophy and is induced by hypertrophic
stimulation of NRVMs, was consistent with the results of cell
size. The results showed that the mRNA and protein expressions
of b-MHC did not alter significantly during the early stage of
Ang II stimulation (within 3 and 12 h, respectively); however,
during the late stage of cardiac hypertrophy, the mRNA and
protein expression levels of b-MHC were the highest compared
to those in the control group (0 min). Noticeably, TP
significantly decreased the expression of b-MHC protein and
mRNA compared to Ang II, as shown in Figures 2D, E.

Expression Levels of Cell Cycle Regulators
in NRVMs
Cell cycle regulators have been implicated in cardiomyocyte
proliferation and cell cycle processes. Herein, we detected the
mRNA expression of the cell cycle regulators cyclin A1, B1, D1,
and E1; CDK 1, 2, 4, and 6; p21 and p27 using real-time PCR. The
results showed that the mRNA expression of cyclin A1, p21 and p27
increased soon after stimulation with Ang II (1.0 mmol/L) for 5 min,
and p21 mRNA expression reached its maximum at 30 min. The
mRNA expression of all cell cycle factors showed a decreasing trend.
The mRNA expression levels of CDK1, 2, 4, and 6; cyclin B1 and
D1; and p21 were lowest at 2 h, and the mRNA expression levels of
cyclin A1 and p27 mRNA reached their lowest at 1 h. Cyclin E1
mRNA hadminimum expression at 3 h, and a transient elevation of
the cyclin A1 mRNA level was confirmed at 3 h (Figure 3A). Only
the expression of CDK1, p21, and p27 mRNA increased
significantly after stimulation with Ang II for 24–48 h (P<0.01 or
0.05). The results demonstrated that the mRNA expression levels of
cell cycle regulators fluctuate in the hypertrophic progression of
cardiomyocytes. The TP treatment not only significantly decreased
NRVM size but also effectively prevented the abnormal expression
of cell cycle regulators compared to the vehicle (Ang II) in NRVMs
(Figures 3A–J). To further investigate the effect of TP on the protein
expression of cell cycle regulators in NRVMs, we examined the
expression of several cell cycle-specific proteins, cyclin D1, CDK4
and 6, and P21, on cardiac hypertrophy progression. The results
demonstrated that all protein expression levels were upregulated in
cells stimulated with Ang II for 12–24 h compared with the controls.
In contrast, TP treatment dramatically inhibited Ang II-induced
protein expression compared with the vehicle. The mRNA analysis
results were consistent with the results obtained in the protein
expression analyses. Taken together, these results suggested that cell
cycle regulators were abnormally expressed in the process of
cardiomyocyte hypertrophy and that TP could balance the
expression of cell cycle regulators and attenuate cardiac hypertrophy
(Figures 3K–P).
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Survival of Mice
No animal died during the whole experimental period. All of the
mice in the Iso groups showed waxy, lackluster fur, breathlessness
and reduced activity, drumble, and lags in response with the
stimulation time. Mice in the TP-treated groups were more active
than those in the Iso group.

Myocardial Hypertrophy
First, the effects of TP on myocardial hypertrophy induced by Iso
were observed. As shown in Figure 4A, mice showed a significant
increase in heart weight (HW) to tibia length (TL) ratio compared
with the normal control group after treatment with Iso for 3 days
(P < 0.01). Then, the heart indexes (HW/TL) continued to increase
with time. However, TP treatment could significantly decrease the
heart index and inhibit the occurrence of myocardial hypertrophy
compared with Iso groups, and the effect of inhibition was more
obvious at day 14 (P < 0.01). Further studies showed that the mRNA
expression of b-MHC was lowest at day 1, followed by an increasing
trend (Figure 4B). Moreover, the protein level of b-MHC increased
from day 0, and b-MHC expression levels of protein and mRNA
reached a plateau at day 14, followed by a decreasing trend (Figures
4B–D). The results showed a compensatory response in mice.
However, interestingly, the b-MHC protein displayed a more
Frontiers in Pharmacology | www.frontiersin.org 550
remarkable increase in myocardial tissue compared with mRNA
during myocardial growth and hypertrophy. TP treatment
downregulated b-MHC protein expression significantly (vs. Iso
groups, P < 0.05). Collectively, these results indicate that TP
treatment has the ability to inhibit the abnormal expression of b-
MHC and attenuates the stimulation of pathologic factor-induced
hypertrophy responses in vivo.

Histological Findings
We next tested whether TP treatment attenuated myocardial
hypertrophy using HE, lectin, and Masson staining. As shown in
Figure 5, the histology of mice was almost normal at day 1 after Iso
induction. However, we found a hypertrophic myocardium,
myocardial fiber disruption, focal necrosis and inflammatory cell
infiltration at day 3 after Iso induction, and myocardial injury was
aggravated with stimulation time. The Iso groups revealed extensive
myocardium degeneration and inflammatory cell infiltration at day
21 (Figure 5A). Furthermore, Iso stimulation resulted in a significant
increase in the CSA of the myocardium and LV interstitial fibrosis
compared with the control group (Figures 5B, C). The Iso group
showed wide areas of collagen deposition, and the CSA significantly
increased, near 1-fold, compared to the control at day 21 (P < 0.01).
TP-treated mice showed a marked decrease in the degenerated
A

B

FIGURE 1 | Cell cycle analysis after stimulation with Ang II. Neonatal rat ventricular myocytes (NRVMs) were treated with Ang II (1.0 µmol/L) for the scheduled times (0, 5, 10,
and 30 min, and 1, 2, 3, 6, 12, and 24 h). (A) Flow cytometry analysis of cardiomyocytes stained with propidium iodide (PI). All experiments were conducted in duplicate and
repeated three times (n = 3). (B) Data are presented as the mean ± SEM, *P < 0.05, **P < 0.01 compared with the controls (0 min), (one-way ANOVA).
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FIGURE 3 | Expression of cell cycle regulators at the mRNA and protein levels in NRVMs. (A–J) The mRNA expression levels of cyclin, CDK, and CDKI were measured with
real-time PCR (n = 6) and normalized to b-actin and the control group, respectively. (K, L) Cyclin D1, CDK4 and 6, and P21 protein levels as shown by Western blot analysis
(n = 4). (M–P) The intensity of each band was quantified by densitometry and normalized to the b-actin and control groups. Data are shown as the mean ± SEM, *P < 0.05,
**P < 0.01 compared with the controls (0 min), #P < 0.05, ##P < 0.01 compared with the Ang II-treated group at same time point (one-way ANOVA).
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FIGURE 2 | Triptolide attenuated the hypertrophic response of neonatal rat ventricular myocytes. (A) NRVMs treated with Ang II (1.0 µmol/L) and 1.0 mg/L TP for the scheduled
times and stained with rhodamine-phalloidin (bar = 50 µm). (B) Cell size (n = 50 cells in each group). (C) Binucleate cell percentage (n = 6 analysis and 150 cells for each analysis).
(D) mRNA expression of b-MHC was determined using real-time PCR (n = 6). (E) b-MHC protein expression was determined using Western blotting (n = 4). The data are presented
as the mean ± SEM, *P < 0.05, **P < 0.01 compared with the controls (0 min), ##P < 0.01 compared with the Ang II-treated group at the same time point (one-way ANOVA).
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myocardium and cellular infiltrations. TP inhibits Iso-induced
inflammatory factor activation and thereby contributes to the
attenuation of the myocardial pathological injury response in mice.
TP treatment significantly decreased myocardial tissue damage, CSA
and the fibrosis score compared with the Iso group (Figure 5).
Collectively, these results suggest that TP treatment attenuated the
abnormal pathological features of myocardial hypertrophy.

Myocardial Expression of the Cell
Cycle Regulators
Because the expression levels of cell cycle regulators in
cardiomyocyte hypertrophy were abnormal, cell cycle regulators
could play important roles in hypertrophy development. Therefore,
we investigated whether pathological stimulation could induce
abnormal expression of cell cycle regulators in vivo. The
myocardial hypertrophic response of mice was induced by Iso. As
shown in Figure 6, the Iso induced a gradual decrease in the
myocardial mRNA expression of cyclin D1 and E1 and CDK2, 4,
and 6 in mice. The mRNA expression of cyclin D1 and CDK6
reached a valley at day 1 and that of cyclin E1, CDK2 and CDK4
reached a valley at day 3. Following an increasing trend, the mRNA
expression of cyclin A2, B1, and CDK1 increased dramatically on
day 1, and cyclin B1 mRNA peaked on day 3. The expression levels
of other factors all peaked at day 7, followed by a decreasing trend.
After 21 days of treatment, the mRNA expression levels of cyclin B1
and E1 in the Iso groups were decreased markedly compared with
those in the control group. Compared with the control, Iso
Frontiers in Pharmacology | www.frontiersin.org 752
upregulated the expression of p21 and decreased p27. The p27
mRNA expression level reached the lowest point on day 3 and
increased to peak on day 14 with the expression of the p21 mRNA
(Figures 6A–J). The protein expression levels of cell cycle regulators
were determined using Western blotting. The results demonstrated
that the expression levels of cyclin D1 and CDK6 increased
dramatically post-Iso induction and reached a peak on day 3,
followed by a decreasing trend. The protein expression levels of
CDK4 and P21 were lowest on day 3, followed by a dramatic
increase, and CDK4 reached a peak on day 14. P21 and P27 showed
a significant, nearly 4-fold increase in the Iso group compared to the
control group at day 21 (P < 0.01). However, TP treatment could
effectively correct abnormal expression of the cell cycle regulators
cyclin, CDK, and CDKI (Figures 6K–Q).
DISCUSSION

Cardiomyocyte death is a common end-point in many forms of
cardiovascular disease, and a number of approaches have been
explored to increase cardiomyocyte number in injured hearts, with
the hope of promoting functional recovery after myocardial
infarction (Hassink et al., 2008). It is believed that cardiomyocyte
cell cycle activation is of great value (Pasumarthi and Field, 2002;
Hassink et al., 2008; Eghbali et al., 2019). For decades, the common
dogma was that the adult heart is incapable of regenerating lost
myocardium after injury. The present knowledge suggests that
A B

DC

FIGURE 4 | Triptolide attenuated cardiac hypertrophy in mice. (A) Heart weight (HW) index to tibia length (TL). (B) b-MHC mRNA expression level (n = 6).
(C) b-MHC protein level as assessed by Western blot analysis (n = 4). (D) The intensity of each band was quantified by densitometry and normalized to b-actin and
the control group. Data are shown as the mean ± SEM, *P < 0.05, **P < 0.01 compared with the controls (0 day); #P < 0.05, ##P < 0.01 compared with the
Iso-treated group at the same time point (one-way ANOVA).
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cardiomyocytes in the adult mammalian heart exhibit some
capacity to re-enter the cell cycle, but they cannot successfully
complete mitosis, which results in cardiac hypertrophy (Ahuja et al.,
2007). These issues, namely, that evidence of DNA and cell cycle
protein synthesis, re-expression of embryonic genes or even nuclear
division in cardiac myocytes does not necessarily represent true
cardiac myocyte division, have been the major hurdles in the field
when interpreting results (Beltrami et al., 2001). Cell cycle activity in
adult cardiac myocytes can represent multinucleation and
polyploidization (DNA replication without karyokinesis or
cytokinesis) or DNA repair in addition to true proliferative
activity. However, it is potentially even more problematic in
patients with diseased hearts where cardiac myocyte ploidy
increases dramatically with a patient’s diastole and systole (Zhang
Frontiers in Pharmacology | www.frontiersin.org 853
et al., 2015). Cardiac hypertrophy has been regarded as an
independent risk factor for cardiovascular morbidity and
mortality (Cox and Marsh, 2014). Myocardial hypertrophy and
fibrosis are the predominant pathological changes in myocardial
remodeling, which results in both diastolic and systolic dysfunction
(Li et al., 2017). In the present study, we found that NRVM size
increased soon after stimulation with Ang II. Simultaneously, the
number of binucleate cells increased with time. The overall change
trends of cell size, binucleate cells percentage, and b-MHC are
similar although the change of binucleate cells is not exactly the
same as the expression of b-MHC mRNA. Flow cytometry analysis
indicated that the number of myocytes in the S+G2 phases increased
and that in the G1 phase decreased significantly compared with the
control group. Significant cell cycle alterations were observed in
A

B

D E

C

FIGURE 5 | Myocardial histological changes after TP treatment. (A) Hematoxylin and eosin (HE) staining of myocardial LV tissue (bar = 50 µm). (B) Wheat germ
agglutinin lectin staining (bar = 50 µm). (C) Masson’s trichome-stained left ventricular tissue (bar = 50 µm). (D) Cross-sectional area (n = 80). (E) Fibrosis score. Data
are shown as the mean ± SEM (n = 6 in each group), *P < 0.05, **P < 0.01 compared with the controls (0 day); ##P < 0.01 compared with the Iso-treated group at
the same time point (one-way ANOVA).
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NRVMs during cardiac hypertrophy. The cariomyocytes response
quickly to neurohumoral stimulators, such as Ang II and Iso. Ang II
activates extracellular signal regulated kinase (ERK) and other
MAPKs, as well as immediate-early gene, such as c-fos, which
promote DNA synthesis. It has been reported that the increase of c-
fos expression and ERK activation occur as quick as 2 min after Ang
II stimulation (Sadoshima and Izumo, 1993; Aoki et al., 2000).

Cell cycle machinery driven by cyclin and CDK activity, is
positively regulated by growth factors and negatively regulated by
CDKI families. These CDKIs, which form complexes with cyclin–
CDK, exert negative effects. The human genome encodes 21 CDKs,
although only seven (CDK1-4, 6, 10, and 11) have been shown to
have a direct role in cell cycle progression. Other CDKs play an
indirect role via the activation of other CDKs, regulation of
transcription or neuronal function (Malumbres et al., 2009;
Sánchez-Martıńez et al., 2015). In addition, it has been reported
that the human genome contains 29 genes encoding cyclins
(Malumbres and Barbacid, 2005). Of these, CDK1, 2, 4, and 6 and
Frontiers in Pharmacology | www.frontiersin.org 954
A, B, D, and E-type cyclins are identified as the major regulators of
the cell cycle and are related to cell cycle progression (Bretones et al.,
2015). Key regulators of G1 progression are mainly cyclin D, which
associates with and activates its catalytic partner CDK4, and CDK6
which phosphorylates the retinoblastoma protein (pRb), thereby
activating E2F transcription factors. Cyclin E is mainly expressed at
the G1/S transition, and it binds to and activates CDK2 to accelerate
the phosphorylation of the Rb proteins, which is required for entry
into the S-phase and for DNA synthesis. Cyclin A/CDK2 plays a
critical role in the control of the S phase and DNA replication and is
also essential for G2 progression. Cyclin A- and cyclin B-associated
CDK1 regulates the G2/M phases (Ahuja et al., 2007; Dai et al., 2013).
Cell cycle activity is dependent on the balance between active and
negative regulators (Zhang et al., 2015). The miR-16 inhibits the
hypertrophic phenotype in cardiomyocytes through downregulation
of CCND1, CCND2, and CCNE1 expression and inactivation of the
cyclin/Rb pathway (Huang et al., 2015). Similar results were also seen
in cyclin A2-overexpressing transgenic mice, including the induction
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FIGURE 6 | The effects of TP on the myocardial expression of cell cycle regulators in mice. (A–J) The mRNA expression levels of all cell cycle regulators.
(K, L) cyclin D1, CDK4 and 6, P21, and P27 protein levels as shown by Western blot analysis (n = 4 per group). (M–Q) The intensity of each band was quantified by
densitometry and normalized to b-actin and control group. The data are shown as the mean ± SEM (n = 5), *P < 0.05, **P < 0.01 compared with the controls
(0 day); #P < 0.05, ##P < 0.01 compared with the Iso-treated group at the same time point (one-way ANOVA).
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of cardiac regeneration, reduced scarring, improved LV function,
and prevention of heart failure after myocardial infarction (Cheng
et al., 2007). Cyclin A2 induces cardiac regeneration and improves
cardiac function after myocardial injury (Shapiro et al., 2014).
Cardiomyocyte cell cycle activation improves cardiac function after
myocardial infarction (Hassink et al., 2008).

TP is an extract of the Chinese herb TwHF, which is widely used
in China to treat autoimmune and inflammatory diseases due to its
anti-inflammatory and immunosuppressive effects. TP attenuates
pressure overload-induced myocardial remodeling in mice via the
inhibition of NLRP3 inflammasome expression (Li et al., 2017).
Additionally, in recent years, studies have suggested that TP could
attenuate cardiac hypertrophy by upregulating FOXP3 expression
and ameliorating cardiac fibrosis (Zhang et al., 2013; Ding et al.,
2016). However, few studies have examined the regulatory role of TP
in cardiomyocyte cycle regulator expression in cardiac hypertrophy.

Our results revealed that cyclin A1, p21, and p27 mRNA were
highly expressed in NRVMs after stimulation with Ang II for 5 min.
After 30 min, the mRNA expression levels of all cell cycle regulators
showed a decreasing trend and reached their lowest levels at 1–3 h.
Cell cycle analysis indicated that the number of myocytes in phases
G1 and G2 was decreased compared with the 5 min group, which is
related to the inhibition of the cell cycle. The expression of cell cycle
regulators recovered later. Additionally, the number of myocytes in
the S and G2 phases increased and that in the G1 phase decreased,
demonstrating cell cycle reentry. However, only the expression of
CDK1, p21, and p27mRNA increased significantly after stimulation
with Ang II for 24–48 h. The results showed the abnormal
expression of cell cycle regulators with time during the process of
hypertrophic response. Furthermore, a similar phenomenon occurs
in adult myocytes; after treatment with Iso for 3–7 days, the
expression levels of cell cycle regulators peaked, followed by a
decreasing trend. After 21 days of Iso treatment, the mRNA
expression levels of cyclin B1 and E1 were decreased markedly
compared with those in the control group. In the present study, we
found that the levels of the cell cycle inhibitors P21 and P27 were
highest in the end stage of cardiac hypertrophy, whereas the cell
Frontiers in Pharmacology | www.frontiersin.org 1055
cycle-promoting factors cyclins and CDK returned to the levels seen
in normal adult myocytes. Interestingly, it has been shown that the
effects of Ang II or Iso on protein expression were more obvious
compared to effects on mRNA. Taken together, our results revealed
abnormal expression of cell cycle regulators at both the mRNA and
protein levels in NRVMs and adult mouse ventricles during cardiac
hypertrophy. These findings indicate that cell cycle regulators are
involved in cardiomyocyte hypertrophy. However, TP treatment
attenuates the hypertrophy of cardiomyocytes through the effective
correction of the abnormal expression of the cell cycle regulators
cyclin, CDK, and CDKI. After treatment with Iso, from day 3 to day
21, heart index (HW/TL) and myocardial CSA increased
significantly in the Iso group compared with the control group (0
day). Morphological analysis showed that myocardial injury,
inflammatory cell infiltration and collagen deposition were
markedly aggravated with increasing time in Iso-treated animals.
Nevertheless, there was no significant between-group difference in
the liver or kidney. The weights of the lung showed an increasing
trend and were significantly increased in the Iso group compared
with the control group after treatment with Iso for 21 days (data not
shown). TP treatment could effectively prevent the abnormal
expression of cell cycle regulators and markedly decrease the
heart index, improve tissue injury and attenuate myocardial
fibrosis compared with Iso groups.

The data in the current study indicate that the alteration of
expression of cell cycle regulators is closely related with cardiac
hypertrophy. Our study demonstrated that TP can mitigate
pathological stimulation-induced cardiac hypertrophy and
effectively alleviate the myocardial damage response via regulation
of myocardial cell cycle regulators. In this study, we found that
pathological cardiac hypertrophy in NRVMs and mice is associated
with abnormal expression of b-MHC and the cell cycle regulators
cyclin, CDK, and CDKI in cardiomyocytes and the myocardium.
TP treatment significantly inhibits the occurrence of myocardial
hypertrophy, reduces the left ventricular index, ameliorates
pathological alterations by correcting the abnormal expression of
various cell cycle regulators (Figure 7). Collectively, our results
FIGURE 7 | Triptolide (TP) ameliorates cardiac hypertrophy via correcting the abnormal expression of cell cycle regulators in cardiomyocytes.
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indicated that TP treatment had regulatory effects on cardiac
hypertrophy induced by pathological stimulation and potentially
acted through the inhibition of the abnormal expression of various
cell cycle regulators, which is altogether indicative that the
regulation of the cell cycle could become an important strategy
for the prevention and treatment of cardiac hypertrophy.

Our study still has certain limitations. Although it has been
found that the use of low dose of TP alone had no effects on the
cell size of cariomyotytes in vitro and in vivo (Tong, 2015; Ding,
2017), its influence on the cell cycle of normal myocytes need to
be explored. And the exact mechanism underlying the regulation
of cell cycle regulators remains to be elucidated.

In summary, our results preliminarily revealed the temporal
dynamic expression pattern of cell cycle regulators in cardiomyoctes
during cardiac hypertrophy and demonstrated TP has the potential
to attenuate cardiac hypertrophy via correction of the abnormal
expression of various cell cycle regulators.
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Transfer RNAs (tRNAs) are abundantly expressed, small non-coding RNAs that have long
been recognized as essential components of the protein translation machinery. The tRNA-
derived small RNAs (tsRNAs), including tRNA halves (tiRNAs), and tRNA fragments (tRFs),
were unexpectedly discovered and have been implicated in a variety of important
biological functions such as cell proliferation, cell differentiation, and apoptosis.
Mechanistically, tsRNAs regulate mRNA destabilization and translation, as well as retro-
element reverse transcriptional and post-transcriptional processes. Emerging evidence
has shown that tsRNAs are expressed in the heart, and their expression can be induced
by pathological stress, such as hypertrophy. Interestingly, cardiac pathophysiological
conditions, such as oxidative stress, aging, and metabolic disorders can be viewed as
inducers of tsRNA biogenesis, which further highlights the potential involvement of
tsRNAs in these conditions. There is increasing enthusiasm for investigating the
molecular and biological functions of tsRNAs in the heart and their role in
cardiovascular disease. It is anticipated that this new class of small non-coding RNAs
will offer new perspectives in understanding disease mechanisms and may provide new
therapeutic targets to treat cardiovascular disease.

Keywords: tRNA-derived small RNAs (tsRNAs), tRNA halves, tRNA fragments, heart, cardiac hypertrophy,
mitochondria, non-coding RNAs, cardiovascular disease
INTRODUCTION

Small noncoding RNA (sncRNA) usually refers to RNA molecules less than 200 nucleotides (nt) in
length, which are transcribed from DNA, but not translated into protein. SncRNAs include but are
not limited to microRNAs (miRNAs), endogenous short interfering RNAs (siRNAs), small nuclear
RNAs (snRNAs), small nucleolar RNAs (snoRNAs), piwi interacting RNAs (piRNAs), ribosomal
RNA derived fragments (rRFs), transfer RNAs (tRNAs), and their derived small RNAs (tsRNAs)
(Mattick and Makunin, 2006; Kirchner and Ignatova, 2015; Wei et al., 2017; Lambert et al., 2019).
With the advance of high-throughput RNA sequencing (Giraldez et al., 2018; Liu et al., 2019), new
classes of sncRNAs are being discovered and studied.

