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Background: Hypertension is the most common cause of pathological left
ventricular hypertrophy, a condition causally associated with debilitating heart
failure and cardiovascular events in hypertensive patients. It is well recognized
that the disease burden of hypertension-linked heart failure remains unabated
with existing treatments. New therapies controlling hypertensive left ventricular
hypertrophy are thus required to decelerate or prevent the development of heart
failure. Our previous study has demonstrated that cinnamic acid, a naturally
occurring monocarboxylic acid, mitigates transverse aortic constriction-induced
pressure overload-mediated cardiac hypertrophy. However, whether cinnamic
acid is effective at controlling hypertensive left ventricular hypertrophy remains
unknown. Angiotensin Il (ang I1) plays a pivotal role in driving the pathogenesis of
hypertensive left ventricular hypertrophy. The current work thus investigates the
therapeutic potential and pharmacological mechanisms of cinnamic acid in the
context of ang Il-mediated hypertensive left ventricular hypertrophy.

Methods: Ang II-infused mice and cardiomyocytes were analyzed by histological,
immunohistochemical, cellular and molecular biological methods to delineate
the impact of cinnamic acid on hypertensive left ventricular hypertrophy.

Results: The results showed that cinnamic acid lowered blood pressure and
attenuated left ventricular hypertrophic and fibrotic alterations in the ang II-
infused mice. Cinnamic acid counteracted hypertrophic responses, impairment
of the mitochondrial function and overproduction of mitochondrial reactive
oxygen species (ROS) in the cardiomyocytes exposed to ang Il. At the
molecular level, cinnamic acid mitigated ang Il-induced activation of signal
transducer and activator of transcription 3 (STAT3) and extracellular signal-
regulated kinase 1/2 (ERK1/2) in cardiomyocytes. Additionally, cinnamic acid
blunted STAT3 and ERK1/2 activation as well as the hypertrophic responses in
cardiomyocytes exposed to interleukin 6 (IL-6) as well.

Conclusion: In summary, this is the first study demonstrating that cinnamic acid is
effective at mitigating hypertensive left ventricular hypertrophy. Cinnamic acid
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antagonizes the vasopressor activity of ang Il at the systemic level and the ligand-
dependent pro-hypertrophic signaling of ang Il in cardiomyocytes. Furthermore,
our present study presents new evidence supporting that cinnamic acid lessens the
activation of STAT3 and ERK1/2, which may in part contribute to its anti-
hypertrophic actions in cardiomyocytes.

KEYWORDS

cinnamic acid, hypertension, left ventricular hypertrophy, cardiomyocytes, angiotensin I,
pro-hypertrophic responses

1 Introduction

Hypertension is one of the most important risk factors of
cardiovascular diseases and heart failure. Based on the World
Health Organization statistics in 2023, approximately 1.28 billion
adults worldwide have been diagnosed with hypertension (https://
The
burden of hospitalization and mortality of cardiovascular events

www.who.int/news-room/fact-sheets/detail/hypertension).

and heart failure in hypertensive patients remains unabated even
with existing antihypertensive treatments (Roger, 2021). Left
ventricular hypertrophy develops in approximately 40% of
hypertensive patients and significantly contributes to the
pathogenesis of adverse cardiovascular events and heart failure
under hypertensive conditions (Messerli and Schmieder, 1986;
Cuspidi et al, 2012). Therapies mitigating the hypertrophic
pathologies in left ventricles may help to decelerate the
progression of heart failure and lower the incidence of
cardiovascular events in hypertensive patients (Schiattarella and
Hill, 2015; Aronow, 2017). Renin-angiotensin system, the most
recognized neurohormonal mechanism in the pathogenesis of
plays
alterations of the cardiovascular system. As the main executor of

hypertension, vital roles in the pathophysiological
the renin-angiotensin system, angiotensin II (ang II) exerts intrinsic
ligand-dependent pro-hypertrophic effects as well as vasopressor
activities-associated =~ mechanical  stress-related  effects on
cardiomyocytes, both of which mechanistically underpin the
pathological hypertrophic remodeling in the left ventricle.
Therefore, therapies mitigating aberrantly elevated ang II
signaling hold promise to protect against hypertensive left
ventricular hypertrophy.