Different sncRNAs exert diverse but specific functions in cells. For example, miRNAs and siRNAs
regulate gene expression by tuning mRNA stability and translational efficiency (Valencia-Sanchez et al.,
2006). In addition, snRNAs promote proteome diversity by regulating pre-mRNA splicing (Valadkhan,
in.org September 2020 | Volume 11 | Article 572941158

https://www.frontiersin.org/articles/10.3389/fphar.2020.572941/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.572941/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.572941/full
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Da-Zhi.Wang@childrens.harvard.edu
https://doi.org/10.3389/fphar.2020.572941
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.572941
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.572941&domain=pdf&date_stamp=2020-09-17


Cao et al. tsRNAs in Cardiac Hypertrophy
2005), snoRNAs modify rRNAs, snRNAs, and even mRNAs with
2′-O-methylated nucleotides (Kiss, 2002), and piRNAs contribute
to transposon silencing (Ozata et al., 2019). Studies have also
uncovered multiple molecular pathways and functions related to a
single type of sncRNAs (Kiss, 2002; Pillai, 2005; Rojas-Rios and
Simonelig, 2018). Consequently, it is conceivable that new
mechanisms and functions of sncRNAs remain to be discovered.

The important and various molecular functions of sncRNAs in
cells make them vital regulators in both physiological and
pathological conditions, such as during development (Mendell,
2008; Chen and Wang, 2012; Rojas-Rios and Simonelig, 2018),
cancer progression (Ling et al., 2013; Peng and Croce, 2016;
Romano et al., 2017), neurodegenerative disease (Rege et al., 2013;
Watson et al., 2019), and cardiovascular disease (Romaine et al.,
2015; Zhou et al., 2018). Among sncRNAs, tRNA-derived small
RNAs (tsRNAs) have gained considerable attention as these
molecules have various subtypes that are generated by different
mechanisms and exert a variety of critical functions in cells.
Moreover, they are also implicated in development and disease.
As tsRNAs are expressed in the heart and participate in the function
of this organ, we will focus on their biogenesis and function, and we
will discuss potential research opportunities to study the role of
tsRNAs in the heart.
Frontiers in Pharmacology | www.frontiersin.org 259
BIOGENESIS AND EXPRESSION OF
NUCLEAR AND MITOCHONDRIAL
ENCODED TRANSFER RNAs
In eukaryotic cells, both the nucleus and mitochondria encode
tRNA genes, producing two types of tRNAs—cytoplasmic
tRNAs and mitochondrial tRNAs (mt-tRNAs). There are more
than 500 tRNA genes either identified or predicted to exist in
humans (Chan and Lowe, 2009; Chan and Lowe, 2016). About
half of them are verified to be actively expressed genes
(Schimmel, 2018), which are transcribed to 51 isoacceptor
tRNA types and decode to 61 codons for translation (Mahlab
et al., 2012; Chan and Lowe, 2016). Therefore, some codons are
derived from multiple tRNA genes in the human genome. In
contrast, mt-tRNAs are transcribed from only 22 mt-tRNA genes
in the mitochondrial genome. These mt-tRNA genes play critical
roles in assisting translation of mitochondrial proteins with less
redundancy. Mutations in mt-tRNAs have also been implicated
as important components in cardiovascular diseases such as
coronary heart disease (Jia et al., 2013; Jia et al., 2019),
cardiomyopathy (Taniike et al., 1992; Casali et al., 1995;
Arbustini et al., 1998; Marin-Garcia et al., 2001; Hsu et al.,
2008), and hypertension (Liu et al., 2009; Wang et al., 2011; Jiang
FIGURE 1 | The biogenesis of human nuclear and mitochondrial encoded tRNAs. Pre-tRNAs can be transcribed by Pol III in the nucleus or by POLRMT in
mitochondria. The pre-tRNAs have 5’-leader and 3’-trailer sequences, which are trimmed by RNase P and RNase Z, respectively. A minority of nuclear pre-tRNAs
have introns, which are spliced by the TSEN complex. A single “CCA” sequence is then added to all trailer trimmed 3’-ends of human tRNAs by the TRNT1 protein.
Processed nuclear tRNAs are transported to the cytoplasm, while mitochondrial tRNAs predominantly remain in mitochondria.
September 2020 | Volume 11 | Article 572941
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et al., 2016). It is worth noting that cytoplasmic tRNAs can be
imported to mitochondria, which suggests that they may also
play essential roles in mitochondrial biology and disease (Rubio
et al., 2008; Mercer et al., 2011).

Human nuclear tRNA genes are initially transcribed by RNA
polymerase III (RNA Pol III) as pre-tRNAs, which contain 5’-
leader and 3’-trailer sequences (Phizicky and Hopper, 2010). The
5’-leader and 3’-trailer are trimmed by RNase P (Frank and Pace,
1998) and RNase Z (Maraia and Lamichhane, 2011), respectively
(Figure 1). Following that, a single “CCA” sequence is added to
all trailer trimmed 3’-ends of human tRNAs by tRNA nucleotidyl
transferase (TRNT1) (Anderson and Ivanov, 2014). A minority
of human pre-tRNAs have intron sequences, which are spliced
by a nuclear tRNA splicing endonuclease (TSEN) during tRNA
processing (Anderson and Ivanov, 2014). TSEN cleaves a pre-
tRNA containing intron into three parts: a 5’-exon with a 2’-3’-
cyclic phosphate at its 3’ end, a 3’-exon with a 5’-hydroxyl group
(5’-OH) at its 5’-end, and the excised intron (Anderson and
Ivanov, 2014). After the cleavage, the 5’-exon and 3’-exon are
ligated to become a mature tRNA before being transported to the
cytoplasm. In contrast, mitochondrial tRNA genes are
transcribed by mitochondrial RNA polymerase (POLRMT)
along with mitochondrial rRNA and mRNA genes in a long
mitochondrial polycistronic DNA template (Suzuki et al., 2011).
The mt-tRNA transcripts are then cleaved from rRNA and
mRNA transcripts by mitochondrial RNA-processing enzymes
according to the mt-tRNA “punctuation” model (Ojala et al.,
1981; Rossmanith et al., 1995; Barchiesi and Vascotto, 2019).
Similar to cytoplasmic pre-tRNAs, mitochondrial pre-tRNAs
require RNase P and ELAC2 (mitochondrial RNase Z) to
remove the 5’-leader and 3’-trailer, respectively (Rossmanith
et al., 1995; Brzezniak et al., 2011; Suzuki et al., 2011; Haack
et al., 2013; Siira et al., 2018). Finally, a “CCA” sequence is
attached to the 3’ terminus of mt-tRNA by a mitochondrial
TRNT1 to complete mt-tRNA maturation (Suzuki et al., 2011).
Mature human cytoplasmic tRNAs are usually 76 to 93 nts in size
and form a cloverleaf-like secondary structure with stem and
loop regions, and they are eventually compacted into an L-shape
tertiary structure (Schimmel, 2018). Mature mt-tRNAs range
from 59 to 75 nts in size with smaller stem and loop regions, and
some of them lack entire domains (Schimmel, 2018). The mt-
tRNAs form a non-canonical cloverleaf-like secondary structure
(Helm et al., 1998; Suzuki et al., 2011; Schimmel, 2018) and L-
shape tertiary structure (Messmer et al., 2009; Salinas-Giege
et al., 2015). It is worth noting that mitochondrial tRNA-
lookalikes have been detected in the nuclear genome in human
and some other primates (Telonis et al., 2014; Telonis et al.,
2015a), suggesting that mitochondria may not be the sole source
of mitochondrial tRNAs. However, it remains elusive 1) whether
these nuclear-encoded mitochondrial tRNA lookalikes are
actively expressed; 2) if so, whether these tRNAs are
transported to cytoplasm and/or mitochondria; and 3) what
functions they may exert in different cellular compartments.

Although it seems that tRNA processing undergoes two
parallel and separate systems in the nucleus and mitochondrion,
we should not rule out the possibility of tRNA dynamics between
Frontiers in Pharmacology | www.frontiersin.org 360
these organelles (Figure 1). As mentioned above, nuclear-encoded
tRNAs are able to shuttle between the cytoplasm and
mitochondria (Rubio et al., 2008; Mercer et al., 2011);
mitochondrial tRNA lookalikes exist in the nuclear genome
(Telonis et al., 2014; Telonis et al., 2015a). On the other hand,
though mature human mt-tRNAs mainly function in the
mitochondria for mitochondrial gene translation, they have also
been reported to be in the cytoplasm (Maniataki and Mourelatos,
2005). Moreover, the tRNA splicing endonuclease TSEN, which is
expressed solely in the nucleus in humans, is located on the
mitochondrial surface in yeast (Dhungel and Hopper, 2012;
Hopper and Nostramo, 2019). In yeast, nuclear pre-tRNAs with
introns have to be exported to the cytoplasm and spliced on the
surface of mitochondria (Dhungel and Hopper, 2012; Hopper and
Nostramo, 2019). These spliced tRNAs are subsequently modified
in the cytoplasm, and imported back to the nucleus for additional
modification before being again exported to the cytoplasm to carry
out their intended function (Dhungel and Hopper, 2012; Hopper
and Nostramo, 2019). Even though human cytoplasmic tRNA
processing does not have this splicing step on mitochondria like
yeast, it remains unclear whether these organelles play any other
roles in cytoplasmic tRNA processing or modification, and
whether mt-tRNAs have any function in the cytoplasm.
TRANSFER RNA-DERIVED SMALL
RNAs (tsRNAs)

In general, tsRNAs can be grouped into two categories based on
their size and biogenesis: tRNA halves (or tRNA-derived, stress-
induced RNAs, also known as tiRNAs) and tRNA-derived
fragments (also known as tRFs) (Anderson and Ivanov, 2014)
(Figure 2). The tRNA halves or tiRNAs refer to the tsRNAs that
are half the size of tRNAs. The tRFs usually refer to even smaller
tsRNAs, which have a range of sizes based on their cleavage.

It is worth noting that “tRFs”, “tRNA halves”, and “tsRNAs”
were sometimes used interchangeably because the nomenclature
for them was not initially clear. For instance, some studies
referred to “tRNA halves” as “tRFs” (Ivanov et al., 2011; Li
et al., 2016; Sharma et al., 2016), while other studies referred to
“tsRNAs” as “tRFs” (Anderson and Ivanov, 2014; Liapi et al.,
2020). Therefore, we advise authors to scrutinize the literature
carefully when reading and/or citing them so as to obtain
extensive and precise information for each category of tsRNAs.

Transfer RNA Halves (tiRNAs)
The tRNA halves are generated by specific cleavage in or close to
the anticodon region, which leads to 30-50 nt long 5’ and 3’
tRNA halves (Anderson and Ivanov, 2014). A number of studies
showed that tRNA halves are expressed minimally in human cell
lines, but are induced during stress conditions including
oxidative stress (Thompson et al., 2008; Yamasaki et al., 2009),
nutritional deficiency (Fu et al., 2009), hypoxia (Fu et al., 2009),
heat shock (Fu et al., 2009; Yamasaki et al., 2009), UV irradiation
(Yamasaki et al., 2009), and viral infection (Wang et al., 2013).
Since tRNA halves are part of mature tRNAs, there is a question
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whether these tRNA halves are artificial degradation by-products
derived from tRNAs that have real functions in cells and tissues.
Multiple pieces of evidence have demonstrated the specificity of
tiRNA biogenesis, implying that they may actually possess
unique functions in the cell. First, several studies have shown
the level of tRNA halves do not always correlate with the levels of
their cognate mature tRNAs (Gebetsberger and Polacek, 2013;
Honda et al., 2015; Krishna et al., 2019). For instance, arsenite
stress induced Met-tRNA halves without affecting their parental
mature Met-tRNA levels (Yamasaki et al., 2009). Second, tRNA
halves were enriched in fetal mouse liver, while expressed at low
levels in the heart (Fu et al., 2009), which suggests that tRNA
halves have specific expression patterns in different tissues. In
addition, Gly-, Val-, Met-, and Arg- tRNA halves were
dramatically increased upon nutritional starvation, while Tyr-
tRNA halves were not induced (Fu et al., 2009); thereby,
reinforcing the idea of specific biogenesis of tRNA halves in
different conditions. In line with this work, a recent study
identified tRNA halves in mouse serum by RNA-Seq, and
revealed that Gly- and Val- tRNA halves together account for
~90% of circulating tRNA halves, whereas the majority of these
molecules are below detectable limits (Dhahbi et al., 2013).
Interestingly, 5’ tRNA halves were found to be much more
Frontiers in Pharmacology | www.frontiersin.org 461
enriched than 3’ tRNA halves in serum (Dhahbi et al., 2013),
which indicates a specific role for 5’ tRNA halves compared with
3’ tRNA halves in mouse serum (Dhahbi et al., 2013). However,
we would like to point out that we could not rule out the
possibility that 3’ tRNA halves may be underestimated. 3’-
tRNA halves were found to be charged with amino acids at
their 3’-end in cancer cells, which may prevent their detection in
small RNA sequencing or PCR amplification based methods
involving adaptor ligations (Honda et al., 2015). In addition,
some of the 3’-tRNA halves, such as 3’-His-tRNA halves, cannot
be detected by RACE due to the presence of guanine at their 5’
end, as that residue is often modified to 1-methyl-guanosine
(m1G), which inhibits reverse-transcription (Honda et al., 2015).
In summary, the expression levels of tRNA halves vary across
different conditions, tissues, species, and 5’ vs 3’ origins, and they
do not always correlate with their cognate mature tRNA
expression levels, which together demonstrate a specificity in
their biogenesis. Although individual tRNA halves have been
characterized in different cells or tissues, how genome wide
tRNA halves are expressed in various tissues and conditions
remains an open question.

tRNA halves are recognized to be generated by angiogenin
cleavage during stress (Fu et al., 2009; Yamasaki et al., 2009).
FIGURE 2 | The biogenesis and function of different tsRNAs derived from pre- and mature- tRNAs. The 5’ leader-exon tRFs and tRF-1s are generated from
cleavage of pre-tRNAs by TSEN and ELAC2, respectively. The 5’- and 3’- tRNA halves are generated by cleavage of mature tRNAs at the anticodon region by ANG.
tRF-2s contain anticodon stem and loop regions of mature tRNAs. The tRF-5 group includes tRF-5a, tRF-5b, and tRF-5c, which are generated by endonucleolytic
cleavage of mature tRNAs at D loop, D stem, and the stem regions between the D stem and anticodon loop, respectively. The tRF-3 group includes the tRF-3a and
tRF-3b subgroups, which are generated by endonucleolytic cleavage of mature tRNAs at different locations of their T arms. The i-tRFs are generated from internal
parts of tRNAs, whose 5’ termini start from the second or subsequent nucleotide of mature tRNAs. They are usually about 36 nts in size, and have various subtypes.
This figure only showed two examples of i-tRFs. The different tsRNAs contribute to a variety of molecular processes such as translational regulation, RNA silencing,
and retro-element regulation. They are also involved in tumor metastasis, apoptosis, cell proliferation, and differentiation.
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Angiogenin (ANG), also known as ribonuclease 5, is a secreted
ribonuclease that cleaves tRNAs into tRNA halves both in vitro
and in vivo (Fu et al., 2009; Yamasaki et al., 2009; Su et al., 2019).
Exogenous expression of ANG (Fu et al., 2009) or the
knockdown of an ANG inhibitor (RNH1) (Yamasaki et al.,
2009) promotes the generation of tRNA halves, while knock
down of ANG itself reduces the levels of stress-induced tRNA
halves (Yamasaki et al., 2009). After ANG cleaves tRNAs at the
anticodon region, it leaves 2’- 3’- cyclic phosphates at the 3’ ends
and hydroxyl groups at 5’ ends of tRNA halves (Yamasaki et al.,
2009). It is worth noting that since these 2’-3’-cyclic phosphates
may inhibit detection by small RNA sequencing or PCR
amplification based methods involving adaptor ligations, there
might be an underestimation of existing tRNA halves when
performing the above quantification methods. The 2’- 3’- cyclic
phosphates at the 3’ ends and hydroxyl groups at 5’ ends of tRNA
halves differentiate tRNA halves from other small RNAs cleaved
by Dicer or RNase III type enzymes, which usually have a 5’
phosphate rather than a 5’ hydroxyl group (Kumar et al., 2016).
Although ANG is a major contributor for tRNA halves, it is not
clear what other nucleases may also contribute to the generation
of tRNA halves. Additional research would provide a greater
understanding of the biogenesis of tRNA halves.

Transfer RNA-Derived Fragments (tRFs)
tRFs are even smaller fragments derived from mature tRNAs or
pre-tRNAs—usually 14–32 nt in length. Similar to tRNA halves,
various tRFs have distinct expression patterns in different tissues
(Kawaji et al., 2008), and there is no correlation between parental
tRNA levels and their derived tRF levels (Kim et al., 2017). In
addition, certain parental tRNAs only produce certain subtypes
of tRFs (Su et al., 2019). Even when derived from the same
parental tRNAs, some tRFs are differentially expressed (Li et al.,
2012; Kumar et al., 2014; Telonis et al., 2015b), which is referred
to as asymmetric processing of tRFs from mature tRNAs (Li
et al., 2012). For instance, a recent research study examined the
abundance of tRFs in transcriptomic data from 452 healthy
people and 311 breast cancer patients, and found that different
tRFs form the same parental tRNAs do not have correlated
abundance (Telonis et al., 2015b). In addition, it identified
specific genomic loci clusters that may be responsible for
generation of particular types of tRFs (Telonis et al., 2015b),
which suggests that the abundance of particular tRFs, at least
partially, depends on their genomic location. Collectively, these
studies indicate that tRFs are likely not random degradation by-
products of tRNAs, but seem to have their own specific
biogenesis and function independent of their parental tRNAs
in different biological conditions.

Depending on their cleavage sites and origin, tRFs can be
divided into several groups such as tRF-1s (also known as 3’U
tRFs), tRF-2s, tRF-3s (also known as 3’CCA tRFs), tRF-5s, i-tRFs
(Telonis et al., 2015b), and 5’ leader-exon tRFs (Gebetsberger
and Polacek, 2013; Goodarzi et al., 2015; Shen Y. et al., 2018).
The tRF-2s, tRF-3s, tRF-5s, and i-tRFs are derived from mature
tRNAs, whereas tRF-1s and 5’ leader-exon tRFs are generated
from pre-tRNAs (Shen Y. et al., 2018). As discussed above, a
mature tRNA forms a cloverleaf secondary structure. Cloverleaf-
Frontiers in Pharmacology | www.frontiersin.org 562
like tRNAs have four arms, which are designated as the acceptor
stem, dihydrouridine (D) stem-loop (D arm), anticodon stem-
loop, and TyC stem-loop (T arm) (Schimmel, 2018). tRF-2s are
a newly discovered type of tRF identified in breast cancer cells,
and they primarily contain anticodon stem and loop regions of
tRNAs (Goodarzi et al., 2015; Kumar et al., 2016). This type of
tRF is stress sensitive, and is significantly increased under
hypoxic conditions (Goodarzi et al., 2015). The tRF-3s and
tRF-5s are generated by endonucleolytic cleavage of mature
tRNAs at the T arm and D arm, respectively (Anderson and
Ivanov, 2014). A recent study sequenced tRFs in HEK293 cells
and divided tRF-5s to three subtypes: tRF-5a (~15 nt in size),
tRF-5b (~22 nt in size) and tRF-5c (~32 nt in size), which are
generated by endonucleolytic cleavage of mature tRNAs at D
loop, D stem, and the stem region between the D stem and
anticodon loop, respectively (Kumar et al., 2014). The tRF-5cs
may straddle the categories of tRF-5s and tRNA halves, as it is
known that ANG can cleave tRNAs before the anticodon region
which could potentially generate tRNA halves shorter than the
typical 35 nts (Honda et al., 2015; Shigematsu and Kirino, 2017).
The tRF-3s were classified into two sub-classes based on their
tRF sequencing in HEK293 cells: tRF-3a (~18 nt in size) and tRF-
3b (~22 nts in size), which are generated by endonucleolytic
cleavage of mature tRNAs at different areas of their T arms
(Kumar et al., 2014). It is worth noting that the subgroups of tRFs
are not strictly defined by length, as tRF size may vary in different
tissues or biological conditions. For example, additional tRF-5s
with lengths of 20, 26, 33, and 36 nts as well as tRF-3s with
lengths of 33 and 36 nts, were identified in a dataset from
lymphoblastoid cell lines (Telonis et al., 2015b). The i-tRFs
(internal fragments) were newly identified tRFs in breast
cancer samples and breast cancer cell lines (Telonis et al.,
2015b). This type of tRFs correspond to an internal part of
mature tRNAs, which means that they neither start from the
exact 5’ terminus (the first nucleotide of 5’ terminus) nor end at
the 3’ terminus (any base in 3’ terminal “CCA” sequence) of
mature tRNAs (Telonis et al., 2015b). Instead, the 5’ terminus of
i-tRFs starts from the second or subsequent nucleotide of mature
tRNAs, and they are usually about 36 nts in size (Telonis et al.,
2015b). This differentiates this type of tRFs from tRF-3s and
tRF-5s.

Aside from tRNA halves, small tRFs usually possess both a 5’-
phosphate and 3’-hydroxyl group (Haussecker et al., 2010). Since
Dicer recognizes the 5’-phosphate group of small RNAs (Park
et al., 2011), it was initially considered to be required for the
processing of tRF-3s and tRF-5s. However, there are studies that
indicate the existence of both Dicer-dependent and Dicer-
independent biogenesis of tRFs. Therefore, it remains
unknown if Dicer is indispensable for generation of tRFs or
whether it is required for some types of tRFs under certain
conditions. Some tRF-3s were detected by high-throughput
sequencing in wild-type mouse embryonic stem cells (mESCs),
but not in mESCs with a Dicer 1 deletion, which suggests that the
generation of tRF-3s requires Dicer 1 (Babiarz et al., 2008). In
line with this work, depletion of Dicer significantly reduced the
abundance of tRF-5s derived from Gln-tRNAs in HeLa cells
(Cole et al., 2009), which reinforces the importance of Dicer for
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the generation of tRFs. On the other hand, there are a number of
studies that show Dicer is dispensable for tRF biogenesis. For
instance, knockout of Dicer or DGCR8 (a microprocessor
complex subunit) did not exert any effect on tsRNA expression
in mESCs (Li et al., 2012). Consistently, mutation of DICER1/
DGCR8 did not decrease tRF expression in mouse ESCs (Kumar
et al., 2014). In addition, ANG, which has been identified as an
endonuclease contributing to the biogenesis of tRNA halves, was
found to contribute to the generation of tRFs (Li et al., 2012).
RNase A, RNase I, and RNase T1 were also found to be able to
cleave tRNAs to tRFs, and the tRFs derived from RNase T1
cleavage were different from the ones digested by ANG and
RNase A/I (Li et al., 2012).

tRF-1s derived from the 3’ end of pre-tRNAs contain a stretch
of U residues that are usually produced by RNA polymerase III
(Lee et al., 2009). Since the tRF-1s are generated from pre-
tRNAs, they would be assumed to reside in the nucleus; however,
tRF-1s can also be located in the cytoplasm (Lee et al., 2009;
Kumar et al., 2014). The tRF-1s were found to be cleaved by
ELAC2 in the cytoplasm, and tRF-1 expression levels are
regulated by ELAC2 in prostate cancer cell lines (Lee et al.,
2009). On the other hand, Dicer was found not to be a regulator
for tRF-1 in HEK293 cells (Haussecker et al., 2010). Another type
of tRFs derived from pre-tRNAs are the 5’ leader-exon tRFs,
which were discovered in mouse embryonic fibroblasts (MEFs)
with RNA sequencing (Hanada et al., 2013). This type of tRFs
contain a complete 5’ leader triphosphate group followed by the
5’ exon tRNA sequence, and their expression decreases upon
TSEN depletion (Figure 2) (Hanada et al., 2013). The 5’ leader-
exon tRFs are stress sensitive, as they were induced by H2O2, but
not ANG in MEFs (Hanada et al., 2013).
MOLECULAR AND BIOLOGICAL
FUNCTIONS OF tsRNAs

The tRNA halves and different tRFs have specific molecular
functions that allow them to play distinct roles in different
conditions. The tsRNAs regulate a variety of biological
processes including translation (Emara et al., 2010; Ivanov
et al., 2011) (Kim et al., 2017), RNA stability (Haussecker
et al., 2010; Kumar et al., 2014; Kuscu et al., 2018), retro-
element reverse transcription and post-transcription (Schorn
et al., 2017; Boskovic et al., 2020), apoptosis (Saikia et al.,
2014), cell proliferation and differentiation (Honda et al., 2015;
Krishna et al., 2019). These characteristics involve them in many
physiological and pathological conditions, including
development (Krishna et al., 2019), aging (Dhahbi et al., 2013),
neurodegenerative diseases (Hanada et al., 2013), cancer (Honda
et al., 2015), and cardiovascular diseases (Shen L. et al., 2018)
(Table 1) (Figure 2).

tRNA Halves (tiRNAs)
The most well-characterized function of tRNA halves is their
inhibitory effect on protein translation (Ivanov et al., 2011;
Sobala and Hutvagner, 2013; Krishna et al., 2019). Exogenous
Frontiers in Pharmacology | www.frontiersin.org 663
expression of 5’-tRNA halves but not 3’-tRNA halves have been
found to induce phospho-eIF2a independent assembly of stress
granules and inhibit protein translation in cultured U2OS cells
(Emara et al., 2010; Ivanov et al., 2011). In particular, the 5’-Ala
tRNA halves were found to bind with translation inhibitor YB-1,
and cooperate with YB-1 to displace eIF4G/A from uncapped
and capped mRNAs as well as dissociate eIF4F from the m7G
cap, which leads to repression of protein translation (Ivanov
et al., 2011).

Despite it being accepted that ANG induces tRNA halves vivo
(Fu et al., 2009; Yamasaki et al., 2009; Su et al., 2019), there are
many outstanding questions about the relationship between
stress, ANG, enriched tRNA halves, and translational arrest
that have yet to be answered. For instance, is ANG the only
stress-induced enzyme responsible for tRNA halves? Is there any
difference in the species of tRNA halves derived from different
sources of stress? Is YB-1 indispensable for the translational
inhibition by tRNA halves? A recent study showed that there are
both ANG-dependent and ANG-independent tRNA halves
induced by high concentration arsenite, which suggests that
ANG may be not the only RNase responsible for generation of
tRNA-halves under this particular stress condition (Su et al.,
2019). Moreover, high concentrations of arsenite resulted in
translational arrest in both wild-type and ANG depleted U2OS
cells, suggesting that ANG regulated translational repression
does not account for all of the translational control caused by
stress (Su et al., 2019). To comprehensively answer these
questions, more research needs to be done.

At cellular level, a variety of tRNA halves have been shown to
exert divergent functions such as cell apoptosis, proliferation,
and differentiation. ANG-induced tRNA halves were fund to
interact with cytochrome c (Cyt c) to protect cells from chronic
hyperosmotic stress-induced apoptosis (Saikia et al., 2014). Cyt c
is a peripheral protein located at the mitochondrial inner
membrane, where it functions to transport electrons between
complex III and complex IV of the respiratory chain (Garrido
et al., 2006). During apoptosis, the mitochondrial membrane is
permeabilized, allowing Cyt c to be released into the cytoplasm
(Reubold and Eschenburg, 2012). Cytosolic Cyt c binds apoptotic
protease activating factor 1 (Apaf-1) (Zou et al., 1999) to activate
caspase pathways, which leads to the morphological changes
observed in apoptosis (Zou et al., 1999; Wang, 2001). A recent
study detected 20 enriched tRNA halves in the Cyt c
ribonucleoprotein complex, and showed that ANG treatment
mitigated stress-induced apoptosis in primary neurons (Saikia
et al., 2014). As a result, it proposed that ANG-induced tRNA
halves bind to Cyt c and prevent it from activating caspases and
apoptosis (Saikia et al., 2014).

Sex hormone-dependent tRNA halves were found to be
enriched in estrogen receptor-positive breast cancer and
androgen receptor-positive prostate cancer, where they
enhanced cell proliferation (Honda et al., 2015). In addition,
stable tRNA halves were found to be in extracellular exosomes
and transferred between breast cancer cell cells (Gambaro et al.,
2019). Proliferative cancer cells are prone to migration, escaping
the immune response to form a metastatic niche that undergoes
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angiogenesis (Osaki and Okada, 2019). Therefore, tRNA halves
seemingly participate in both intracellular and extracellular
signal transduction in cancer.

Besides their role in cancer, tRNA halves also define the
cellular state of mESCs (Krishna et al., 2019). Sequencing of
small RNAs in mESCs under several differentiation regimens
revealed that tsRNAs such as 5’-Gln-, Glu-, Val-, and Gly-tRNA
halves were enriched in differentiated cells compared with
isogenic stem-like cells (Krishna et al., 2019). Transfection of
mimics of these 5’-tRNA halves inhibited pluripotency, whereas
blocking these 5’-tRNA halves using antisense oligonucleotides
enhanced cell pluripotency (Krishna et al., 2019). This study also
identified tsRNA associated proteins such as IGF2BP1, YBX1,
and RPL10 by pulldown assays flowed with mass spectrometry,
and showed that binding of 5’-tRNA halves with IGF2BP1
prevented it from binding to c-myc mRNA; thereby, facilitating
differentiation of mESCs (Krishna et al., 2019).

Transfer RNA Fragments
At molecular level, tRFs have been demonstrated to be involved
in regulating mRNA stability (Haussecker et al., 2010; Kumar
et al., 2014; Kuscu et al., 2018), translation (Kim et al., 2017), and
retro-element regulation (Boskovic et al., 2020). The tRF-5s and
tRF-3s were found to be associated with the human Argonaute
proteins AGO1, 3, and 4 by photoactivatable ribonucleoside-
enhanced crosslinking and immunoprecipitation (PAR-CLIP) in
HEK293 cells (Kumar et al., 2014), which raised the question of
whether tRFs are involved in gene silencing pathways like
miRNAs. miRNAs usually harbor 7–8 nucleotide long seeding
sequences at their 5’ end to base pair with the 3’UTR of mRNAs
(Bartel, 2009) at the same time nucleotide positions 8–13 interact
with AGO (Hafner et al., 2010; Kumar et al., 2014). Interestingly,
tRF-5s and tRF-3s were found to be associated with AGO in a
miRNA like pattern (i.e. tRF-3s interact with AGO at nucleotide
positions 8–12 and tRF-5s binds to AGO at nucleotide position 7
(Kumar et al., 2014). Additionally, thousands of RNAs were
found to interact with tRF-3s and tRF-5s via AGO1 by human
AGO1 cross-linking, ligation, and sequencing of hybrids
(CLASH) (Kumar et al., 2014).

A recent study revealed that tRF-3s regulate mRNA
expression via AGO-dependent and Dicer-independent
pathways (Kuscu et al., 2018). The tRF-3s were demonstrated
to be associated with Argonaute by immunoprecipitation
followed by northern blotting (Kuscu et al., 2018). Transfection
of tRF-3s decreased luciferase activity of mRNAs containing the
complementary sequence of tRF-3s (Kuscu et al., 2018). This
regulation of luciferase activity by tRF-3s was abolished by
depletion of Argonaute proteins but not Dicer (Kuscu et al.,
2018). In addition, the tRF-3s were also found to be associated
with GW182/TNRC6 proteins (Kuscu et al., 2018), which are
critical players in assisting mRNA degradation processes with
RNA-induced silencing complexes (RISCs) (Eulalio et al., 2009).
Collectively, these findings illustrated the mechanism by which
tRFs base-pair match with target RNAs, and slice RNAs by
associating with Argonaute and GW182/TNRC6 proteins
(Eulalio et al., 2009). Not only have tRFs been found to be
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loaded on Argonaute proteins, but also the loading itself is cell-
type-specific (Telonis et al., 2015b).

Apart from regulation of mRNA degradation, tRF-3s were
also determined to be able to influence proteomics by affecting
ribosomal biogenesis (Kim et al., 2017). The tRF-3s from
LeuCAG tRNAs were found to bind to ribosomal protein
mRNAs RPS28 and RPS15 by base-pairing (Kim et al., 2017).
Inhibition of LeuCAG tRF-3s resulted in reduced translation of
RPS28 and RPS15 mRNAs, which decreased abundance of 40S
ribosomal subunits and eventually led to cell apoptosis (Kim
et al., 2017). Furthermore, tRFs have also been shown to be
associated with RNA binding proteins to affect gene expression.
The tRF-2s derived from tRNA-Glu in breast cancer cells were
shown to harbor YBX1 binding motifs and able to bind YBX1
protein, thus displacing the 3’UTR of oncogenic transcripts from
YBX1 and suppressing the stability of oncogenic transcripts
(Goodarzi et al., 2015). Similarly, several tRFs from nuclear
tRNA-His, tRNA-Ala, and mitochondrial tRNA-Glu were
found to harbor HuR binding motifs in breast cancer datasets
(Telonis and Rigoutsos, 2018). Since HuR is involved in multiple
biological functions including alternative splicing (Zhu et al.,
2006; Izquierdo, 2008; Zhou et al., 2011; Akaike et al., 2014),
alternative polyadenylation (Zhu et al., 2007; Dai W. et al., 2012),
stabilizing mRNA transcripts (Fan and Steitz, 1998;
Peng et al., 1998; Wang et al., 2000a; Wang et al., 2000b;
Sengupta et al., 2003), destabilizing transcripts (Kim et al.,
2009; Chang et al., 2010; Cammas et al., 2014), and mediating
translation efficiency (Kullmann et al., 2002; Gorospe, 2003;
Mazan-Mamczarz et al., 2003; Glorian et al., 2011), it is
conceivable that tRFs may interact with HuR similar to YBX1.
The molecular functions of tRFs associated with RNA binding
proteins such as HuR remain to be fully understood. Besides
these effects on mRNA stability and translation, particular tRFs
were found to modulate histone expression and mediate reverse
transcriptional and post-transcriptional regulation of
endogenous retro-elements (Schorn et al., 2017; Boskovic et al.,
2020). The regulation of tRFs on retro-elements not only helped
to protect genome integrity, but could also regulate the
expression of protein-coding genes through these embedded
retro-elements in their introns and/or exons (Sharma et al.,
2016; Boskovic et al., 2020).

The multiple functions of tsRNAs in various pathways
demonstrates their critical role in biological processes such as
apoptosis, proliferation, and differentiation as well as (Lee et al.,
2009; Hanada et al., 2013; Kim et al., 2017) in pathological
TABLE 2 | Summary of transfer RNA-derived small RNAs (tsRNAs) expressed in
cardiac tissue.

tsRNA types Examples of tsRNA References

5’ tRNA halves 5’-Val-tRNA halves (Fu et al., 2009; Dhahbi et al., 2013)
5’ tRNA halves 5’-Gly-tRNA halves (Dhahbi et al., 2013; Dhahbi, 2015)
5’ leader-exon tRFs tRF-Tyr (Hanada et al., 2013)
tRF-3s tRF-Arg; tRF-Gln (Torres et al., 2019)
tRF-5s tRF-Gly; tRF-Cys (Torres et al., 2019)
tRF-5s tRF-Gly (Shen L. et al., 2018)
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conditions such as neurodegenerative diseases (Hanada et al.,
2013) and cancer (Goodarzi et al., 2015).
TRANSFER RNA-DERIVED SMALL RNAs
IN THE HEART

Investigation of the expression and function of tsRNAs in the
heart has just started, which opens up both opportunities and
challenges. Previous studies have shown the existence of tsRNAs
in the heart (Table 2). 5’ tRNA halves from Val- (Fu et al., 2009;
Dhahbi et al., 2013) and Gly-tRNAs (Dhahbi, 2015) (Dhahbi
et al., 2013) were detected in mouse hearts by northern blot
analysis. The 5’ leader-exon tRFs from Tyr-tRNAs are also
expressed in mouse hearts, and their levels were augmented
upon CLP1 deletion (Hanada et al., 2013). CLP1 is a component
of the mRNA 3’ end processing complex, and it has been found
to be associated with the TSEN complex and, potentially,
contributes to pre-tRNA splicing (Hanada et al., 2013).
Depletion of CLP1 led to accumulation of Tyr-5’ leader-exon
tRFs in multiple tissues including the cortex, spinal cord, heart,
and kidney, and eventually results in progressive motor neuron
loss (Hanada et al., 2013). Transgenic expression of CLP1 in
motor neurons can rescue impaired neuronal function in CLIP1
knockout mice (Hanada et al., 2013), but it remains elusive how
these Tyr- 5’ leader-exon tRFs in cardiac tissue may affect heart
function. Specific tRF-3s and tRF-5s were also detected human
heart tissues. For example, tRF-3s from Arg- and Gln-tRNA, as
well as tRF-5s from Gly- and Cys- tRNAs were detected in
human heart tissues (Torres et al., 2019).
ROLE OF TRANSFER RNA-DERIVED
SMALL RNAs IN CARDIAC
HYPERTROPHY

A very recent study identified tRF-5s enriched in isoproterenol
(ISO)-induced hypertrophic rat hearts by small RNA
transcriptome sequencing, and indicated that these tRF-5s may
contribute to intergenerational inheritance of cardiac
hypertrophy (Shen L. et al., 2018). These tRF-5s were
demonstrated to bind to the 3’UTR of the hypertrophic
regulator Timp3 mRNA to inhibit its expression, leading to
hypertrophy of cardiomyocytes (Shen L. et al., 2018).
Importantly, these tRFs were found enriched in sperm from
ISO-induced hypertrophic mice compared to healthy male mice
(Shen L. et al., 2018). In addition, the F1 offspring derived from
ISO-treated mice exhibited increased cardiac muscle fiber
breakage, hypertrophic marker gene expression, cell apoptosis,
and fibrosis in their hearts when compared to the F1 from
healthy controls (Shen L. et al., 2018). Therefore, the study
raised a very intriguing question of whether tsRNAs induced
by cardiac hypertrophy could be inherited by the next generation
and lead to pathogenesis. In fact, there are several lines of
evidence consistently indicating that tsRNAs are enriched in
sperm (Chen et al., 2016; Sharma et al., 2016; Natt et al., 2019;
Frontiers in Pharmacology | www.frontiersin.org 966
Sarker et al., 2019; Zhang et al., 2019). Some studies
demonstrated the intergenerational inheritance of tsRNAs by
injecting tsRNAs from the sperm of males fed a high fat diet into
normal zygotes, and showed the offspring had altered expression
of metabolic pathway components in addition to developing a
metabolic disorder (Chen et al., 2016; Sarker et al., 2019).
Therefore, it would be interesting to investigate more
thoroughly whether tsRNAs-induced cardiac hypertrophy
could also be inherited, which may identify novel
therapeutic targets.

At the molecular level, the tRF-5s may not be the only
functional tsRNAs involved in cardiac hypertrophy. Deep
small RNA sequencing with advanced bioinformatic tools
could help to identify or verify extensive tsRNAs in cardiac
hypertrophy. High-throughput sequencing combined with
immunoprecipitation (i.e. RNA immunoprecipitation (RIP)-
seq) could be employed to detect Argonaute protein associated
tsRNAs involved in cardiac hypertrophy. It would be also
important to test whether neutralization of tsRNAs by
antisense oligonucleotides could rescue the heart from fibrosis
and the hypertrophic response. Moreover, because tRF-5s can
inhibit retro-element transcription and regulate Cajal body
biogenesis (Boskovic et al., 2020), it would be interesting to
test whether these functions are all or partly associated with tRF-
5-mediated cardiac hypertrophy. Furthermore, upon having
defined specific tsRNAs involved in cardiac hypertrophy, the
mRNA networks which are associated with tsRNAs in cardiac
hypertrophy could be explored by pulling down mRNAs in
hypertrophic hearts with in vitro transcribed tsRNAs that are
labeled with digoxigenin or biotin. Alternatively, CLASH-seq
experiments could be employed to directly crosslink endogenous
tsRNA-mRNA hybrids in hypertrophic hearts for detection. On
the other hand, tsRNA-associated protein networks could be
determined through tsRNA pull down assays followed by mass-
spectrometry or western blotting. It is anticipated that
identification of cardiac hypertrophy associated tsRNAs and
further defining their function in the heart will shed light onto
novel therapeutic targets and approaches to treat cardiac disease.
ROLE OF TRANSFER RNA-DERIVED
SMALL RNA INDUCERS AND
REGULATORS IN CARDIAC
HYPERTROPHY

While increasing evidence supports the direct involvement of
tsRNAs in the heart, we may also learn how tsRNA biogenesis-
related “inducers” and “regulators” participate in governing
cardiac function and hypertrophy. The inducers and regulators
mentioned here refer to currently known factors that control
expression of tsRNAs.

Oxidative Stress in Cardiac Hypertrophy
Cardiac cells undergo pathological hypertrophy in response to
mechanical stress. Although it is an adaptive process to increase
contractility (i.e. compensated hypertrophy), it eventually leads
September 2020 | Volume 11 | Article 572941
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to a high risk for heart failure through pathological remodeling
(i.e. decompensated hypertrophy) (Frey and Olson, 2003; Diwan
and Dorn, 2007; Nakamura and Sadoshima, 2018). Oxidative
stress is an important inducer of this response (Takimoto and
Kass, 2007; Maulik and Kumar, 2012). It occurs when excessive
reactive oxygen species (ROS) are produced that cannot be offset
by the intrinsic antioxidant defenses (Takimoto and Kass, 2007).
ROS include superoxide and hydroxyl radicals as well as
hydrogen peroxide (Takimoto and Kass, 2007). Because these
molecules are inducers of tRNA halves (Thompson et al., 2008;
Yamasaki et al., 2009) it would be interesting to study their role
in oxidative stress-induced cardiac hypertrophy. Specifically,
ROS induces mitochondrial DNA mutations, damages
mitochondrial membrane permeability, as well as the
respiratory chain and anti-oxidant defenses (Guo et al., 2013),
which can further trigger cell apoptosis through mitochondrial
stress and downstream signaling pathways (Chen et al., 2018).
Mitochondrial dynamics and metabolism have been found to
play a pivotal role in regulating differentiation of stem cells to
cardiomyocytes (Chung et al., 2007; Porter et al., 2011);
maintaining cardiomyocyte function (Piquereau et al., 2013;
Eisner et al., 2017; Zhao et al., 2019), and mediating
hypertrophy of cardiomyocytes (Rosca et al., 2013; Pennanen
et al., 2014). The intrinsic links between ROS, mitochondria
biology, and cardiac hypertrophy/cardiac function makes it an
intriguing area to explore how tsRNAs might be functionally
involved in any of these processes. Although not much research
has been done, there are several lines of evidence indicating the
existence of mitochondrial-derived tsRNAs in humans (Telonis
et al., 2015b; Natt et al., 2019). Moreover, mitochondrial-derived
tsRNAs were found to be enriched in sperms from people eating
a high-sugar diet for a week compared to sperms from the same
people eating a normal diet (Natt et al., 2019). These findings
imply a potentially significant role for mitochondrial tsRNAs in
intergenerational inheritance. As mentioned above, cardiac
hypertrophy has been shown to affect offspring through sperm
tsRNAs, it would therefore be extremely interesting to unveil the
potential role of mitochondrial tsRNAs in cardiac function, and
decipher whether these small ncRNAs could lead to
intergenerational inheritance of cardiac hypertrophy. On the
other hand, a very recent study showed that a paternal low-
protein diet promoted ROS production in the testicular germ
cells, which led to ATF7 activation and further reduced
H3K9me2 expression (Abel and Doenst, 2011; Zhang and
Chen, 2020). The altered epigenetic status affected tsRNA
biogenesis and their expression profile in the spermatozoa,
which resulted in intergenerational effects (Abel and Doenst,
2011; Zhang and Chen, 2020). This not only reinforced the
tsRNA function in intergenerational inheritance but also
revealed the link between oxidative stress, tsRNA generation,
and epigenetic regulation. These studies also raised questions
about whether oxidative stress-induced cardiac hypertrophy
could transmit intergenerationally, and if so, whether ATF7
and/or epigenetic alterations could be considered as therapeutic
targets for inherited cardiac hypertrophy.
Frontiers in Pharmacology | www.frontiersin.org 1067
Aging and Caloric Intake in
Cardiac Hypertrophy
Aging and excessive caloric intake are highly associated with
cardiac hypertrophy (Dong et al., 2007; Dai D. F. et al., 2012;
Chiao and Rabinovitch, 2015; Wang et al., 2015). Elevated ROS
released by mitochondria has been proposed to be the primary
driving force of aging and a major determinant of lifespan
(Harman, 1972; Miquel et al., 1980; Dai et al., 2014). Consistent
with this, ROS production by mitochondria, as well as disrupted
mitochondrial function, have been shown in the aging brain,
heart, and skeletal muscle tissues (Sawada and Carlson, 1987;
Capel et al., 2005; Retta et al., 2012; Tocchi et al., 2015; Lesnefsky
et al., 2016; Boengler et al., 2017; Grimm and Eckert, 2017). Aging
intertwines with ROS related mitochondrial DNA mutation,
respiratory chain deterioration, and mitochondrial metabolism
impairment (Fleming et al., 1982; Wallace, 1992). The disrupted
mitochondrial function along with aging increases production of
ROS, which, in turn (as introduced above), could affect
mitochondria by damaging mitochondrial DNA and causing
functional deterioration, which is referred to as the “vicious
cycle” concept (Alexeyev et al., 2004; Dai et al., 2014).
Therefore, age-related cardiac hypertrophy is a complex
syndrome from a mitochondrial function and oxidative stress
perspective. On the other hand, 3’-tRFs and 5’-tRFs were detected
in rat brain, and the 3’-tRFs were found to be increased with rat
age (Karaiskos and Grigoriev, 2016). Thus it is conceivable that
tsRNAs might be enriched in aging hearts, and age-related
hypertrophic hearts. Moreover, there is also an interesting link
between calorie restriction and aging retardation as well as
cardiac functional improvement. A number of studies suggest
that caloric restriction can prevent or reduce cardiac hypertrophy,
improve cardiac function, and even retard aging (Yu, 1994;
Cruzen and Colman, 2009; Dolinsky et al., 2010; de Lucia et al.,
2018; An et al., 2020). Although the mechanisms are still unclear,
there is evidence showed that aging and caloric restriction can
modulate specific 5’ tRNA halves (Dhahbi et al., 2013). Val- and
Gly-5’-tRNA halves were found to be enriched in aged mouse
serum when compared to young mice and that caloric restriction
mitigated these differences (Dhahbi et al., 2013). In addition, as
introduced above, several studies have shown that high sugar or
high fat diets affect mitochondrial and other tsRNA expression
profiles in sperm (Chen et al., 2016; Natt et al., 2019; Sarker et al.,
2019). So, it would be interesting to determine the role of tsRNAs
in the dynamics of aging, oxidative stress, and metabolism during
development of cardiac hypertrophy.
ANG in Cardiac Hypertrophy and
Heart Failure
ANG is a major inducer of tRNA halves (Thompson et al., 2008;
Fu et al., 2009; Yamasaki et al., 2009; Su et al., 2019), and several
studies suggest ANG is involved in cardiac hypertrophy and
heart failure (Patel et al., 2008; Jiang et al., 2014; Yu et al., 2018;
Oldfield et al., 2020). ANG not only functions as an RNase, but is
also a potent stimulus for angiogenesis (Tello-Montoliu et al.,
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2006). Pro-angiogenic factors such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor, and
ANG, are involved in the development of cardiac hypertrophy
(Oldfield et al., 2020). Cardiomyocytes secret pro-angiogenic
molecules to support vascular growth to increase blood flow in
the hypertrophic heart (Oldfield et al., 2020). Interestingly, ANG
has been proposed to be a biomarker for left ventricular systolic
dysfunction and heart failure (Patel et al., 2009; Jiang et al., 2014;
Yu et al., 2018). A clinical study collected serum from 16 patients
with heart failure with preserved ejection fraction (HFpEF) and
16 healthy individuals, and found that ANG differed the most
among 507 proteins between the two groups (Jiang et al., 2014).
Particularly, the average serum ANG level was 374 ng/ml (%95
CI 348–400 ng/ml) in healthy controls and 477 ng/ml (95% CI
438–515 ng/ml) in HFpEF patients (P<0.001) (Jiang et al., 2014).
A follow-up study were performed in 203 patients with coronary
heart failure (CHF), 413 coronary heart disease patients without
chronic heart failure (also called CHD disease controls), and 53
healthy controls to explore the potential utility of ANG as a
biomarker (Yu et al., 2018). The CHF group were further
subgrouped into heart failure with reduced ejection fraction
(HFrEF) and heart failure with preserved ejection fraction
(HFpEF). It was found that the CHF group had higher ANG
plasma levels compared with either healthy controls or CHD
disease controls. The HFrEF patients had higher ANG plasma
levels compared with HFpEF patients or CHD disease
control patients.