Natural products open up new opportunities for the
development of new drug therapies (Atanasov et al, 2021).
Cinnamic acid, a naturally occurring monocarboxylic acid with
low toxicity (Hoskins, 1984), is abundantly present in many
herbal

Cinnamomum cassia, which are used in the clinical practice of

medicinals  including Cinnamomi ramulus and
traditional Chinese medicine for the treatment of hypertension and
heart failure (Chen et al., 2021; Mohammadabadi and Jain, 2024; Qu
et al., 2023). It has been reported that cinnamic acid attenuates
isoproterenol-induced myocardial injuries (Song et al, 2013),
alleviates myocardial ischemia/reperfusion injuries (Luan et al.,
2022),

(Koczurkiewicz-Adamezyk et al, 2021) and reduces diabetes-

mitigates doxorubicin-induced myocardial  toxicities
associated glucotoxicity in cardiomyocytes (Nair et al, 2022;
Anupama et al, 2018). Our previous work has also uncovered
that cinnamic acid directly suppresses phenylephrine-stimulated

hypertrophic phenotype in cardiomyocytes and offsets the pro-
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hypertrophic impact of transverse aortic constriction (TAC)-
induced pressure overload on the heart (Cui et al, 2023).
Cinnamic acid also exerts endothelium-dependent vasodilatory
effects ex vivo, which suggests possible implications of cinnamic
acid in mitigating hypertension (Kang et al., 2013). However, it is yet
to be determined if cinnamic acid exerts any effects on ang II-
mediated hypertensive left ventricular hypertrophy. Moreover, it
remains to be elucidated if the pro-hypertrophic ang II signaling in
cardiomyocytes could be therapeutically modulated by cinnamic
acid. Thus, the current study explored the pharmacological
implications of cinnamic acid in ang II-mediated hypertensive
left ventricular hypertrophy.

2 Materials and methods
2.1 Animals and treatments

C57BL/6] mice (male, 7 weeks old, 20 £ 1 g) were ordered from
Shanghai Laboratory Animal Research Center (Shanghai, China).
The mice were maintained in standard laboratory conditions and
had free access to water and food. The animal handling was
performed in compliance with the National Institutes of Health
guide and approved by the Institutional Animal Care and Use
Committee of Yueyang Hospital of Integrated Traditional
Chinese Medicine, Shanghai University of Traditional Chinese
Medicine (Approval No. YYLAC-2019-018). Ang II (Sigma-
Aldrich, United States) was prepared in sterile saline solution. To
induce hypertension and left ventricular hypertrophy, micro-
osmotic pumps (Alzet MODEL 1002, United States) loaded with
ang II were subcutaneously implanted with the infusion parameter
set at 1 ug/kg/min for 14 days, a dose and duration regimen selected
with reference to the published protocols (Kurisu et al., 2003; Wang
et al, 2021; Wang et al., 2018). Ang II-infused mice received daily
gavage of either vehicle (i.e., 0.5% sodium carboxymethyl cellulose
solution) or cinnamic acid (Shanghai Shifeng Biological Technology
CO.,, Ltd., China) at 60 and 300 mg/kg for 14 days. The doses were
selected primarily based on our previous findings on the effects of
cinnamic acid against TAC-induced left ventricular hypertrophy
(Cui et al., 2023). The pumps loaded with saline solution were also
implanted to the vehicle-treated mice (sham controls). The
indicated treatments started at 24 h after the initiation of ang II
infusion. The animals were subjected to blood pressure
measurement before ang II infusion, 1 week after ang II infusion
and at the end of the 14-day ang II infusion. At the end of the
indicated treatments, the mice were euthanized. The heart weight
and the length of the tibia were then measured to assess the heart
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index. Afterward, the left ventricles were prepared for paraffin

sectioning to obtain cross-sections for histological and

immunohistochemical examinations.

2.2 Assessment of the blood pressure

BP-2010A instrument (Softron Biotechnology, China) was used
to measure the blood pressure following the protocol described in
our previous work (Wu et al,, 2019; Ding et al., 2019). In brief, the
mouse was restrained under conscious state in a 35°C warming
chamber and allowed to stabilize for 5-10 min, followed by securing
the cuff around the tails. Inflation and deflation of the tail cuff were
repeated multiple times to precondition the animal, followed by
recording systolic blood pressure (SBP) and diastolic blood pressure
(DBP). Multiple readings were acquired and minimally 5 readings
within the 5-10 mmHg range were averaged to obtain the SBP or
DBP for each mouse.

2.3 Myocardial fibrosis and cardiomyocyte
hypertrophy evaluation

After fixation in 4% paraformaldehyde for 24 h, left ventricles
were subjected to further processing to prepare paraffin sections (4-
thick)
immunohistochemical assessment. Sections were also sequentially
probed with anti-natriuretic peptides A (ANP) antibody (1:500,
ab225844, Abcam, United States) at 4°C overnight and Cy3-
conjugated anti-rabbit secondary antibody (1:500, C2306, Sigma-
Aldrich, United States) at room temperature for 1 h in the dark.

pum for ~ Masson’s  trichrome  staining  and

Wheat-germ agglutinin (WGA) expression pattern was examined
using Alexa5 Fluor 488-conjugated WGA antibody (10 pg/mL,
W11261, Thermo Fisher Scientific, United States) at room
temperature for 30 min in the dark. The images were recorded
using a light microscope (DM 2000, Leica, Germany) or a
(DM6000B,
Quantification analysis was performed using Image].

fluorescence  microscope Leica,  Germany).