Besides cardiac hypertrophy and heart failure, ANG has been
linked to other diseases such as diabetes (Altara et al., 2018) and
hypertension (Marek-Trzonkowska et al., 2015). Therefore, it is
likely that dysregulation of ANG in cardiac hypertrophy, heart
failure, and other cardiovascular diseases may lead to tsRNA
dysregulation in the heart, and it is worth further investigating
the potential biological function of ANG-induced tsRNAs in
these instances.

ELAC2 in Cardiac Hypertrophy
Cytosolic ELAC2 contributes to the generation of tRF-1 (Lee
et al., 2009), while mitochondrial ELAC2 is responsible for mt-
tRNA processing (Brzezniak et al., 2011; Siira et al., 2018). A few
studies suggest that ELAC2 is implicated in mitochondrial
disorders and cardiac hypertrophy (Haack et al., 2013; Siira
et al., 2018). Cardiac-specific ELAC2 deletion in mice leads to
reduced mitochondrial protein synthesis, OXPHOS biogenesis,
mitochondrial oxygen consumption, and disruption of
regulatory non-coding RNAs (Siira et al., 2018). The combined
disruptive effects causes early-onset dilated cardiomyopathy and
premature death by 4 weeks (Siira et al., 2018). Furthermore,
mutations in the human ELAC2 gene is associated with mt-tRNA
processing defects associated with cardiac hypertrophy (Haack
et al., 2013). Unfortunately, the underling mechanisms remain
unclear and the role of mitochondria in cardiac hypertrophy and
heart failure is dynamic and complicated.

During the development of cardiac hypertrophy, mitochondria
compensate by increasing oxidative phosphorylation and ATP
synthesis (Rabinowitz and Zak, 1975); however, this can result in
mitochondrial dysfunction (Zhou and Tian, 2018). This
Frontiers in Pharmacology | www.frontiersin.org 1168
complication can disrupt the electron transport chain and APT
production, as well as affecting the modification of proteins,
calcium homeostasis, and inflammation, which are important
contributors to cardiac hypertrophy and heart failure (Abel and
Doenst, 2011; Rosca et al., 2013; Zhou and Tian, 2018).
Consequently, it would be interesting to determine the
following: 1) ELAC2 function in mitochondria during
compensation and decompensation, 2) ELAC2 levels in
hypertrophic hearts, and 3) the functional role of these tsRNAs
in cardiac hypertrophy.

Hypoxia in Cardiac Hypertrophy
Though hypoxia can generate tRNA halves (Fu et al., 2009), it is
also associated with cardiac hypertrophy due to increases in
oxygen consumption and reductions in the blood supply to the
enlarged heart (Kumar et al., 2018). Sustained hypoxia leads to
reprogramming of gene expression and metabolism, which
further aggravate decompensated cardiac hypertrophy and,
ultimately, lead to heart failure (Giordano, 2005; Chu et al.,
2012; Mirtschink and Krek, 2016). So, it is not surprising that an
ischemic injury causes up-regulation of Val-and Gly-tRNA
derived tRF-5s in the rat brain as determined using deep
sequencing (Li et al., 2016). Consistent with this observation,
these tRF-5s were also enriched in a hind limb ischemia model
and in hypoxic endothelial cells (Li et al., 2016). Moreover,
exogenously expressed Val- and Gly-tRF-5s repress cell
proliferation, migration, and tube formation in hypoxic
endothelial cells (Li et al., 2016). Coincidently, tsRNAs from
Val- (Fu et al., 2009) (Dhahbi et al., 2013) and Gly-tRNAs
(Dhahbi, 2015) (Dhahbi et al., 2013) were documented to be
detectable in mouse hearts by northern blot. Therefore, it would
be worthwhile to test whether these tsRNAs are regulated by
hypoxia during cardiac hypertrophy.
CONCLUSION AND PERSPECTIVES OF
TRANSFER RNA-DERIVED SMALL RNAs
IN CARDIOVASCULAR BIOLOGY
AND MEDICINE

The tsRNAs are newly-identified sncRNAs derived from
endonucleolytic cleavage of pre-tRNAs or mature tRNAs.
Based on differences in cleavage sites and the size of cleavage
products, tsRNAs are divided into tRNA halves and tRFs. tRNA
halves can regulate stress granule assembly and protein
translation (Emara et al., 2010; Ivanov et al., 2011), and affect
cell apoptosis (Saikia et al., 2014), proliferation (Honda et al.,
2015) and differentiation (Krishna et al., 2019). tRFs are also
involved in mRNA stability regulation (Haussecker et al., 2010;
Kumar et al., 2014; Kuscu et al., 2018), translation regulation
(Kim et al., 2017), and retro-element transcriptional regulation
(Boskovic et al., 2020). These tsRNAs play important roles in
physiological and pathological conditions such as development
(Krishna et al. , 2019), aging (Dhahbi et al. , 2013),
neurogenerative diseases (Hanada et al., 2013), cancer (Honda
et al., 2015), and cardiovascular diseases (Shen L. et al., 2018).
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As tsRNAs are relatively new, limited studies have been
performed on their role in cardiac function. However, several
studies suggest that tsRNAs exist in cardiac tissues (Fu et al.,
2009; Dhahbi et al., 2013; Dhahbi, 2015). There is also a study
that shows tsRNAs are implicated in the inheritance of cardiac
hypertrophy (Shen L. et al., 2018). Furthermore, there appears to
be a relationship between cardiac hypertrophy and tsRNA
inducers or regulators such as oxidative stress (Takimoto and
Kass, 2007; Maulik and Kumar, 2012), hypoxia (Kumar et al.,
2018) (Giordano, 2005; Chu et al., 2012; Mirtschink and Krek,
2016), ANG (Patel et al., 2009; Jiang et al., 2014; Yu et al., 2018),
ELAC2 (Haack et al., 2013; Siira et al., 2018), aging, and caloric
intake, (Dong et al., 2007; Dai D. F. et al., 2012; Chiao and
Rabinovitch, 2015; Wang et al., 2015), which indicates an
important role for tsRNAs in cardiac hypertrophy.

Therefore, there are a number of research opportunities to
examine the role of tsRNAs in cardiac hypertrophy and other
cardiac diseases. While it is not clear how global tsRNAs are
changed during the development of cardiac hypertrophy,
although tRF-5s were identified in ISO-induced hypertrophy
(Shen L. et al., 2018). Whether other inducers modulate tsRNA
in different cardiac hypertrophy models remains unknown. If
this happens to be the case, it would be interesting to see if
different hypertrophy inducers generate different tsRNAs and
understand their biological function. As we discussed, cardiac
Frontiers in Pharmacology | www.frontiersin.org 1269
hypertrophy can be categorized into compensation and
decompensation stages (Frey and Olson, 2003; Diwan and
Dorn, 2007; Nakamura and Sadoshima, 2018). Dissecting the
role of tsRNAs in these stages may provide new perspectives or
therapeutic targets. Since there is very limited research that has
investigated the role mitochondrial tsRNAs, most of the
molecular and biological functions of tsRNAs described here
are cytoplasmic tsRNAs generated from nuclear-encoded tRNAs.
So, mitochondrial-encoded tRNAs (Suzuki et al., 2011) and those
that can shuttle between the cytoplasm and mitochondria (Rubio
et al., 2008; Mercer et al., 2011) represent an opportunity for
further investigation.

Several lines of evidence demonstrate that mitochondrial
tsRNAs differ from nuclear tsRNAs in terms of their sequence
and size (Hirose et al., 2015; Telonis et al., 2015b; Loher et al.,
2017). Mitochondrial tsRNAs may also contribute to miRNA
biogenesis in these organelles (Venkatesh et al., 2017). As
mitochondria are heavily involved in hypertrophic responses
(Ballinger, 2005; Abel and Doenst, 2011; Rosca et al., 2013) and
mt-tRNA mutations are associated with cardiovascular disease
(Jia, Wang et al., 2013; Scheibye-Knudsen et al., 2015), there is a
pressing need to uncover the role of tsRNAs in the heart. Lastly,
tRNAs (especially mt-tRNAs) undergo extensive post-
transcriptional regulation that may affect their function
(Suzuki and Suzuki, 2014; Lyons et al., 2018; Richter et al.,
FIGURE 3 | Function of nuclear and mitochondrial tsRNAs in cardiac hypertrophy. Pathological stress (e.g. oxidative stress) leads to the development of cardiac
hypertrophy. Emerging evidence indicates that the disruption of mitochondrial tsRNAs plays a role in this process. Consequently, it would be interesting to investigate
the following questions: 1) Whether nuclear-tsRNAs or mt-tsRNAs are induced or dysregulated during cardiac hypertrophy, 2) Whether any of these tsRNAs exert
molecular functions such as the regulation of retro-element transcription, RNAi silencing, and translation, or cellular functions such as cell proliferation, differentiation,
and apoptosis, and 3) Whether nuclear-tsRNAs and mt-tsRNAs shuttle between the nucleus and mitochondria, and if their function in different organelles affects
cardiac hypertrophy (Created with BioRender.com).
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2018). For instance, cytosin-C5 tRNA methylation by DNMT2
and NSUN2 promoted tRNA stability (Tuorto et al., 2012).
Deletion of DNMT2 caused upregulation of tsRNA-Gly in
mouse sperm (Zhang et al., 2018), whereas loss of NSUN2
promoted tsRNA generation in tumors (Blanco et al., 2016).
PUS7 is a pseudouridylation epigenetic “writer” of tRNAs, the
deletion of which leads to altered expression of tsRNAs in
embryonic stem cells, which further impairs tRF-mediated
translation regulation and results in defective germ layer
specification (Guzzi et al., 2018). Understanding these
modifications may provide insights into tsRNA biology and
their role in cardiac disorders and diseases (Figure 3).

tsRNAs have also been linked to the gene translational program
in embryonic stem cells (Blanco et al., 2016; Krishna et al., 2019),
thus it would be interesting to define the role of tsRNAs in cardiac
development as well as differentiation of stem cells into mature
cardiomyocytes. In addition, retro-elements are highly expressed in
stem cells (Boroviak et al., 2018), whose regulation helps to
determine cell differentiation and development (Schoorlemmer
et al., 2014; Robbez-Masson and Rowe, 2015). As introduced
above, tsRNAs are implicated in the regulation of retro-element
expression (Schorn et al., 2017; Boskovic et al., 2020); therefore, it
would be interesting to decipher whether tsRNAs are implicated in
Frontiers in Pharmacology | www.frontiersin.org 1370
determining these developmental stages by regulating retro-
element expression.
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Hypertrophic cardiomyopathy (HCM) is the most common inherited disease, with a prevalence
of 1:200 worldwide. The cause of HCM usually presents with an autosomal dominant mutation
in the genes encoding one of more than 20 sarcomeric proteins, incomplete penetrance, and
variable expressivity. HCM classically manifests as an unexplained thickness of the
interventricular septum (IVS) and left ventricular (LV) walls, with or without the obstruction of
the LV outflow tract (LVOT), and variable cardiac arrhythmias. Here, we present a rare case of
mixed cardiomyopathy (cardiac hypertrophy and dilation) and erythrocytosis in a young patient.
A 27-year-old man was admitted to the clinic due to biventricular heart failure (HF) NYHA class
III. Personal medical records included a diagnosis of dilated cardiomyopathy (DCM) since the
age of 4 years and were, at the time, considered an outcome of myocarditis. Severe respiratory
infection led to circulatory decompensation and acute femoral thrombosis. The combination of
non-obstructive LV hypertrophy (LV walls up to 15 mm), LV dilatation, decreased contractility
(LV EF 24%), and LV apical thrombosis were seen. Cardiac MRI showed a complex pattern of
late gadolinium enhancement (LGE). Endomyocardial biopsy (EMB) revealed primary
cardiomyopathy with intravascular coagulation and an inflammatory response. No viral
genome was detected in the plasma or EMB samples. Whole exome sequencing (WES)
revealed a homozygous in-frame deletion p.2711_2737del in theMyBPC3 gene. The clinically
unaffectedmother was a heterozygous carrier of this deletion, and the father was unavailable for
clinical and genetic testing. Essential erythrocytosis remains unexplained. No significant
improvement was achieved by conventional treatment, including prednisolone 40 mg
therapy. ICD was implanted due to sustained VT and high risk of SCD. Orthotopic heart
transplantation (HTx) was considered optimal. Early manifestation combined hypertrophic and
dilated phenotype, and progression may reflect a complex genotype with more than one
pathogenic allele and/or a combination of genetic diseases in one patient.

Keywords: hypertrophic cardiomyopathy, dilated cardiomyopathy, MyBPC3 gene, heart failure progression,
bi-allelic mutations, myocarditis, endomyocardial biopsy
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INTRODUCTION

Primary myocardial diseases are one of the most difficult to
diagnose and treat in cardiology. The most common inherited
disease of the myocardium is hypertrophic cardiomyopathy
(HCM), with an overall prevalence of approximately 1:200
worldwide (Maron et al., 2018). The disease is characterized by
cardiac hypertrophy unexplained by pressure or volume
overload, non-dilated left ventricle, and preserved or increased
ejection fraction (Marian and Braunwald, 2017). HCM classically
manifests as an unexplained thickness of the interventricular
septum (IVS) and left ventricular (LV) walls with or without
obstruction of the left ventricular outflow tract (LVOT), and
variable arrhythmias (Marian and Braunwald, 2017). The cause
of HCM is usually an autosomal dominant mutation in the genes
encoding one of more than 20 sarcomeric proteins, incomplete
penetrance, and variable expressivity (Kuusisto, 2020). The most
common findings are causative variants of the MYH7 and
MyBPC3 genes (Marian and Braunwald, 2017; Maron et al.,
2018; Kuusisto, 2020). Generally, 5% to 7% of HCM index cases
have two or more presumably damaging variants in the genes of
interest; such patients have earlier manifestations, more
pronounced cardiac hypertrophy, higher risk of sudden cardiac
death, and increased risk of heart failure (Wang et al., 2014;
Marian and Braunwald, 2017).

Multi-systemic disorders, which can mimic “sarcomeric”
HCM and progress to heart failure, account for up to 40% of
all unexplained myocardial hypertrophy (Authors/Task Force
members et al., 2014). These phenocopies have rather different
genetic origins, molecular pathogenesis, and natural course of
disease. Precise etiological diagnosis is significant because the
short-term and long-term prognosis may widely differ, and
some of these phenocopies have gene-specific targets available
for therapy (Fabry disease, TTR-amyloidosis, etc.). Various
epigenetic factors and mechanisms may also significantly
modulate the clinical course of the disease and prognosis; an
important factor being inflammation. The driving role of
inflammation is widely discussed in dilated cardiomyopathy,
but there are few studies discussing the role of myocarditis in the
progression and de-compensation in patients with HCM
(Frustaci et al., 2007). We suggest that myocarditis should
always be taken into consideration in cases of unexplained
deterioration of cardiomyopathy. The mixed phenotype of
cardiomyopathy makes the search for more than one cause,
especially relevant.

Here, we present a case of progressive mixed hypertrophic
and dilated cardiomyopathy in a young patient with a rare
genetic cause: bi-allelic mutations in the MyBPC3 gene.
CASE DESCRIPTION

A 27-year-old man was admitted to the cardiology department
with symptoms of biventricular heart failure (NYHA class III),
excessive sweating, and pain in the postoperative wound area at
the site of thrombectomy 6 months prior to hospitalization.
Frontiers in Pharmacology | www.frontiersin.org 277
His family history was unremarkable. Parents were not
consanguineous. The father died at the age of 35, in a
traumatic accident, and to the best of the patient’s knowledge,
had no cardiac complaints. At the time of the first
hospitalization, the mother was 56 years old and had no
complaints. The proband had a sister who died at 15 days of
age due to a congenital heart disease (transposition of the great
arteries). No other relative was diagnosed with cardiomyopathy
of other cardiac disease before 50 years of age. External risk
factors: smoking average of three cigarettes/day for 7 years. No
alcohol abuse or other toxic factors were mentioned.

Personal medical history with main milestones and
medications taken (when possible) was reconstructed from the
available medical records (Figure 1).

The patient had an average height (174 cm) and weight of
79 kg for his age, BMI 26.1 kg/m2, and normal arterial blood
pressure (120/80 mmHg). Edema of the leg and slight serous
discharge from the wound in the right groin area were found on
the initial physical examination.
DIAGNOSTIC ASSESSMENT

Headings Instrumental Investigations
(ECG, EchoCG, Cardiac CT, and MRI With
Gadolinium Enhancement)
Resting ECG showed HR 98 bpm, sinus tachycardia, signs of
hypertrophy of both atria and ventricles, and low R waves in
standard leads (Figure 2). Holter 24-h ECG monitoring revealed
289 PVBs of two morphologies and two episodes of non-
sustained ventricular tachycardia of 4–7 beats 104–227 bpm.
Echocardiography had shown (Figure 3) enlarged LA (110 ml)
and RA (69 ml), dilated LV (end-diastolic diameter 6.4 cm, end-
diastolic volume 236 ml, end-systolic volume 192 ml) with
decreased contractility (LV EF 20%), and an enlarged RV
(end-diastolic diameter 3.1 cm). LV diastolic function was
significantly impaired (E, 35 cm/s; A, 23 cm/s; E/A, 1.5; DecT,
70 ms; Emed, 2.2 cm/s; E/Emed 15.8, 5 cm/s). Diffuse cardiac
hypertrophy was revealed (IVS 14–16 mm, LV posterior wall
15–16 mm, RV walls 7–11 mm), with LV myocardial mass at
554.84 g. In the region of the apex, a fixed parietal thrombus was
detected. Mild mitral, tricuspid, and pulmonary regurgitation
were noted. The systolic pressure in the pulmonary artery was
36 mmHg.

Cardiac CT revealed dilation of the LV chamber (69 mm)
with a parietal clot spreading from the middle segment of the
anterior wall to the apex (5 mm × 19 mm × 90 mm), and LV
myocardial hypertrophy (up to 16 mm). In the delayed phase of
LV myocardial contrast, it was diffusely heterogeneous. No
definite late contrast enhancement or significant coronary
stenosis was detected.

On cardiac MRI, the LV was spherical and severely dilated
(EDD 71 mm, EDV 120 ml/m2) (Supplementary Figure 1). The
wall thickness of the LV was 14 mm. Increased trabeculation of
the LV was found but did not meet the criteria of the LVNC. A
decrease in LV contractility with LV EF of 21% was confirmed.
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Several LGE sites were identified: transmural along the lower
wall, subendocardial (up to 60%) in the apex of LV and apical
segment of the anterior septum, and extended intra-ventricular
LGE (“strip”) in the middle and apical segments of the septum.
The apex of the LV was lined with a flat linear thrombus of
3.5 mm across it.

Laboratory Blood Tests
Initial blood tests revealed erythrocytosis (RBC, 6.85 mcL) and
high white blood cell count (WBC, 27.8 × 10U3/ul). Platelet
count was normal. Clinical chemistry showed a high hemoglobin
level (193 g/L), increased hematocrit (65.8%), elevated
erythropoietin (81.3 U/ml), slightly elevated creatinine (119.5
mmol/L), fibrinogen 4.67 g/L, and INR 5.85.

High levels of anti-heart antibodies against cardiomyocytes’
nuclear antigens, endothelial antigens, cardiomyocyte antigens,
conduction system fibers, and smooth muscle antigens were
detected. No viral genome was detected by virus-specific PCR
in the blood.
Frontiers in Pharmacology | www.frontiersin.org 378
Endomyocardial and Bone Marrow Biopsy
A right ventricular endomyocardial biopsy was performed to
verify the diagnosis of myocarditis. A combination of
pathologically altered cardiomyocytes, productive vasculitis with
thrombosis of individual vessels, and small perivascular
lymphocytic-macrophage infiltrates (less than 14 cells) was
detected (Figure 4). Morphological changes were specific for
primary cardiomyopathies in combination with disseminated
intravascular coagulation and secondary inflammatory reactions.
The genomes of herpes virus, adenovirus, and parvovirus B19
were not detected by PCR in the myocardial biopsy sample.

A bone marrow trepanobiopsy was performed to clarify the
origin of erythrocytosis, but no evidence of myeloproliferative
disease was found.

Genetic Analysis
Whole exome sequencing (WES) for the proband’s DNA was
performed using a TruSeq Exome library preparation kit (IDT-
Illumina) followed by next-generation sequencing on an Illumina
FIGURE 1 | The main milestones of the proband’s medical history. Reconstructed by the patient’s reports and medical records.
FIGURE 2 | Resting ECG. HR 98 bpm, sinus tachycardia, signs of hypertrophy of both atria and ventricles, and decreased votage of the R waves in standard leads.
September 2020 | Volume 11 | Article 579450

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Blagova et al. Homozygous MyBPC3-Mutation Causes Mixed Cardiomyopathy
FIGURE 3 | Eсhocardiography. On the left—a severe decrease in left ventricular EF (at this measurement of 9%); in the center—a lining clot in the apex of the left
ventricle with dimensions of 4 mm × 18 mm; on the right—hypertrophy of the left ventricular wall to 15–16 mm.
FIGURE 4 | The endomyocardial biopsy of the right ventricle (10–50 micron scale). Hematoxylin eosin staining showed: the endocardium is thin. Cardiomyocytes
with foci of enlightenment in the perinuclear zone, disarray, with homogenization of the cytoplasm. In individual cardiomyocytes, there are foci of myolysis with the
formation of voids in the cytoplasm. Microvessels with red blood cell sludge phenomenon, sclerosed walls, proliferation of endothelial cells, stenosis of the lumen and
single perivascular lymphohistiocytic cells. There are minor hemorrhages, mild sclerosis. Staining of congo red (in non-polarized and polarized light), Perls reaction,
the PAS reaction are a negative.
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system. Reads were aligned to the human genome build GRCh37/
UCSC hg19 and analyzed for sequence variants using a custom-
developed bioinformatics pipeline. The proband’s WES identified
the homozygous deletion chr11:g.47357432_47357458del
(ENST00000545968.1: c.2711_2737del) in the MyBPC3 gene
p.2711_2737del. This variant was confirmed in the proband’s
DNA in the homozygous state, and in his mother’s DNA in a
heterozygous state. In-frame 27 bp deletion leads to the shortening
of cardiac myosin binding protein for nine amino acids in the
fibronectin III 2 (C7) domain (Supplementary Figure 2). This
variant was classified as likely pathogenic (Class IV) based on the
ACMG (2015) criteria (Richards et al., 2015). No additional
pathogenic, likely pathogenic variants nor unique variant of
unknown clinical significance was found in the genes responsible
for cardiomyopathies or any other storage disorders. Thus, we
suggest that bi-allelic deletion in the MyBPC3 gene might be
sufficient explanation of the progressive cardiomyopathy in this
patient. But, presence of additional variant in the less studied
genomic area cannot be completely excluded. Strictly speaking
there is an alternative explanation of the NGS and Sanger results
for this patient. In theory, it might be a combination of hemizygous
deletion due to the whole/partial deletion of the paternal allele
(inherited or de novo). But, we have no any prove for it and for the
best of our knowledge proband’s father had no complaints until he
died in car accident at his 35.

No known pathogenic mutations or rare variants were found
in the EPOR or other genes responsible for the familial
erythrocytosis. No unique or known variants with proven
clinical significance were found in the genes associated with
inherited thrombophilia.

The combination of data from complex evaluation results in
the following diagnosis: 1. Familial sarcomeric cardiomyopathy
(homozygous deletion p.2711_2737del in the MyBPC3 gene),
mixed phenotype (diffuse hypertrophic, dilated). 2. Ischemic
cardiomyopathy due to impaired microcirculation with
secondary inflammation. 3. Erythrocytosis of unknown origin

Supportive therapy was prescribed: prednisolone 5 mg,
bisoprolol 2.5 mg, amiodarone 200 mg, perindopril 2.5 mg,
furosemide 40 mg, spironolactone 50 mg, warfarin,
acetylsalicylic acid 100 mg, and omeprazole 20 mg. The
patient’s condition remains relatively stable for 6 months of
follow-up but transient edema, palpitations, sweating, dyspnea at
the level of NYHA class 2–3 persisted. Hemoglobin levels
returned to normal, but LV dysfunction (LV EF 19%)
remained after a temporary improvement (LV EF 28%).

Six months later, the patient experienced another acute
thrombosis of the right posterior tibial artery without flotation,
and conservative treatment was administered. Due to the
development of thyrotoxicosis, amiodarone was replaced with
sotalol. Therapy with prednisolone 5 mg per day was continued.
In the next 6 months, ICD was implanted. No appropriate shocks
were noted. The patient was included in the waiting list for heart
transplantation. Unfortunately, despite the normalization of
erythrocyte levels and two-component antithrombotic therapy,
no improvement in myocardial contractility was noted.
Prolonged therapy with prednisolone (at an initial dose of
Frontiers in Pharmacology | www.frontiersin.org 580
40 mg per day) and standard cardiotropic therapy had no
effect. Heart transplantation appears to be the optimal
treatment option.
DISCUSSION

This clinical case was unusual and challenging in many respects.
The combination of severe systolic dysfunction with dilatation of all
heart chambers and evident diffuse myocardial hypertrophy is a rare
clinical observation. Dilatation of the spherical changed LV with a
markedly reduced EF can be a manifestation of both primary DCM
and severe myocarditis. At the same time, dilated cardiomyopathy
might represent the decompensating stage of any cardiomyopathy.

The wall thickness of the LV met the criteria for HCM. Typical
cardiomyocyte disarray found in myocardial biopsy samples was a
particular feature of the primary HCM, and the patient had no
obvious reason for pressure overload. However, the anatomical
variant of cardiac remodeling with diffused, generalized LV walls
and right ventricular involvement is more typical for phenocopies of
HCM, especially for storage disorders. Among the storage diseases,
the earliest decompensation is typical of Danon disease. Therefore, in
one of the last studies, unfavorable outcomes (death/transplantation)
were noted in one-third of men, with an average age of 21 years
(Brambatti et al., 2019). However, the degree of myocardial
hypertrophy in our patient was unusually low for Danon disease in
men. In addition, he had no typical systemicmanifestations of Danon
disease, as well as other storage diseases involving the heart (Fabry’s
disease, for example). No data was obtained for storage disease in
myocardial biopsy after special staining (periodic Acid-Schiff and
Congo red in polarized light). Finally, no pathogenic/likely
pathogenic genetic variant was found in the genes responsible for
the known storage disorders after whole-exome sequencing.

Prolonged undulating course of the disease from 4 years with
periods of persistent improvement, possible effects of steroid
therapy in the past, the association of rapid deterioration at 26
years with influenza, LV apex thrombosis, preservation of elevated
titers of anti-heart antibodies, and mild signs of inflammation in
myocardial biopsy despite steroid therapy, might provide evidence
of myocarditis. Steroid therapy was started before the patient came
to the clinic, which made it difficult to interpret the biopsy data.
However, no clinical effect of the steroid prescription was observed
despite the absence of viruses in the myocardium.

Inefficiency of steroids and early debut of the disease may have
been evidence of primary DCM. However, there was no explanation
for diffuse myocardial hypertrophy. The presence of increased
trabeculation of the myocardium according to MRI is more
typical for sarcomeric cardiomyopathy. Mixed and severe
phenotypes have also been reported. Some authors have even
proposed the concept of a continuum of sarcomeric
cardiomyopathies (Baldi et al., 2010). The cause of rapid
decompensation in a previously stable course (myocardial embolic
infarct? myocarditis)? was unclear in this case. The pattern of LGE
according to MRI could reflect both inflammation and myocardial
necrosis. In addition, there were signs of fibrosis, typical of primary
myocardial hypertrophy. The diagnosis of isolated sarcomeric
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HCM was inconsistent with the early manifestation of the
DCM phenotype.

According to a large multicenter cohort study, the average age of
decompensation for patients with sarcomeric HCM was 45 years
(Biagini et al., 2014). The earliest (41 years on average) appearance
of final stage of HCM developed in patients with mutations in gene
MYH7 and multiple mutations. However, only adult patients were
included in the study. According to the data from the Mayo Clinic,
out of 2,073 patients with HCM, only eight had EF below 50%,
(Killu et al., 2018). Their average age was 44 years. Only five patients
underwent LVAD implantation and cardiac heart transplantation
15 years prior to HCM diagnosis. All this data indicated that our
case was atypical for an isolated sarcomeric HCM.

The most likely, therefore, was the primary (genetically
determined) nature of cardiomyopathy in our patient. One could
think of a combination of two or more mutations in the genes of
interest for HCM, and we found a bi-allelic mutation in theMyBPC3
gene. Deletion of nine amino acids raised in the highly conservative
C7 FnIII domain (Supplementary Figure 2) framed with amino
acids from 872 to 967 (Karsai et al., 2011). Several missense
mutations (for example, p.Pro873Leu, p. Pro873His, p.Asn948Thr,
p. Thr957Ser, p.Thr958Ile) leading to HCM, DCM and LV non-
compaction were described in this region (Daehmlow et al., 2002;
Nanni et al., 2003; Lekanne Deprez et al., 2006; Ehlermann et al.,
2008; Probst et al., 2011). It’s remarkable that most of them were
discussed in patients with rapid progression of HCM to a dilated
phase even in mono-allelic state (Daehmlow et al., 2002; Nanni et al.,
2003; Lekanne Deprez et al., 2006; Ehlermann et al., 2008; Probst
et al., 2011). There is no large randomized study regarding the natural
course of HCM in patients carrying more than one pathogenic or
likely pathogenic allele. However, many particular clinical cases, case-
control and observational studies have pointed out that the role of a
second genetic hit can be crucial in the age of HCM manifestation
(Wessels et al., 2015; Dzemeshkevich et al., 2018; Kissopoulou et al.,
2018). Prospective genetic counseling was also challenging. Despite
well-accepted autosomal dominant nature of HCM and severe
phenotype in our patient, the prognosis for off-springs seems to be
favorable.We based it on the fact that his parents were asymptomatic
(mother, confirmed carrier, is asymptomatic at 57 y.o.; and father,
presumed carrier, was asymptomatic at 35 y.o. when died in
accident). Thus, we hypothesize that this deletion p.2711_2737del
in mono-allelic state is highly tolerated. But, in the absence of direct
confirmation of the health status and genotype of the father, we
cannot claim it confidently.

The role of associated myocarditis in the development of rapid
decompensation cannot be excluded. However, a mild
inflammatory reaction detected in the biopsy may have
developed secondary to primary myocardial damage. In any case,
there were no indications for aggressive treatment of inflammation.

Finally, it was necessary to exclude polycythemia vera as a cause
of erythrocytosis, which can aggravate myocardial dysfunction due
to microcirculation disorders. Even cases of massive myocardial
infarcts in patients with polycythemia and normal coronary arteries
are described (Nahler et al., 2017). Myocardial biopsy data
confirmed this mechanism to be dysfunctional. There were no
strong data to support primary erythrocytosis. No mutations in the
Frontiers in Pharmacology | www.frontiersin.org 681
genes of interest were identified based on wide genetic screening,
and no signs of myeloproliferative disease in bone marrow biopsy
were found. Elevated erythropoietin levels could indicate a
compensatory mechanism of erythrocytosis due to hypoxia.

Among epigenetic mechanisms, decompensation may influence
a lot of the clinical appearance and disease progression. However,
we believe chronic microcirculation disorder (sludge,
microthrombosis, hemorrhage with cardiomyocyte death) and
secondary inflammatory response are responsible for the
myocardial damage. It is also impossible to rule out embolic
infarction of the lower wall of the left ventricle or necrosis due to
intravascular clogging.

Correct diagnosis influence a lot the treatment strategy, long-
term prognosis, life style modifications, and reproductive strategy.
Information about primary nature of disease is usually stressful
what raises many questions regarding risk of transmission and
health perspectives and may affect quality of life. Communicating
the genetic risk information to maximize understanding and
promote health is increasingly important given the rapidly
expanding availability and capabilities of genomic and
reproductive technologies (Lautenbach et al., 2013). In this
clinical case, the prognosis for offspring is favorable provided
that second partner in the couple has no HCM. This information
was very important for our patient. Currently, there are no
options of intervention in primary genetic cardiomyopathy. But,
currently, several gene therapy approaches have been developed
to rescue genetic defects in “sarcomeric” genes, and, especially, in
the MyBPC3 (Prondzynski et al., 2019). We believe that
accumulation of information about natural course of HCM
caused by particular mutations and their combinations may
provide important insights of new treatment strategies.
CONCLUSION

Here, we present a rare case of mixed hypertrophic and dilated
cardiomyopathy in a young patient complicated by myocarditis,
erythrocytosis, and recurrent thrombi. Disease progression was
more severe than usual in classic HCM patients, but relatively long
lasting for pediatric DCM first diagnosed at 4 years. Etiological
diagnosis was challenging. It required a differential diagnosis
between primary, inflammatory, and ischemic myocardial
damage. Whole exome sequencing revealed bi-allelic deletion in
theMyBPC3 gene, but erythrocytosis remained unexplained. This
observation supports the hypothesis that the co-existence of the
genetic causes and additional external factors (thrombosis,
inflammation, etc.) contribute significantly to the phenotype and
HF progression, and it is important to reveal all of them.
Successful diagnostic search and optimal management is only
possible with a multidisciplinary team and a whole spectrum of
investigations from cardiac imaging and myocardial biopsy to
deep genotyping. Experimental research including iPS-CMs
studies are needed for the detailed evaluation of the effect of the
p.2711_2737del variant in hetero- and homozygous state on
myosin-binding protein C3 functioning, and for further insight
on molecular mechanisms of cardiomyopathy.
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Patient Perspective
“I have many concerns regarding my future. I’ve thought about
heart transplantation and came to the referred Centre. I need to
live close to this Centre but I don’t have any opportunity to live
in Moscow continiously. I would get on the waiting list but have
many concerns about risks related to the operation by itself and
subsequent immunosupression. So the question is still open.
Well, how to say, I will live as long as I can, and how long it left. I
think it will get worse, and I sometimes feel it, but I’m not telling
anyone in my city what the condition is now, not to relatives nor
my doctor from my city. I don’t think it makes sense if no one
can really change the course of genetic disease, right?”
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SUPPLEMENTARY FIGURE 1 | Cardiac MRI with gadolinium enchamcement.
LV was spherical, severely dilated (EDD 71 mm, EDV 120 ml/m2), with increased
thickness (14 mm) and trabeculae. LV EF of 21%. Several LGE sites: transmural
along the lower wall, subendocardial (up to 60%) in the apex of LV and apical
segment of the anterior septum, and extended intra-ventricular LGE (“strip”) in the
middle and apical segments of the septum. The apex of the LV was lined with a flat
linear thrombus of 3.5 mm across it.

SUPPLEMENTARY FIGURE 2 | Schematic representation of deletion of the 27
bp (chr11:g.47357432_47357458del (ENST00000545968.1: c.2711_2737del) in
the MyBPC3 gene found in proband in homozygous state at the DNA, mRNA, and
protein level.
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Signaling via the Interleukin-10
Receptor Attenuates Cardiac
Hypertrophy in Mice During Pressure
Overload, but not Isoproterenol
Infusion
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Arfa Maqsood1,2, Elizabeth J. Cartwright 1,2, Werner Mueller3 and Delvac Oceandy1,2*
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Inflammation plays a key role during cardiac hypertrophy and the development of
heart failure. Interleukin-10 (IL-10) is a major anti-inflammatory cytokine that is
expressed in the heart and may play a crucial role in cardiac remodeling. Based
on the evidence that IL-10 potentially reduces pathological hypertrophy, it was
hypothesized that signaling via the IL-10 receptor (IL10R) in the heart produces a
protective role in reducing cardiac hypertrophy. The aim of this study was to
investigate the effects of the ablation of Il-10-r1 gene during pathological cardiac
hypertrophy in mice. We found that IL-10R1 gene silencing in cultured
cardiomyocytes diminished the anti-hypertrophic effect of Il-10 in TNF-α induced
hypertrophy model. We then analyzed mice deficient in the Il-10-r1 gene (IL-10R1-/-

mice) and subjected them to transverse aortic constriction or isoproterenol
infusion to induce pathological hypertrophy. In response to transverse aortic
constriction for 2 weeks, IL-10R1-/- mice displayed a significant increase in the
hypertrophic response as indicated by heart weight/body weight ratio, which was
accompanied by significant increases in cardiomyocyte surface area and interstitial
fibrosis. In contrast, there was no difference in hypertrophic response to isoproterenol
infusion (10 days) between the knockout and control groups. Analysis of cardiac
function using echocardiography and invasive hemodynamic studies did not show any
difference between the WT and IL-10R1-/- groups, most likely due to the short term
nature of the models. In conclusion, our data shows that signaling via the IL-10 receptor
may produce protective effects against pressure overload-induced hypertrophy but
not against β-adrenergic stimuli in the heart. Our data supports previous evidence that
signaling modulated by IL-10 and its receptor may become a potential target to control
pathological cardiac hypertrophy.
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INTRODUCTION

Heart failure remains one of the primary causes of morbidity and
mortality across the global spectrum of cardiovascular disease.
Despite current advances in the therapeutic approach, prognosis
of this disease remains poor and its prevalence is rising
(Mozaffarian et al., 2015; Taylor et al., 2017). Understanding
the pathophysiology of heart failure is essential for the
development of effective and efficient new therapeutic
approaches.

The involvement of pro-inflammatory cytokines in HF was
first reported three decades ago, when elevated TNF-α was found
in the serum of HF patients (Levine et al., 1990). Since then,
growing bodies of evidence have indicated the key roles of
inflammatory mediators in the development of HF (reviewed
in (Adamo et al., 2020)). Almost all primary myocardial injuries
such as pressure overload and ischemia can trigger activation of
the immune response. In addition, molecules that are released by
damaged myocytes, for example heat shock proteins, fibronectins
and reactive oxygen species, may activate residential
macrophages and other immune cells, which eventually
triggers the release of inflammatory cytokines (Mann, 2015).

It is widely accepted that cytokines are involved in the
pathogenesis of heart failure, not only by affecting the
inflammatory response but also by directly affecting
cardiomyocytes and other cells in the heart such as fibroblasts
and vascular cells. This is underlined by the fact that
cardiomyocytes and other non-inflammatory cells in the heart
are also producing cytokines and expressing their receptors under
stress (Yoshida et al., 2005). Evidence has shown that pro-
inflammatory cytokines contribute significantly to the
pathogenesis of heart failure, in particular in modulating left
ventricular remodeling and myocardial contractility. For
example, cardiac overexpression of TNF-α in mice induces
cardiac hypertrophy and reduces contractility (Kubota et al.,
1997), whereas ablation of TNF-α attenuates cardiac
hypertrophy, inflammation, apoptosis and fibrosis following
aortic constriction (Sun et al., 2007).

In contrast to the knowledge on the role of pro-inflammatory
cytokines in the heart, less is known about the roles of anti-
inflammatory molecules in the context of cardiac hypertrophy
and heart failure. One of the best characterized anti-inflammatory
cytokines in the heart is the interleukin-10 (IL-10). IL-10 is
mainly produced by T-cells and is able to modulate both acute
and chronic inflammation (reviewed in (Ouyang and O’Garra,
2019)). The main targets of IL-10’s actions are inflammatory cells
expressing the IL-10 receptor (IL-10R) such as macrophages/
monocytes, dendritic cells, T and B cells (Ouyang and O’Garra,
2019). However, expression of the IL-10 receptor in
cardiomyocytes is also reported (Yoshida et al., 2005),
suggesting that IL-10 may have a direct effect on these cells.

Several prior studies have shown beneficial effects of IL-10
treatment in pathological conditions. Observations in isolated
cardiomyocytes have shown beneficial effects of IL-10 in
inhibiting TNF-α induced apoptosis and oxidative stress
(Dhingra et al., 2007; Dhingra et al., 2009). Likewise,
treatment with IL-10 produces beneficial effects in animal

models of myocardial infarction and pressure overload
hypertrophy (Krishnamurthy et al., 2009; Verma et al., 2012;
Jung et al., 2017). In addition, involvement of IL-10 in the clinical
setting has been underlined by the finding that serum IL-10 is
elevated in HF patients (Lindberg et al., 2008). However, the
precise characterization of IL-10’s effects in the cardiomyocytes
and in the heart, and whether it exerts these effects via activation
of its receptor are not fully understood. Therefore, we will address
this question in the present project by investigating the effects of
IL-10R1 gene ablation in the setting of pathological cardiac
hypertrophy.

MATERIALS AND METHODS

Isolation of Neonatal Rat Cardiomyocytes
Primary neonatal rat cardiomyocytes (NRCM) were derived from
1- to 3- days old Sprague Dawley rat neonates. The neonates were
sacrificed by cervical dislocation and the hearts were removed and
put into filter-sterilized ADS solution pH 7.35 (116 mM NaCl,
20 mM HEPES, 1 mM NaH2PO4, 5.5 mM glucose, 5.5 mM KCl
and 1 mM MgSO4). The hearts were sliced into small pieces and
then digested in ADS solution containing 0.6 mg/ml collagenase
A (Roche) and 0.6 mg/ml pancreatin (Sigma) in a shaking 37°C
water bath for 7 min. Digested cells were collected and the process
was repeated a further seven times. Cells were pooled and
centrifuged at 1,200 r.p.m. for 5 min. The pellet was then
resuspended in 40 ml of pre-plating medium (68% DMEM,
17% M199, 10% horse serum, 5% FBS and 2.5 mg/ml
amphotericin B). The cardiac fibroblasts were removed by
plating cells in 10 mm culture dishes for 1 h to allow them to
adhere, and then retrieving cardiomyocytes from the media
supernatant. NRCM were then plated into 6-well BD Falcon
Primaria tissue culture plates (for expression analysis) or on
laminin coated coverslips in 24-well plates (for cellular
hypertrophy analysis). Plating medium was similar to pre-
plating medium, with the addition of 1 mM BrdU (5-bromo-
2-deoxyuridine). From the second day onward, cardiomyocytes
were cultured in maintenance medium (80% DMEM and 20%
Medium 199, 1% FBS, 2.5 mg/mlamphotericin B and 1 mM
BrdU).

In vitro Experiments
For expression analysis, NRCM were plated in 6 well plates at a
density of 1 × 106 cells per well. After 24 h, cells were infected with
adenovirus expressing either control or IL-10R shRNA driven by
the U6 promoter. The shRNA constructs were obtained from
SABiosciences (Qiagen). The U6-shRNA fragments were cloned
into the pENTR11 and then recombined to pAd-PL-DEST
(Gateway system, Invitrogen) to obtain the adenovirus
construct. Adenovirus were generated in HEK293 cells using a
standard protocol.

For the cellular hypertrophy models, cells were plated in 24-
well plates onto laminin coated coverslips (Sigma, 10 μg/ml) at a
density of 5 × 104 cells per well. After 24 h, cells were infected with
Ad-shRNA control or Ad-shIL-10R in serum-free maintenance
medium. To induce hypertrophy, 10 ng/ml TNF-α (Sigma) or
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1 µM isoproterenol (Sigma) were added for 48 h, while the IL-10
treatment group received 20 ng/ml recombinant IL-10
(Peprotech) for the same time period. After 48 h cells were
fixed and permeabilised with 4% PFA and 0.1% Triton-X
solution, respectively. Cells were stained with anti-α-actinin
antibody (Sigma) and DAPI to visualize the cardiomyocytes
and nuclei, respectively, and imaged using an Olympus BX51
fluorescent microscope at 20×magnification. A minimum of 100
cells per treatment group were measured per independent
experiment using ImageJ software (NIH).

Animal Model
We used mice with ubiquitous ablation of the IL-10R1 gene.
Generation of these mice has been described in a previous
publication (Pils et al., 2010). In brief, the IL-10R1 allele was
mutated by the insertion of two loxP sites flanking exon 1 and the
promotor region of IL-10R1. To generate mice with systemic
deletion of the IL-10R1 gene, the IL-10R1flox/flox mice were
crossed with transgenic mice expressing Cre recombinase in early
development (the (K14-Cre,B6.D2-Tg(KRT14-cre)1Cgn)
strain)(Hafner et al., 2004). The human keratin 14 promoter is
active in driving transgene expression in the epidermal tissues.
When female mice carry this K14-Cre transgene the promoter is
active in their oocytes (Hafner et al., 2004). Consequently,
breeding of IL-10R1flox/flox mice with female K14-Cre mice
will result in systemic deletion of the IL-10R1 gene (Pils et al.,
2010).

All experiments using animals were performed in accordance
with the United Kingdom Animals (Scientific Procedures) Act
1986 and were approved by the University of Manchester Ethics
Committee.

Transverse Aortic Banding
Pressure overload was induced by constricting the transverse
aorta using a method as previously described (Mohamed et al.,
2016). Briefly, 8–12 weeks old mice were induced with 5%
isoflurane and intubated orally, and thereafter maintained at
3% isoflurane during surgery with mechanical ventilation. The
chest was opened via minithoracotomy and the aortic arch
exposed. Constriction was performed by tying a 7–0 silk
suture around a 27-gauge needle overlying the arch, between
the origin of the brachiocephalic trunk and left common carotid
artery. Sham surgery followed the same procedure, but the suture
was passed around the aorta and withdrawn without tying. The
chest was then sutured shut and mice administered with
0.1 mg/kg BW buprenorphine as analgesia before recovery at
30°C and return to normal housing. After 14 days final analyses
were performed, and mice were sacrificed via an approved
schedule one method before heart excision and storage at −80°C.

Isoproterenol-Induced Hypertrophy
To generate a model of isoproterenol-induced hypertrophy, mice
received a dose of 10 mg/kg BW per day isoproterenol (Sigma) or
saline control for 10 days via a subcutaneously implanted osmotic
minipump (Alzet). For minipump implantation, mice were
anesthetized with 3% isoflurane. A small horizontal incision
was made through the dermal layers on the dorsal surface of

the mouse to create a small pocket into which minipumps were
implanted. The skin was sutured shut, following which mice
received analgesia (0.1 mg/kg BW buprenorphine) and were
allowed to recover at 30°C before return to normal housing.

Echocardiography Analysis
For transthoracic echocardiography, mice were anesthetized by
IP injection of tribromoethanol (250 mg/kg BW, Sigma),
following which hearts were imaged in the two-dimensional
short-axis view with an Acuson Sequoia C256 ultrasound
system fitted with a 14-MHz transducer (Siemens). Chamber
dimensions and wall thicknesses were measured in systole and
diastole from M-mode images taken in the short-axis view at the
level of the papillary muscle using the leading-edge method over a
minimum period of three cardiac cycles.

Invasive Hemodynamic Analysis
Hemodynamic analysis was performed as described in our
previous publication (Mohamed et al., 2016). Following
administration of anesthetic (tribromoethanol, 250 mg/kg BW
by IP injection), a midline cervical incision was made and the
sternohyoid muscles retracted. The exposed right carotid artery
was tied at its bifurcation and occluded proximally, allowing an
incision to be made with minimal blood loss. Through this
incision, a 1.4 F pressure–volume catheter (SPR-839, Millar
Instruments) was inserted and fed through the ascending aorta
into the left ventricle. A PowerLab system (Millar Instruments)
was used to record LV pressure–volume changes once traces had
stabilized. The maximum and minimum rates of left ventricular
pressure change, dP/dtmax and dP/dtmin, respectively, were used
to assess cardiac function in systole and diastole using Millar’s
PVAN software.

Histology
A transverse section through the ventricles of approximately
1mm in thickness, was cut from excised hearts and fixed in
4% PFA overnight. Sections were then dehydrated overnight in a
Leica automated tissue processor and embedded in paraffin wax,
before sectioning at 5 µM using a rotary microtome (Leica 2255).
Masson’s trichrome and H and E staining were performed to
quantify interstitial fibrosis and cell size, respectively, using
standard protocols. Whole sections were imaged using a 3D
Histech Panoramic slide scanner in the University of
Manchester bioimaging facility. Cell size measurements were
acquired from a minimum of 100 cells per heart, and total LV
interstitial fibrosis was recorded.

Western Blot
NRCMwere lyzed in 100 µl RIPA buffer (containing 1% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM
phenylmethylsulphonyl fluoride, 500 ng/ml Leupeptin, 1 mg/ml
Aprotinin and 2.5 mg/ml Pepstatin A). Western blot analysis was
conducted using standard protocols. Proteins were separated by
SDS-PAGE and transferred to PVDF membranes (Millipore).
Membranes were blocked in 3% BSA and incubated with primary
antibodies against IL-10R1 (Santa Cruz), phosphorylated STAT3
or total STAT3 (Cell Signaling) overnight, followed by HRP-
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linked anti-rabbit secondary antibody (Cell Signaling) for 2 h.
Proteins were visualized using enhanced chemiluminescence (GE
Healthcare) on a ChemiDoc XRS Imaging System (Biorad).
Membranes were then incubated with β-actin or GAPDH
antibody (abcam) as loading control.

Statistical Analysis
Data was analyzed using Microsoft Excel and GraphPad Prism.
Data is expressed as mean ± s.e.m. Student’s t-test or one-way
ANOVA followed by post-hoc adjustment for multiple

comparisons were used where appropriate. The probability
level for statistical significance was set at p < 0.05.

RESULTS

Interleukin-10R1 Gene Silencing in
Cardiomyocytes
It has been reported that IL-10 treatment produces beneficial
effects in controlling adverse cardiac remodeling following

FIGURE 1 | Effects of IL-10 treatment and IL-10R1 gene silencing in TNF-α-induced cardiomyocyte hypertrophy. (A)Western blot analysis showing the expression
of IL-10R1 in NRCM treated with adenovirus expressing either control shRNA or shRNA for IL-10R1 for 1–4 days. (B) Representative images of NRCM stained with
α-actinin (red) and DAPI (blue) expressing either shRNA control or shRNA IL-10R1 after treatment with TNF-α (10 ng/ml) or with or without addition of IL-10 (20 ng/ml) for
48 h. Scale bar � 25 μM (C) Quantification of cell surface area (N � 3 independent experiments, with a minimum of n � 100 cells per experiment,*p < 0.05 vs. no
TNF, #p < 0.05 vs. TNF without IL-10 (D) NRCM treated with 1 µM isoproterenol for 48 h ± IL-10. Scale bar � 25 µM and (E) quantification of myocyte cross-sectional
area (N � 4 independent experiments, minimum 50 cells each, ***p < 0.001).
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pressure overload or acute myocardial infarction in
rodents(Krishnamurthy et al., 2009; Verma et al., 2012; Jung
et al., 2017). However, the signaling pathways modulated by IL-
10 in the cardiomyocytes are not fully understood. To
investigate whether IL-10 exerts its function through
activation of the IL-10 receptor (IL-10R), we generated
adenovirus expressing shRNA to inhibit the expression of the
IL-10R1 gene encoding the main sub-unit of the receptor, in
isolated neonatal rat cardiomyocytes (NRCM). Marked
reduction of IL-10R1 expression was observed at day 2–3
following adenovirus treatment (Figure 1A) providing
evidence of successful silencing of this gene.

Signaling via Interleukin-10R1 Is Necessary
to Inhibit Hypertrophy in Isolated
Cardiomyocytes
In immune cells, IL-10 mediated-signalling represses the pro-
inflammatory signals of cytokines such as TNF-α and IL-6 by
inducing the STAT3-mediated expression of anti-inflammatory
gene SOCS3 (Cassatella et al., 1999; Williams et al., 2004). In
cardiomyocytes the pro-inflammatory cytokines including TNF-α
and IL-6 are known to induce hypertrophy (Kubota et al., 1997;
Melendez et al., 2010). Based on this knowledge we performed
experiments to investigate whether IL-10 and its receptor are
involved in mediating TNF-α induced hypertrophy. We tested
this hypothesis in primary rat neonatal cardiomyocytes (NRCM).
In these cells TNF-α treatment induced cardiomyocyte
hypertrophy by 26% as indicated by cell size measurement. As
expected, co-treatment with IL-10 abolished the pro-
hypertrophic effect of TNF-α (Figures 1B,C). Interestingly in
IL-10R1 deficient cardiomyocytes, although TNF-α on its own
was able to induce hypertrophy, treatment with IL-10 failed to
reduce the hypertrophic effect (Figures 1B,C). This finding
suggests that IL-10 mediated signaling in cardiomyocytes is
important in repressing the hypertrophic effect of TNF-α, and
sufficient expression of the IL-10R1 gene is required for this
effect.

We then examined whether signaling via the IL-10R1 also
affected hypertrophy induced by the β-adrenergic agonist
isoproterenol. NRCM displayed significantly increased cell size
following 48 h of isoproterenol treatment, while co-treatment
with IL-10 reduced the hypertrophic response (Figures 1D,E). As
with TNF-α treatment, isoproterenol also induced hypertrophy in
IL-10R1 deficient cardiomyocytes, which was not affected upon
co-treatment with IL-10 (Figures 1D,E). These findings suggest
that signaling via the IL-10 receptor may modulate cardiac
hypertrophy induced by multiple agonists.

Genetic Ablation of the Interleukin-10R1
Gene Exaggerates Pathological
Hypertrophy in Mice
Results from the in vitro model prompted us to question if IL-
10R1 plays a key role in mediating cardiac hypertrophy in an in
vivo model. To address this question we analyzed mice with
global ablation of the IL-10R1 gene (IL-10R1-/-). The generation
of this strain was described previously (Pils et al., 2010). To

confirm deletion of IL-10R1 in the heart, Western blot analysis
was performed. Expression of IL-10R1 was completely ablated in
total heart extracts of IL-10R1-/- mice (Figure 2A). To investigate
the pathologic hypertrophic response we subjected the IL-10R1-/-

and wild type (WT) littermates to transverse aortic constriction
(TAC) for 2 weeks. Global ablation of IL-10R1 significantly
enhanced the hypertrophic response to pressure overload as
indicated by heart weight/body weight (HW/BW) ratio. We
observed a 48% increase in HW/BW ratio in IL-10-/- mice
compared to 29% increase in WT littermates (Figure 2b).
Consistently, measurement of cardiomyocyte cross-sectional
area from histological sections showed a marked increase in
cardiomyocyte size in the IL-10R1-/- TAC group compared to
WT TAC (Figures 2C,D).

Interleukin-10R1-/- Mice Display More
Fibrosis in the Heart After Transverse Aortic
Constriction
Cardiac fibrosis is an important detrimental feature of the heart’s
response to pathological stimuli. To assess the level of fibrosis in
the heart we stained heart tissue sections withMasson’s trichrome
staining. Analysis of fibrotic area as depicted in Figures 2E,F
revealed a significantly higher fibrosis level in IL-10R1-/- mice
after TAC compared to the WT-TAC group.

Echocardiography Analysis to Assess
Cardiac Morphology and Function
To further analyze cardiac morphology and function of IL-
10R1-/- mice following pressure overload we carried out
echocardiography analysis at 2 weeks after TAC. We found
that there was no difference in the left ventricular chamber
dimension at both diastole and systole (LVEDD and LVESD,
Figures 3A,B). As expected, the ventricular wall thickness was
significantly elevated in both groups after TAC. However, we
found that the IL-10R1-/- mice exhibited significantly greater
septal wall thickness. Also, although there was no statistically
significant difference in the posterior wall thickness between WT
vs. IL-10R1-/- mice, the increase in posterior wall thickness
seemed to be more apparent in the knockout mice compared
to WT (Figures 3C,D).

We also analyzed ejection fraction from the echocardiography
data to assess if the pathological damage affected cardiac function.
We found that there was no difference in ejection fraction
between IL-10R1-/- vs. WT mice after TAC (Figure 3E).

Invasive Hemodynamic Analysis to Assess
Heart Function
Following echocardiography measurement, we conducted
analysis to evaluate cardiac hemodynamic functions by
inserting a pressure-volume catheter into the left ventricle. As
shown in Figure 4A, the end-systolic pressure was markedly
elevated in both WT and IL-10R1 knockout mice after TAC,
indicating successful induction of pressure-overload in both
groups. The fact that there was no difference in cardiac end-
systolic pressure between these groups confirmed that a
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comparable degree of overload was applied to each genotype. The
end-diastolic pressure was not different between the groups
(Figure 4B).

We then measured the rate of developed pressure during
systole (dP/dt max) and the rate of reduced pressure during
diastole (dP/dt min). We found no difference of dP/dt max and
dP/dt min in all groups tested (Figures 4C,D). This data was
consistent with the ejection fraction analysis showing that there
was no change in contractility after 2 weeks of pressure
overload.

Isoproterenol-Induced Hypertrophy Model
in Interleukin-10R1-/- Mice
To investigate whether the effects of IL-10R1 genetic ablation also
occur in a different model of cardiac hypertrophy, we established
β-adrenergic mediated hypertrophy by stimulation with
isoproterenol. We implanted osmotic minipumps
subcutaneously in mice to enable continuous infusion of
isoproterenol (10 mg/kg BW/day) for 10 days. As expected,
isoproterenol infusion markedly increased heart rate and

systolic pressure compared to vehicle-treated groups (Figures
5A,B). As a consequence, the rate of developed pressure (dP/dt
max) and relaxation (dP/dt min) were dramatically enhanced
following isoproterenol treatment (Figures 5C,D). However, we
did not observe an altered hemodynamic response to
isoproterenol stimulation between IL-10R1-/- and WT mice as
indicated by these parameters.

Furthermore, we found a significant enlargement of heart size
following isoproterenol in both groups; interestingly however,
there was no significant difference in HW/BW ratio between IL-
10R1-/- vs. WT mice suggesting a comparable hypertrophic
response to beta adrenergic stimulation (Figure 6A). These
results were corroborated by histological measurement of
cardiomyocyte cross sectional area, which was increased
significantly by isoproterenol, but did not differ when
comparing IL-10R1-/- and WT hearts (Figures 6B,C). We also
assessed levels of fibrosis in Masson’s trichrome stained sections
following β-adrenergic stimulation, but did not find that
isoproterenol induced significant levels of interstitial fibrosis in
either group (Figures 6D,E).

FIGURE 2 | Pressure overload-induced hypertrophy model in IL-10R1-/- mice. (A) Representative Western blot of total heart extracts from IL-10R1-/- mice andWT
littermates showing complete ablation of IL-10R1 expression in the knockout mice. (B) Analysis of heart weight/body weight ratio (HW/BW) of WT and IL-10R1-/- mice
following transverse aortic constriction (TAC) for 2 weeks. IL-10R1-/- mice showed a significant increase in hypertrophic response compared to WT littermates (WT-
sham, n � 13; WT-TAC, n � 19; KO-sham, n � 11; KO-TAC, n � 12, *p < 0.05, ***p < 0.001). (C) Histological sections of heart tissues stained with hematoxylin and
eosin and (D) quantification of cardiomyocyte cross-sectional area showed enhanced cardiomyocyte size in IL-10R1-/- mice after TAC. (E)Masson’s trichrome staining
and (F) quantification of fibrotic area indicated significantly higher fibrosis in IL-10R1-/- mice (WT-sham, n � 7; WT-TAC, n � 8; KO-sham, n � 8; KO-TAC, n � 7) Scale
bars � 50 µM.
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Detailed echocardiographic analysis revealed that
isoproterenol did not alter left ventricular dimensions but
increased ventricular wall thickness in both genotypes.
However, consistent with the HW/BW data there was no
significant difference between WT and IL-10R1-/- groups
(Figures 7A–D). Similarly, we did not find any difference in
posterior wall thickness or ejection fraction between IL-10R1-/-

vs. WT group after induction with isoproterenol (Figure 7E).
Together, the data showed that there was no difference in the
hypertrophic and hemodynamic response to beta-adrenergic
stimulation between IL-10R1-/- mice compared to WT controls.

The Inflammatory Response in Transverse
Aortic Constriction and Isoproterenol
Treated Mice
In order to examine whether the different responses to TAC and
isoproterenol treatment in IL-10R1-/- mice could be due to altered
levels of inflammation, we examined the level of pro-
inflammatory cytokine TNF-α in each model. Performing
ELISA on extracts from pressure-overloaded heart tissue
revealed no significant difference in TNF-α concentration
among sham and TAC hearts, nor IL-10R1-/- and WT hearts
2 weeks post-TAC (Figure 8A). We also examined expression of
TNF-α in isoproterenol-infused heart tissue by qPCR. In contrast
to the TAC model, we found isoproterenol to increase TNF-α
expression compared to water controls, although we did not see a

difference in levels between IL-10R1-/- andWTmice (Figure 8B).
This indicates that the inflammatory response may have been
different in the two models used in this study.

Interleukin-10R1 Deficiency Prevents
IL-10-Induced STAT3 Activation
Previous studies have shown IL-10 to exert protective effects in
response to TAC and isoproterenol via activation of STAT3, and
subsequent suppression of p38 and NF-kB signaling (Verma et al.,
2012). We therefore examined activation of STAT3 in IL-10R1
deficient NRCM. Upon stimulation with IL-10, control myocytes
displayed significantly increased phosphorylation, and hence
activation, of STAT3 after 4 h (Figures 9A,B). This effect was
abolished in IL-10R1 deficient NRCM. We then examined whether
isoproterenol treatment affected IL-10 induced STAT3 activation.
Interestingly, we found that isoproterenol treated NRCM did not
exhibit activation of STAT3 upon addition of IL-10 (Figures 9C,D).
These results indicate that IL-10 induced activation of STAT3 is
dependent upon intact signaling via the IL-10 receptor, while other
pathways may also be involved during β-adrenergic stimulation.

DISCUSSION

Our findings suggest that intact IL-10 receptor mediated
signaling in the heart is required to control the extent of

FIGURE 3 | Echocardiography analysis of IL-10R1-/- mice following TAC. (A) Left ventricular end diastolic dimension (LVEDD) and (B) Left ventricular end systolic
dimension (LVESD) were not different between IL-10R1-/- mice and WT controls basally and after TAC. (C) Ventricular septal wall thickness at diastole was bigger in IL-
10R1-/- mice after TAC, while (D) posterior wall thickness did not differ between these genotypes. (E) There was no significant difference in ejection fraction between all
experimental groups (WT-sham, n � 13; WT-TAC, n � 15; KO-sham, n � 11; KO-TAC, n � 12,*p < 0.05,***p < 0.001).
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myocardial hypertrophy following pressure overload
stimulation. Interestingly, our data demonstrate that
ablation of the IL-10 receptor did not alter hypertrophy in
response to β-adrenergic stimulation. IL-10 is known as a
powerful negative regulator of the inflammatory response
(Mosser and Zhang, 2008). Thus, our results confirm
previous findings that an uncontrolled inflammatory
response in the heart might cause an excessive
hypertrophic response to pathological stimuli.

Cardiac hypertrophy is known as an initial adaptive
compensatory response to pathological stimuli (Burchfield
et al., 2013). The myocardial tissue produces numerous
proteins in response to stress mainly to limit the extent of
tissue damage, to induce tissue repair and to preserve function
(Doroudgar and Glembotski, 2011). Among the molecules
increased in pathologic hearts, inflammatory mediators
appear to have essential roles since they may modulate

cardiac function and contractile remodeling as well as
altering endothelial function (Prabhu and Frangogiannis,
2016). For example, pro-inflammatory cytokines which are
known to be elevated in human failing hearts, such as TNF-
α, IL-1β and IL-6, negatively regulate cardiac contractility
(Pagani et al., 1992; Janssen et al., 2005; Van Tassell et al.,
2013). In addition, these cytokines are also involved in
mediating cardiac remodeling as evidenced by the finding
that genetic deletion of the TNF-α gene leads to a reduction
in TAC-induced hypertrophy (Sun et al., 2007), whereas
infusion of IL-6 in rat induces cardiac hypertrophy
(Melendez et al., 2010). These findings support the idea that
excessive release of pro-inflammatory cytokines is detrimental
to the heart.

Conversely, evidence has indicated protective roles of anti-
inflammatory cytokines in the heart. IL-10, which is a powerful
anti-inflammatory cytokine, reduces the extent of hypertrophy

FIGURE 4 | Invasive hemodynamics assessment using micro-catheter. (A) End systolic ventricular pressure was significantly increased in both genotypes following
TAC, however there was no difference between IL-10R1-/- mice vs.WT. (B) There was no statistically significant difference in end systolic pressure (C) dP/dt max and (D)
dP/dt min in all experimental groups(WT-sham, n � 13; WT-TAC, n � 15; KO-sham, n � 11; KO-TAC, n � 12, **p < 0.01, ***p < 0.001).
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in response to pressure overload and angiotensin II (Verma
et al., 2012; Kishore et al., 2015), improves cardiac function
and inhibits adverse remodeling post-myocardial infarction
(Stumpf et al., 2008; Krishnamurthy et al., 2009; Jung et al.,
2017). Importantly, in patients with severe heart failure the
level of serum IL-10 is significantly reduced (Stumpf et al.,
2003). Furthermore, survivors of acute myocardial infarction
with higher serum IL-10 levels are less likely to develop heart
failure (Domínguez Rodríguez et al., 2005).

It is believed that IL-10 exerts its protective role by
suppressing the production of inflammatory mediators
through activation of the STAT3 signaling pathway
(Williams et al., 2004). Components of the innate immune
system such as monocytes, macrophages and neutrophils are
thought to be the main target of IL-10 (Pils et al., 2010).
Following binding and activation of the IL-10 receptor in

these cells, STAT3 will be recruited and phosphorylated,
triggering expression of STAT3 target genes, notably the
suppressor of cytokine signaling 3 (SOCS3) (Niemand et al.,
2003). The latter is a strong inhibitor of IL-6 activity by
interfering with gp130 signaling (Babon et al., 2014).

In this study we sought to address an important question as to
how IL-10 reduced cardiac hypertrophy. Our in vitro model
demonstrated that signaling through the IL-10 receptor in
cardiomyocytes was required to exert the anti-hypertrophic
response of IL-10 treatment, since deficiency of the major sub-
unit of the receptor IL-10R1, abolished the anti-hypertrophic
effect of IL-10 upon TNF-α and isoproterenol treatment. Indeed,
it remains to be elucidated if this process is also important in the
regulation of the cardiomyocyte response to other stimuli, such as
α-adrenergic agonists or angiotensin. Nevertheless, the data
prompted us to question if ablation of the Il-10R1 gene in

FIGURE 5 | Effects of isoproterenol infusion in IL-10R1-/- mice and WT littermates. (A) Heart rate and (B) end systolic pressure were significantly increased in both
genotypes following isoproterenol infusion (10 mg/kg BW/day) for 10 days. Consistently, (C) the rate of developed ventricular pressure (dP/dt max) and (D) the rate of
ventricular relaxation (dP/dt max) were increased following isoproterenol treatment. However, there was no significant difference between IL-10R1-/- mice vs. WT
controls (WT-vehicle, n � 3; WT-Iso, n � 6; KO-vehicle, n � 3; KO-Iso, n � 7, *p < 0.05,**p < 0.01,***p < 0.001).
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vivo would alter the cardiac hypertrophic response. We generated
two models of hypertrophy, i.e. TAC-induced and isoproterenol-
induced hypertrophy. In our hands we found that the receptor
deficiency only affected the TAC-induced hypertrophic response,
but not the response to isoproterenol stimulation. This is not to
say that IL-10 signaling is not capable of protecting the heart from
chronic β-adrenergic stimulation. A previous study has shown
that IL-10 knockout mice exhibit a slightly worse phenotype to
isoproterenol stimulation, albeit at a higher dose and for a longer
period than the one used in our study, and that IL-10 treatment
was protective in this model (Verma et al., 2012). Since IL-10
likely works by reducing the effects of pro-inflammatory factors,
it is possible that in the TAC-model and at higher doses of
isoproterenol, a different inflammatory response occurs
compared to the one in our isoproterenol model. In this study
we examined TNF-α levels in heart tissue following 2 weeks TAC
and 10 days isoproterenol, and in fact found little evidence of
inflammation in the TAC model at this time point. Further
analysis is needed to understand the exact role that
inflammatory cytokines are playing in each model. For
example, it is thought that inflammation is more active in the
first days of TAC-induced hypertrophy, which also coincides with
the greatest extent of hypertrophic growth (Bacmeister et al.,
2019).

While we show here that signaling via IL-10R1 is important
in regulating cardiac hypertrophy and fibrosis after TAC, we

did not find that ablation of the receptor translated to any
functional deterioration after 14 days pressure overload. It
would be interesting to see if left ventricular function
declined in IL-10R1 ablated mice in a more chronic TAC
model. Indeed, IL-10 knockout mice have been shown to
exhibit reduced fractional shortening and ejection fraction
28 days post TAC, which was not apparent at 14 days
(Verma et al., 2017).

It would also be interesting to further investigate the cellular
and molecular mechanisms through which signaling via the IL-
10 receptor acts during pressure overload. Our in vitro data
suggests that activation of IL-10 signaling directly in
cardiomyocytes can negatively regulate hypertrophy; however
our in vivo TAC model utilized mice with global ablation of
IL10R1 and therefore cannot rule out further involvement of IL-
10 signaling in other cell types such as macrophages or
lymphocytes. In order to investigate the precise actions of IL-
10 signaling in each cell type tissue specific knockouts would be
required.

Furthermore, it will be important to further explore the
molecular mechanisms involved in the regulation of pressure
overload and isoproterenol induced-hypertrophy and fibrosis
downstream of the receptor. Previous studies have shown IL-10
signaling to exert protective effects during pressure overload
via activation of STAT3 signaling, and subsequent suppression
of p38, NF-κB and TGF-β-Smad2/3 signaling (Verma et al.,

FIGURE 6 |Hypertrophic and fibrotic response in isoproterenol model. (A) Although there was significantly increased HW/BW ratio following isoproterenol infusion,
there was no significant difference between IL-10R1-/- and WT mice (WT-vehicle,n � 3; WT-Iso, n � 6; KO-vehicle, n � 3; KO-Iso, n � 7,*p < 0.05,**p < 0.01). (B)
Histological sections of heart tissues stained with hematoxylin and eosin and (C) quantification of cardiomyocyte cross-sectional area (D) Masson’s trichrome staining
and (E) quantification of fibrotic area following isoproterenol infusion (WT-vehicle, n � 3; WT-Iso, n � 4; KO-vehicle, n � 3; KO-Iso, n � 3,***p < 0.001) Scale bars �
25 µM.
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2012; Verma et al., 2017). On the other hand chronic
angiotensin II infusion has been shown to also activate Akt,
p38 and NF-κB pathways in IL-10 knockout mice (Kwon et al.,

2016). Here we confirm that IL-10 can activate STAT3 in
cardiomyocytes, and that the IL-10R1 is required for this.
We also found that isoproterenol treatment prevented this

FIGURE 7 | Echocardiography analysis of IL-10R1-/- mice in isoproterenol model. (A) Echocardiography assessment revealed that there was no difference in
LVEDD and (B) LVESD among experimental groups. (C) Septal wall thickness was augmented in both groups after isoproterenol treatment but there was no difference
between genotypes. (D)No difference in posterior wall thickness and (E) Ejection fraction among experimental groups at the end of isoproterenol treatment (WT-vehicle,
n � 3; WT-Iso, n � 6; KO-vehicle, n � 3; KO-Iso, n � 7,*p < 0.05,**p < 0.01).

FIGURE 8 | TNF-α levels in TAC and isoproterenol models. (A) Analysis of TNF-α levels in heart tissue extracts from WT and IL-10R1-/- mice following TAC as
measured by ELISA (n � 5) (B)Cardiac TNF-αmRNA expression relative to β-actin as loading control did not differ between isoproterenol treatedWT and IL-10R1-/- mice
(WT-vehicle, n � 3; WT-Iso, n � 4; KO-vehicle, n � 3; KO-Iso, n � 3,*p < 0.05).
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IL-10 induced activation. Further studies will be needed to
elucidate the full signaling pathways downstream of the
receptor involved in regulating the hypertrophic response to
each stimuli.

Overall, this study adds to the growing body of evidence
suggesting that IL-10 based therapy may be a promising
avenue to develop treatments for a number of cardiac
pathologies associated with heart failure, including those
induced by pressure overload (Verma et al., 2012; Verma
et al., 2017), myocardial infarction (Krishnamurthy et al.,
2009), high fat diet (Kondo et al., 2018) and angiotensin
(Kishore et al., 2015). Anti-inflammatory based-therapies
may offer a more attractive target compared to pro-
inflammatory cytokine antagonists such as anti-TNF-α
treatment, which have failed to show benefits in clinical
trials in heart failure patients, likely due to TNF-α’s
pleiotropic nature (Chung et al., 2003; Mann et al., 2004).
However, while IL-10 based therapy is attractive, further work
will be required in order to perfect the stability and delivery of
the peptide to the heart, as trials for its use in diseases such as
rheumatoid arthritis and Crohn’s disease have found only
modest improvements (Mosser and Zhang, 2008). The
development of stable recombinant IL-10 will be the key to
future therapeutic advances.
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Cardiac hypertrophy is an adaptive response to cardiac overload initially but turns into a
decompensated condition chronically, leading to heart failure and sudden cardiac death.
The molecular mechanisms involved in cardiac hypertrophy and the signaling pathways
that contribute to the switch from compensation to decompensation are not fully clear. The
aim of the current study was to examine the role of PI3-kinases Class I (PI3KC1) and Class
III (PI3KC3) in angiotensin (Ang) II-induced cardiac hypertrophy. The results demonstrate
that treatment of cardiomyocytes with Ang II caused dose-dependent increases in
autophagy, with an increasing phase followed by a decreasing phase. Ang II-induced
autophagic increases were potentiated by inhibition of PI3KC1 with LY294002, but were
impaired by inhibition of PI3KC3 with 3-methyladenine (3-MA). In addition, blockade of
PI3KC1 significantly attenuated Ang II-induced ROS production and cardiomyocyte
hypertrophy. In contrast, blockade of PI3KC3 potentiated Ang II-induced ROS
production and cardiac hypertrophy. Moreover, blockade of PI3KC1 by overexpression
of dominant negative p85 subunit of PI3KC1 significantly attenuated Ang II-induced
cardiac hypertrophy in normotensive rats. Taken together, these results demonstrate
that both PI3KC1 and PI3KC3 are involved in Ang II-induced cardiac hypertrophy by
different mechanisms. Activation of PI3KC1 impairs autophagy activity, leading to
accumulation of mitochondrial ROS, and, hence, cardiac hypertrophy. In contrast,
activation of PI3KC3 improves autophagy activity, thereby reducing mitochondrial ROS
and leads to a protective effect on Ang II-induced cardiac hypertrophy.
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INTRODUCTION

Cardiac hypertrophy refers to the enlargement of cardiomyocytes with a series of physiological and
pathological modifications such as heart expansion, altered gene expression, enhanced protein synthesis,
and contractile machinery reorganization (Harvey and Leinwand, 2011). Cardiac hypertrophy is initially
adaptive to compensate for the increasing physiological oxygen and nutrient demands during exercise or
pregnancy (Hill and Olson, 2008). Pathological state-related stresses such as hypertension, obesity, and
myocardial infarction elicit maladaptive cardiac hypertrophy that is associated with unusual cardiac
structures and metabolism, as well as abnormal cardiac functions (Hill and Olson, 2008). If improperly
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treated, cardiac hypertrophy is a detrimental factor that would
ultimately result in heart failure and sudden cardiac death,
threatening the well-being of individuals and creating a
tremendous burden on society as a whole.

Among those physiological and pathological factors that cause
cardiac hypertrophy, Angiotensin II (Ang II) stimulation plays a
pivotal role (Sadoshima et al., 1993). Ang II acts as a
vasoconstrictor, thus increasing blood pressure and cardiac
load; it also stimulates cardiomyocytes directly via activation
of angiotensin receptor type I receptors (AT1R) (Hunyady and
Catt, 2006). PI3-kinases are involved in the intracellular
downstream signal-transduction pathways of AT1 receptors in
cardiomyocytes (Wenzel et al., 2006). Two classes of PI3-kinase,
Class I (PI3KC1) and Class III (PI3KC3), have been identified in
the heart (Misawa et al., 1998). Targeted over-expression of
PI3KC1 increased heart size and manifested cardiac
hypertrophy. Conversely, dominant negative (DN) treatment-
induced inactivation of certain essential signal-transduction
components, such as the p110 subunit of PI3KC1 in the heart,
attenuated cardiac hypertrophy in transgenic mice (Shioi et al.,
2000). However, the role of PI3KC1 vs. PI3KC3 in Ang II-
induced cardiac hypertrophy is still unknown.

Previous studies demonstrate that reactive oxygen species (ROS)
derived from NADPH oxidases are involved in Ang II-induced
cardiac hypertrophy through a PI3-kinase-dependent pathway (Yao
et al., 2008). However, genetic modification resulting in inactivation of
the gp91phox subunit, a vital component within NADPH oxidase, in
transgenic mice did not show significant benefits to alleviate Ang II-
induced hypertension or cardiac hypertrophy (Touyz et al., 2005).
These findings suggest there might be an alternative intracellular
pathway to generate ROS in cardiomyocytes under conditions of
prolonged Ang II exposure. Recent studies demonstrate that damaged
mitochondria may also generate ROS in cardiomyocytes (Pei et al.,
2016). However, the intracellular mechanisms involved in
accumulation of damaged mitochondria-derived ROS in Ang II-
induced cardiac hypertrophy are still unclear.

It is well known that autophagy is a very important intracellular
process to protect cells from hazardous material accumulation by
scavenging damaged mitochondria or proteins that produce reactive
oxygen species (ROS). Accumulating evidence indicates the possible
involvement of autophagy in the pathophysiology of Ang II-induced
cardiac hypertrophy (Zhou et al., 2016). Thus, the major aim of the
current study was to test the hypothesis that activation of PI3-kinases
is involved in Ang II-induced cardiac hypertrophy by regulating
autophagy activity and mitochondrial ROS generation.

METHODS

Animals
Twelve-week-old male Sprague-Dawley (SD) rats were used in this
study (purchased from Charles River Laboratories International,
Wilmington, MA). Rats were housed at 25 ± 2°C on a 12:12-h light-
dark cycle and provided with food and water ad libitum. All animal
protocols were approved by the North Dakota State University
Institutional Animal Care and Use Committee and the Jilin
University Institutional Animal Care and Use Committee

(IACUC). All experiments were carried out in accordance with
guidelines and regulations approved by the IACUCs.

In vivo Myocardial Gene Delivery
Construction and titration of lentiviral vectors of Lv-GFP
(negative control) and Lv-DNp85 (the dominant negative
p85α subunit of PI3KC1) were performed as described in our
previous publication (Sun et al., 2009). The lentiviral vectors were
transferred into the myocardium by injection into the root of the
aorta, as published previously (Iwanaga et al., 2004; Yan et al.,
2015). Briefly, male adult SD rats were anesthetized with an O2

(1 L/min) and isoflurane (3%) mixture administrated through a
nose cone. Left anterior thoracotomy was carried out in the left
second intercostal space. For arterial occlusion, ligatures were
loosely looped around the main pulmonary arteries and the
ascending aorta. To inject viral particles into the coronary
arteries, a vascular catheter was inserted through the right
carotid artery into the aortic root between the aortic valve and
the occlusion ligature loop. Ice packs were used to create a general
hypothermic environment for the rats in order to cool their body
temperatures below 26°C. Then, a protective cardioplegic solution
(2 μL/g body weight) was injected, containing (in mM): NaCl 110,
KCl 20, MgCl2 16, NaHCO3 10, and CaCl2 1.2 via the arterial
catheter, followed by injection of Lv-GFP or Lv-DNp85 viral
particles (200 μL 2×1010 TU/mL). Substance P was also added to
the cardioplegic solution, at a final concentration of 25 μg/ml, to
enhance permeability of the coronary artery wall and guarantee
access of viral vectors into the myocardium. After injection, both
occlusions were loosened and rat body temperature was heated
back to normal using a heating pad. To enhance the gene
transfection, Lv-DNp85 or Lv-GFP were also injected directly
into the anterior ventricular well. The chest was then closed;
intrathoracic air was evacuated by suction with a syringe.

Evaluation of Heart Morphology
The morphology of hearts was evaluated after the hearts were
transversely sectioned. Heart sections were fixed in 10% formalin/
PBS solution. The cardiomyocyte morphology and cellular
dimension were examined by hematoxylin and eosin (H&E)
staining in cardiac sections (4∼5 µm thickness). The stained
cardiac sections were visualized under light microscopy
(Olympus). The cross-sectional diameter of single myocytes
was measured by the cellular diameter crossing the nuclei,
using Infinity Capture and Analyze Software under a
microscope (Olympus). The outline of 100–200
cardiomyocytes was traced from each rat.

Preparation of Primary Cardiomyocyte
Culture
Primary cardiomyocyte cultures were prepared as described
previously (Yao et al., 2010; Zhao et al., 2015). Briefly, 1-day-
old neonatal SD rats were euthanized by overdose with sodium
pentobarbital (200 mg/kg, i. p., Sigma, St. Louis, MO). Ventricles
of the heart were quickly excised, minced into small pieces in cold
HBSS, and washed several additional times. The minced tissue
was digested with 0.1% trypsin in a 37 °C water bath with shaking
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for 5-min rounds of tissue digestion (10–12 times). The
supernatants from each incubation were pooled and added
into an equal volume of DMEM containing 10% FBS. Isolated
cells were then filtered with a 70 μm cell sieve and centrifuged
(1,000 rpm) for 10 min. After centrifuge, supernatants were
discarded and cell pellets were re-suspended in DMEM
composed of 10% FBS and 1% penicillin-streptomycin. The
cells were placed in an incubator for 1.5 h to allow non-
myocyte cells, such as fibroblasts, to attach on the plate
bottom. The cell suspension (final cellular density 5 × 105

cells/cm2) was then transferred to a 24-well plate. In the first
three days, 5-Bromodeoxyuridine (10−4 M) was added to
suppress fibroblast growth. All of the manipulations were
performed in a culture hood to ensure an aseptic
environment. After the cell cultures reached confluence
(5 days on average) in an incubator filled with a humidified
atmosphere of 5% CO2 at 37°C, cardiomyocytes were used for
in vitro experiments.

Cardiomyocyte Morphology Examination
and Autophagy Detection
Cultured cardiomyocytes were treated with the HBSS control,
vehicle (0.1% DMSO) control, Ang II, LY-294002 (a PI3KC1

inhibitor), 3-MA (a PI3KC3 inhibitor), LY-294002 + Ang II, or 3-
MA + Ang II for 24 h. Cardiomyocyte autophagy was determined
using immunofluorescent staining with anti-MAP-LC3
antibodies as described in our previous publication (Yao et al.,
2010). In brief, cells were fixed with 4% paraformaldehyde for
30 min. The cells were washed with fresh PBS containing 0.1%
Triton X-100 three times. After pre-incubation with 3% bovine
serum albumin (BSA) for 20 min, the cells were incubated with a
mixture of primary antibodies against α-actin and LC3 (1:100
dilution) overnight at 4°C. After washing with PBS-Triton X-100
solution, cells were incubated with fluorescence-conjugated
secondary antibodies (1:1,000 dilution) for 2 h at room
temperature in the dark. The images were taken under a
fluorescence microscope (Olympus). The cardiomyocytes were
identified by α-actin positive cells. The puncta were counted
inside of the cardiomyocytes that were identified with α-actin.
The average number of puncta in each cell was calculated as
described in previous literature (Hou et al., 2014). At least 10
different cells in each dish were randomly chosen to measure
autophagy. A higher average number of puncta in each cell
indicates a larger degree of autophagy occurence. The results
are expressed as fold changes vs. HBSS control.

In addition, photographic images of cardiomyocytes taken
with the fluorescence microscope were analyzed using computer

FIGURE 1 | Effect of blockade of PI3KC1 on Ang II-induced cardiac hypertrophy in rat hearts. Cardiomyocyte diameter and Akt phosphorylation were examined in
SD rats that received subcutaneous infusion of Ang II or saline control with cardiac transduction of Lv-DNp85 or Lv-GFP. (A) Representative western blots of
phosphorylated Akt (p-Akt) and total Akt in the heart of each group of rats. (B) Bar graphs summarizing the ratio of phosphorylated Akt vs. total Akt. Data are presented
as means ± SE (n � 6 rats). *p < 0.05 as compared with the group of saline + Lv-GFP. #p < 0.05 as compared with the group of Ang II + Lv-GFP. (C)Micrographs
showing representative heart sections stained with hematoxylin/eosin in each group of rats. (D) Bar graphs summarizing diameter of cardiac myocytes from transverse
cardiac sections of each group of rats. 100 cells per rat were observed randomly and averaged. Scale bar: 50 μm. Data are means ± SE (n � 6 rats in each group). *p <
0.05 vs. rats that received saline + Lv-GFP. #p < 0.05 vs. rats that received Ang II + Lv-GFP.
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software (Image Pro plus 6.0, Media Cybernetics, Bethesda, MD).
The cell surface area of cardiomyocytes that were positively
stained for sarcomeric actin was measured. At least 50 cells in
each dish were randomly selected for surface area analysis.

Measurement of ROS Production in
Cardiomyocytes
Mitochondrial ROS production was determined using the
superoxide-sensitive (O2

·−) fluorogenic probe MitoSox
(Thermo Fisher, M-36008, Rockford, IL) as detailed in our
previous publication (Guo et al., 2017). MitoSOX has a
dihydroethidium (DHE) part linked to a
triphenylphosphoninum (TPP) component and yields red
fluorescence when oxidized (excitation/emission wavelength:
510/580 nm). This compound is more concentrated in the
mitochondria than in the cytosol since the former has more
positively charged TPP. Cultured cardiomyocytes were pretreated
with the vehicle (DMSO, 0.1%) control, LY-294002, or 3-MA for
30 min. Then the cardiomyocytes were treated with Ang II
(10−6 M) or HBSS control. Intracellular mitochondrial ROS
levels were measured immediately after the addition of Ang II
or HBSS control by incubation with MitoSOX (5 × 10−6 M,

15 min). The fluorescence resulting from intracellular probe
oxidation was measured with a fluorescence microscope
(Olympus) and analyzed with computer software (Image Pro
plus 6.0).

Western Blot Analysis
The protein levels of p-Akt and total Akt in heart tissue were
assessed by Western Blots, as described in our previous
publication (Yao et al., 2008). Briefly, antibodies against p-Akt
or total Akt (Santa Cruz, Dallas, TX) were used as primary
antibodies (1:500 dilution). Peroxidase-conjugated antibodies
against rabbit IgG and mouse IgG (Bio-Rad, Hercules, CA)
were used as secondary antibodies (1:15,000 dilution).
Immunoreactivity was detected by enhanced
chemiluminescence autoradiography. Films were analyzed
using Image J.

Data Analysis
All data are presented as means ± SE. Data were statistically
analyzed using computer software (GraphPad Prism 5.0).
Statistical significance was determined using one- or two-way
ANOVA, as appropriate; and confirmed by either a
Newman–Keuls or Bonferroni’s post hoc analysis. p values

FIGURE 2 | Effect of Ang II on autophagy in cardiomyocytes. Autophagy was detected with MAP-LC3 antibody immunofluorescence by counting intracellular
puncta as formation of autophagosomes. (A–F) Representative fluorescence micrographs of cultured cardiomyocytes stained with anti-LC3 antibodies after treatments
with HBSS control (A), and Ang II at different concentrations (from 10−9 to 10−5 M, B-F). (G) Bar graphs showing the effect on autophagy under Ang II exposure at
different concentrations. Data are mean ± SE, n � 10 in each group. *p < 0.05 vs. Control. **p < 0.01 vs. Control.
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<0.05 were taken as significant. Significance levels are given in
the text.

RESULTS

Blockade of PI3KC1 Attenuated Ang
II-Induced Cardiac Hypertrophy in Rats
First, we determined the role of PI3KC1 in Ang II-induced cardiac
hypertrophy by overexpressing the dominant negative class I PI3-
kinase p85α subunit (DNp85) or GFP (control) using a viral vector-
mediated gene-transfer technique in rat hearts through coronary
arterial and cardiac injection. After injection, Ang II (200 ng/kg/
min) or normal 0.9% saline were subcutaneously infused using
osmotic pumps. After 4-weeks treatment with saline + Lv-GFP,
saline + Lv-DNp85, Ang II + Lv-GFP, or Ang II + Lv-DNp85, the
rats were euthanized and the cardiac tissue was collected. The
PI3KC1 activity was detected using conventional Western Blots
with antibodies against phosphorylated Akt (p-Akt) or total Akt.

The results (Figures 1A,B) demonstrated that 4-weeks infusion of
Ang II significantly increased the ratio of p-Akt vs. total Akt (0.38 ±
0.07 in the saline + Lv-GFP group vs. 0.59 ± 0.12 in the Ang II + Lv-
GFP group, n � 6, p < 0.05), suggesting a chronic stimulatory effect
of Ang II on PI3KC1 activity. Lentiviral vector-mediated
overexpression of DNp85 dramatically attenuated Ang II
infusion-induced phosphorylation of Akt (0.59 ± 0.12 in the
Ang II + Lv-GFP group vs. 0.36 ± 0.06 in the Ang II + Lv-
DNp85 group, n� 6, p< 0.05). The results demonstrate that chronic
overexpression of Lv-DNp85 attenuates Ang II infusion-associated
activation of PI3KC1.

The effects of Ang II infusion and Lv-DNp85 cardiac
transduction on cardiac hypertrophy were evaluated in these
four groups of rats by examining the morphology of cardiac
myocytes in heart sections using H&E staining. The results are
presented in Figures 1C,D, demonstrating that Ang II infusion
significantly increased the diameter of cardiomyocytes, thus
inducing severe cardiac hypertrophy (15.5 ± 0.5 μm in the
Saline + Lv-GFP group vs. 22.5 ± 1.2 μm in the Ang II + Lv-

FIGURE 3 | Effect of Ang II and blockade of PI3KC1 on autophagy in cardiomyocytes. Autophagy was examined in cardiomyocytes by immunostaining
fluorescence with MAP-LC3 antibodies in cardiomyocytes treated with vehicle control, Ang II (10−6 M) with or without the PI3KC1 inhibitor, LY-294002 (10−6 M) for 24 h
(A–D)Representative fluorescencemicrographs of cultured cardiomyocytes stained withMAP-LC3 antibodies after treatments. (E)Bar graphs summarizing quantitative
analysis of autophagic alterations in cardiomyocytes treated under the conditions described in the above. The scale in the images is 25 μm. Data are means ± SE,
which were derived from three experiments and at least triplicate wells in each experiment.*p < 0.05 vs. cardiomyocytes that treated with vehicle control. **p < 0.01 vs.
cardiomyocytes that treated with vehicle control. #p < 0.05 vs. cardiomyocytes that treated with Ang II.
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GFP group, n � 6, p < 0.05). Ang II-induced increases in
cardiomyocyte diameter were significantly attenuated by
cardiac transduction of Lv-DNp85 (22.5 ± 1.2 μm in the Ang
II + Lv-GFP group vs. 17.6 ± 1.1 μm in the Ang II + Lv-DNp85
group, n � 6, p < 0.05). The results demonstrate that blockade of
PI3KC1 attenuates chronic Ang II infusion-associated cardiac
hypertrophy.

Effect of Ang II on Cardiomyocyte
Autophagy
Accumulating evidence indicates the possible involvement of
autophagy in the pathophysiology of Ang II-induced cardiac
hypertrophy (Zhou et al., 2016; Guo et al., 2017). Autophagy
is a very important intracellular mechanism to protect cells from
hazardous material accumulation by scavenging damaged
mitochondria or proteins that produce reactive oxygen species
(ROS). Intracellular ROS plays an important role in the

pathogenesis of cardiac hypertrophy (Sag et al., 2014). Thus,
the effect of Ang II on autophagy in cardiomyocytes was
examined using immunofluorescence staining with antibodies
against microtubule-associated protein light chain 3 (MAP-LC3),
an autophagosome marker. The autophagesomes within
cardiomyocytes were visualized as green fluorescent puncta,
which are able to be counted under a microscope. The results
(as shown in Figure 2) demonstrate that Ang II treatment caused
autophagic alterations with two phases: an increasing phase at
lower dosages and a decreasing phase at high dosages.

Effect of PI3KC1 and Ang II on Autophagy
To identify the role of PI3KC1 in Ang II-induced autophagy,
autophagy was examined in cardiomyocytes treated with vehicle
control or Ang II (10−6 M) with or without the presence of LY-
294002, a PI3KC1 inhibitor. The results (as shown in Figure 3)
demonstrate that Ang II (10−6 M) induced a significant elevation
in autophagy in the presence of vehicle (DMSO, 0.1%, 1.00 ± 0.05
in control vs. 2.61 ± 0.12 in Ang II treatment, n � 3 experiments,
p < 0.05). Treatment of cardiomyocytes with LY-294002 (10−6 M)
significantly potentiated Ang II-induced autophagy by 46.4%

FIGURE 4 | Effect of Ang II and blockade of PI3KC1 on mitochondrial
ROS production in cardiomyocytes. Mitochondrial ROS levels were
determined using the oxidant-sensitive fluorogenic probe, MitoSOX, in
cardiomyocytes treated with vehicle control, Ang II (10−6 M) with or
without the PI3C1 inhibitor, LY294002 (10−6 M). (A–D) Representative
fluorescence micrographs of cultured cardiomyocytes probed by MitoSOX
after treatments. (E) Bar graphs summarizing the mitochondrial ROS levels in
cardiomyocytes treated with the conditions described above. The scale in the
images is 25 μm. Data are presented as means ± SE, which were derived from
three experiments and at least triplicate wells in each experiment. *p < 0.01 vs.
cardiomyocytes treated vehicle control. #p < 0.05 vs. cardiomyocytes treated
with Ang II.

FIGURE 5 | Effect of Ang II and blockade of PI3KC1 on cardiomyocyte
hypertrophy. Morphology of cardiomyocytes were determined by
immunocytochemistry using an α-sarcomeric actin antibody in
cardiomyocytes after treated with vehicle control, Ang II (10−6 M) with or
without the PI3KC1 inhibitor, LY294002 (10−6 M) for 24 h (A–D)
Representative fluorescence micrographs of cultured cardiomyocytes stained
with α-sarcomeric actin antibody after treatments. (E) Bar graph summarizing
the size of cardiomyocytes after the indicated treatment. Data aremeans ± SE,
derived from three experiments and at least triplicate wells in each experiment.
*p < 0.05 vs. control; #p < 0.05 vs. Ang II treatment.
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(1.06 ± 0.07 in LY-294002 alone vs. 3.82 ± 0.13 in LY-294002 plus
Ang II, n � 3 experiments, p < 0.05). In addition, treatment with
LY-294002 alone did not alter basal autophagy in
cardiomyocytes. These results indicated that blockade of
PI3KC1 significantly increased Ang II-induced autophagy in
cardiomyocytes, suggesting that PI3KC1 plays an inhibitory
role in Ang II-induced autophagy.

Role of PI3KC1 in Ang II-Induced ROS
Production
Based on the results in the experiment above, showing that
PI3KC1 has an inhibitory effect on Ang II-induced autophagy,
we can propose that PI3KC1-mediated inhibition of autophagy
could cause accumulation of damaged mitochondria, leading to
elevation in intracellular ROS levels. Therefore, we next
determined the role of PI3KC1 in Ang II-induced
mitochondrial ROS production. Mitochondrial ROS
production was measured using the MitoSox fluorescence

approach in cardiomyocytes treated by control or Ang II
(10−6 M) with or without the PI3KC1 inhibitor, LY-294002
(10−6 M). The results are presented in Figure 4, demonstrating
that treatment of cardiomyocytes with Ang II significantly
increased mitochondrial ROS production in the presence of
vehicle (DMSO, 0.1%) as expected (100 ± 2.4% in control vs
149.3 ± 3.6% in Ang II, n � 3 experiments, p < 0.01). More
interestingly, treatment with LY-294002 dramatically attenuated
Ang II-induced increases in mitochondrial ROS accumulation by
31.7% in cardiomyocytes (95.3 ± 2.2% in LY-294002 alone vs.
115.6 ± 3.0% in LY-294002 plus Ang II, n � 3 experiments, p <
0.05). In addition, treatment with LY-294002 alone did not alter
basal mitochondrial ROS production. These results suggest that
PI3KC1-induced inhibition of autophagy may contribute to the
Ang II treatment-associated elevation in intracellular ROS levels
in cardiomyocytes.

Role of PI3KC1 in Ang II-Induced Cardiac
Hypertrophy
Increasing evidence indicates that elevated mitochondrial ROS is
involved in Ang II-induced cardiac hypertrophy (Guo et al.,
2017). Considering the result from the experiment above,
showing that PI3KC1 contributes to Ang II-induced elevation
in intracellular ROS levels, we thus examined the role of PI3KC1
in Ang II-induced cardiac hypertrophy. The cell surface area was
measured under a fluorescence microscope in cardiomyocytes
stained with α-sarcomeric actin antibodies after treatment with
control or Ang II (10−6 M) with or without a PI3KC1 inhibitor,
LY-294002 (10−6 M). The results are presented in Figure 5,
showing that treatment with Ang II significantly increased the
cell surface area by 2-fold and that co-treatment with LY294002
significantly attenuated the Ang II-induced increase in cell
surface area. In addition, LY2940002 alone did not alter the
basal size of the cells. These results demonstrate that blockade of
PI3KC1 significantly attenuated Ang II-induced cardiac
hypertrophy, suggesting that activation of PI3KC1 contributes
to Ang II-induced cardiac hypertrophy.

Role of PI3KC3 in Ang II-Induced Cardiac
Hypertrophy
Previous studies demonstrate that mice with a PI3KC3 gene
deletion have increased heart size (Jaber et al., 2012). Thus, we
examined the role of PI3KC3 in Ang II-induced cardiac
hypertrophy. The size of cardiomyocytes was measured under
a fluorescence microscope in cardiomyocytes stained with
α-sarcomeric actin antibodies after treatment with control or
Ang II (10−6 M) with or without a PI3KC3 inhibitor, 3-
methyladenine (3-MA, 10−6 M). The results are presented in
Figure 6, demonstrating that treatment of cardiomyocytes
with Ang II significantly increased the cell surface area as
expected. More interestingly, co-treatment with 3-MA
significantly facilitated Ang II-induced increases in cell surface
area. Treatment with 3-MA alone did not significantly alter the
basal size of the cells. These results demonstrate that blockade of
PI3KC3 significantly promotes Ang II-induced cardiac

FIGURE 6 | Effect of Ang II and blockade of PI3KC3 on cardiomyocyte
hypertrophy. Cell morphology of cardiomyocytes was determined by
immunocytochemistry using an α-sarcomeric actin antibody in
cardiomyocytes after treatment with vehicle control, Ang II (10−6 M) with
or without the PI3KC3 inhibitor, 3-methyladenine (3-MA, 10−6 M) for 24 h
(A–D) Representative fluorescence micrographs of cultured cardiomyocytes
stained with α-sarcomeric actin antibodies after treatments. (E) Bar graph
summarizing the size of cardiomyocytes after the indicated treatment. Data
are means ± SE, which were derived from three experiments and at least
triplicate wells in each experiment. *p < 0.05 vs. control; #p < 0.05 vs. Ang II
treatment.
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hypertrophy, suggesting that PI3KC3 activation may have a
protective effect on Ang II-induced cardiac hypertrophy.

Role of PI3KC3 in Ang II-Induced ROS
Production
Previous studies demonstrate that increased intracellular ROS
production contributes to cardiac hypertrophy (Sag et al., 2014);
thus, we examined the hypothesis that PI3KC3 reduces
intracellular ROS production, leading to a protective effect on
Ang II-induced cardiac hypertrophy. Mitochondrial ROS levels
were detected using MitoSOX staining in cardiomyocytes after
treatment with control or Ang II (10−6 M) with or without
PI3KC3 inhibitor, 3-MA (10−6 M). The results are presented
in Figure 7A, demonstrating that Ang II treatment
significantly increased MitoSOX fluorescence density,
suggesting elevated ROS levels, as expected. More interestingly,
co-incubation with 3-MA significantly facilitated Ang II-induced
increases in mitochondrial ROS production. However, treatment
with 3-MA alone did not significantly alter basal ROS production.
These results demonstrate that blockade of PI3KC3 promoted
Ang II-induced mitochondrial ROS production, suggesting that
activation of PI3KC3 may exert a protective effect on Ang II-
induced ROS generation in cardiomyocytes.

Role of PI3KC3 in Ang II-Induced Autophagy
We next examined whether the protective effect of PI3KC3 on
Ang II-induced ROS production is mediated by facilitating
autophagy, leading to increased scavenging of damaged
mitochondria, which is a major source of intracellular ROS.
Autophagy was detected with MAP-LC3 antibody
immunofluorescence by counting intracellular puncta as
formation of autophagesomes in cardiomyocytes treated with
control or Ang II (10−6 M) with or without 3-MA (10−6 M), a
PI3KC3 inhibitor. The results are presented in Figure 7B,
demonstrating that treatment of cardiomyocytes with Ang II

significantly increased autophagy as compared with control. Co-
treatment with 3-MA significantly attenuated Ang II-induced
increases in autophagy. Treatment with 3-MA alone did not
significantly alter the basal autophagy levels. These results
demonstrate that blockade of PI3KC3 significantly attenuated
Ang II-induced increases in autophagy, suggesting that activation
of PI3KC3 contributes to Ang II-induced autophagy, facilitating
salvage of damagedmitochondria, and thereby leading to reduced
ROS production in cardiomyocytes.

DISCUSSION

The present study provides the first evidence that PI3KC1 contributes
to Ang II-induced cardiac hypertrophy by inhibiting autophagy and
increasing mitochondrial ROS production, and that PI3KC3 has a
protective effect on Ang II-induced cardiac hypertrophy by
promoting autophagy-mediated scavenging of mitochondrial ROS
in cardiomyocytes (as summarized in Figure 8). This conclusion is
supported by the following evidence: 1) blockade of PI3KC1
promotes Ang II-induced autophagy; in contrast, blockade of
PI3KC3 attenuates Ang II-induced autophagy; 2) blockade of
PI3KC1 diminishes Ang II-induced increases in mitochondrial
ROS production and hypertrophy; 3) blockade of PI3KC3
promotes the Ang II-induced increase in mitochondrial ROS
production and hypertrophy; and 4) inhibition of PI3KC1 by viral
vector-mediated over-expression of the dominant negative p85
subunit significantly attenuated Ang II-induced cardiac
hypertrophy in the heart. Collectively, these findings are consistent
with the idea that Class I and Class II PI3-kinases play a different role
in Ang II-induced cardiac hypertrophy by regulating autophagy-
mediated scavenging of mitochondrial ROS generation.

Previous studies have demonstrated that increased production
of ROS is involved tou in Ang II-induced cardiac hypertrophy. It
has been proposed that NADPH oxidase is the major source of
Ang II-stimulated ROS generation in cardiomyocytes. This

FIGURE 7 | Effect of Ang II and blockade of PI3KC3 on mitochondrial ROS production and autophagy in cardiomyocytes. Mitochondrial ROS levels were
determined using the oxidant-sensitive fluorogenic probe, MitoSOX and autophagy was examined using MAP-LC3 antibodies in cardiomyocytes treated with vehicle
control, Ang II with or without the PI3KC3 inhibitor, 3-methyladenine (3-MA). (A) Bar graphs summarizing the mitochondrial ROS levels in cardiomyocytes treated with
vehicle control, Ang II (10−6 M), 3-MA (10−6 M), and Ang II + 3-MA. Data are presented as means ± SE, which were derived from three experiments and at least
triplicate wells in each experiment. *p < 0.05 and **p < 0.01 vs. cardiomyocytes treated vehicle control. #p < 0.05 vs. cardiomyocytes treated with Ang II. (B) Bar graphs
summarizing quantitative analysis of autophagic alterations in cardiomyocytes treated with vehicle control, Ang II (10−6 M), 3-MA (10−6 M), and Ang II + 3-MA. Data are
means ± SE, which were derived from three experiments and at least triplicate wells in each experiment. *p < 0.05 and **p < 0.01 vs. cardiomyocytes that treated with
vehicle control. #p < 0.05 vs. cardiomyocytes that treated with Ang II.
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hypothesis is supported by a previous study showing that
blockade of gp91phox, a subunit of NADPH oxidase, attenuates
Ang II infusion-associated-hypertension and cardiac
hypertrophy (Bendall et al., 2002). However, blockade of
gp91phox associated ROS production has no preventive effect
on cardiac hypertrophy in Ang II over-production mice with
transgenic overexpression of renin (Touyz et al., 2005). In this
regard, mitochondrial dysfunction has been proposed as another
source of ROS. It has been reported that ROS derived from
damaged mitochondria are involved in cardiac hypertrophy
induced by hypertension and myocardial infarction (Pei et al.,
2016). This hypothesis is supported by the results from the
present study, showing that Ang II treatment significantly
increased mitochondrial ROS generation in cardiomyocytes.
Furthermore, increased mitochondrial ROS generation was
associated with impaired autophagy, a vital intracellular
scavenging mechanism for damaged mitochondria that

generate ROS. More interestingly, this impaired autophagy
induced by Ang II was attenuated by blockade of PI3KC1 in
cardiomyocytes. Thus, inhibition of the PI3KC1 signaling
pathway could generate a protective effect on cardiac
hypertrophy. This hypothesis is validated in our study, which
demonstrates that inhibition of PI3KC1 by viral vector-mediated
overexpression of dominant negative p85 PI3KC1 subunit (Lv-
DNp85) significantly attenuated Ang II perfusion-induced
cardiac hypertrophy in rats. These results suggest that the
PI3KC1 signaling pathway could be a potential target for the
treatment or prevention of cardiac hypertrophy.

One major question that arises from our study concerns the
signaling pathways involved in the inhibitory effect of PI3KC1
on autophagy. It has been shown that PI3KC1 phosphorylates
protein kinase B/Akt and that Akt induces activation of mTOR,
which regulates several cellular functions such as cell growth,
proliferation, and autophagy (Vanhaesebroeck et al., 2012;
Sciarretta et al., 2018). This observation is consistent with
the results from the current study showing that blockade of
PI3KC1 with Lv-DNp85 significantly attenuated Ang II-
induced phosphorylation of Akt in the heart of rats. In the
heart, pharmacological inhibition of mTOR with rapamycin
reverses cardiac hypertrophy induced by Akt overexpression
(Shioi et al., 2002; Shiojima et al., 2015). In addition, it has been
reported that activation of the mTOR signaling pathway
inhibits autophagy activity in the heart (Shiojima et al.,
2015; Nakai et al., 2007). Therefore, we can propose that the
Akt/mTOR signaling pathway could be involved in the
PI3KC1 activation-associated impairment of autophagy in
cardiomyocytes. This hypothesis needs be verified in future
studies.

This study demonstrates, for the first time, that the protective
effects of PI3KC3 on Ang II-induced cardiac hypertrophy and
mitochondrial ROS production are mediated by promoting
autophagy activity. The autophagy mechanism includes the
formation of double membraned autophagosomes, the fusion
of autophagosomes to late endosomes/lysosomes, and the
digestion of the enclosed contents by lysosomal hydrolases.
Autophagy functions as an intracellular scavenging procedure
by eliminating misfolded proteins and damaged organelles, such
as damaged mitochondria, in order to maintain cellular
homeostasis. The damaged mitochondria could increase ROS
generation, leading to cardiac hypertrophy and heart failure (Bao
et al., 2007). It has been reported that impaired autophagy is
involved in the development of cardiac hypertrophy (Wang and
Cui, 2017). In the current study, we observed that blockade of
PI3KC3 significantly inhibited Ang II-induced autophagy
activity, leading to increased ROS generation and
cardiomyocyte hypertrophy. These findings suggest that
PI3KC3 has a protective role in Ang II-induced cardiac
hypertrophy by suppression of mitochondrial ROS via up-
regulation of autophagy activity. This conclusion is supported
by a previous investigation, from Jaber et al. (Jaber et al., 2012),
demonstrating that mice with ablation of PI3KC3 Vps34 develop
severe cardiac hypertrophy and reduced heart contractility.
However, this conclusion will require verification in future
studies using animal models.

FIGURE 8 | Proposed intracellular mechanisms involved in the action of
PI3KC1 vs. PI3KC3 in the Ang II-induced cardiac hypertrophy. PI3KC1, PI3-
kinase Class I; PI3KC3, PI3-kinase Class III; ROS, reactive oxygen species;
MitoROS, mitochondrial ROS.
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In summary, we provide the first evidence that both PI3KC1 and
PI3KC3 are involved in Ang II-induced cardiac hypertrophy, with
each kinase playing a different role: Activation of PI3KC1 negatively
regulates autophagy activity, leading to increased mitochondrial ROS
production and cardiac hypertrophy. In contrast, activation of
PI3KC3 increases autophagy activity, leading to reduced
mitochondrial ROS generation and a protective effect on Ang II-
induced cardiac hypertrophy. An interesting question that arose from
the current studies is why Ang II treatment causes autophagic
alterations with two phases: an increasing phase at lower dosages
and a decreasing phase at high dosages. The possible underlying
mechanism may be due to activation of different PI3Ks. At lower
dosage, Ang II predominantly activates PI3KC3, leading to increases
in autophagic responses and a protective effect onmitochondrial ROS
accumulation. This protective effect may contribute to the
compensatory cardiac hypertrophy effect under physiological
conditions. It will be very interesting to study whether this
protective signaling pathway induced by Ang II at lower dosages
is mediated by stimulation of AT2 receptors since activation of AT2
receptors is reported to exhibit a protective effect from cardiac
hypertrophy (Castoldi et al., 2019). At higher dosages, Ang II may
predominantly activates PI3KC1, besides PI3KC3, leading to
inhibition of autophagic responses and accumulation of
mitochondrial ROS, which results in a detrimental effect and
hypertrophy in the heart. However, this hypothesis needs further
investigation in the future. Taken together, the results indicate that
the shift from PI3KC3 to PI3KC1 may be involved in the
conversion from cardiac compensation to decompensation in
pathophysiological conditions; therefore, PI3KC1 and PI3KC3
may be novel therapeutic targets for the prevention or treatment
of cardiac hypertrophy.
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