2.4 Cardiomyocyte culture and treatments

Isolation of the primary neonatal rat cardiomyocytes (NRCMs)
was performed using the heart dissected from 2- to 3-day old
(Shanghai
Shanghai, China) following previously described methods (Cui
et al, 2023). In brief, the hearts were washed in HBSS and
minced into pieces in the size of 1-2 mm’. Next, the minced
tissue was digested with 0.25% Trypsin-EDTA (Gibco,
United States) at 4°C overnight. The following day, 1.5 mg/mL
collagenase IT (Thermo Fisher Scientific, United States) digestion

Sprague-Dawley rats Laboratory Animal Center,

was performed by incubating and shaking the tissue at 37°C for
5 min. This serial enzyme digestion procedure was repeated 5 to
7 times. Cell suspension was collected and filtered through a 100-
mesh cellular sifter, followed by centrifugation at 800 rpm for 5 min
to harvest the cells. The cells were then resuspended and plated in
DMEM containing 5% FBS and 1% penicillin/streptomycin
(Thermo Fisher Scientific, United States) for 2 h, followed by re-
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seeding of the nonattached cardiomyocytes into 24-well plates at 6 x
10* cells/well for immunocytochemistry experiments or 12-well
plates at 4 x 10° cells/well for Western blotting and real-time
quantitative polymerase chain reaction (QPCR) analyses.

H9c2 cells (Chinese Academy of Sciences Cell Bank of Type
Culture Collection, Shanghai, China) were maintained in DMEM
containing 10% FBS and 1% penicillin/streptomycin. For Western
blotting, H9c2 cells seeded in 6-well plates at 6.4 x 10° cells/well were
stimulated with recombinant IL-6 (IL-6, Sino Biological Lnc, China).
For immunocytochemistry and mitochondrial analyses, H9c2 cells
were plated in 24-well plates at 2 x 10* cells/well and 1 x 10*/well,
respectively.

2.5 Immunocytochemistry

After fixation in 4% for 15 min,

permeabilization in 0.1% Triton X-100 for 10 min and blocking

paraformaldehyde

in 1% BSA for 30 min at room temperature, rhodamine phalloidin
(100 nM, CA1610, Solarbio, China) or rabbit polyclonal anti-ANP
antibody (1:750, ab14348, Abcam, United States) staining was
performed at 4°C overnight. Cy3-conjugated anti-rabbit
secondary antibody (1:500, C2306, Sigma-Aldrich, United States)
was subsequently incubated at room temperature for 1 h in the dark.
The nuclei were visualized by 4',6-diamidino-2-phenylindole
(DAPI). A fluorescence microscope (DMI6000, Leica, Germany)
was employed for the imaging purpose. Image] was used for
quantification analysis.

2.6 Real-time qPCR

Total RNA from NRCMs was extracted using miRNeasy Mini
Kit (Qiagen, Germany). Reverse transcription and real-time PCR
reactions were set up using PrimeScript RT Master Mix (TaKaRa,
Japan) and LightCycler 480 SYBR Green I Master (Roche,
Germany), respectively. The PCR was run on a LightCycler 480
II (Roche, United States). The primer sequences (5'-3') are as
follows. Rat natriuretic peptide type B (Nppb), forward primer:
GAACAATCCACGATGCAGAAGC, reverse primer: TCTGCC
CAAAGCAGCTTGAA; rat Gapdh, forward primer: ACAGCA
ACAGGGTGGTGGAC, reverse primer: TTTGAGGGTGCAGCG
AACTT. The fold change in the expression of Nppb was calculated
based on 2—[Ct (Nppb)-Ct (Gapdh)].

2.7 Western blotting

RIPA buffer (Beyotime, China) containing protease inhibitors
and phosphatase inhibitors (Roche, Germany) was used to obtain
cell lysate. The protein samples were run in 10% SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes (Millipore,
United States). The membranes were blocked with 5% BSA for
1 h at room temperature and incubated overnight at 4°C with
primary antibodies including monoclonal mouse anti-STAT3
(1:1000, 9139, Cell
United States), monoclonal mouse anti-phosphorylated-STAT3
(pSTAT3) antibody (1:2000, 4,113, Cell Signaling Technology,

antibody Signaling ~ Technology,
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United States), polyclonal rabbit anti-ERK1/2 antibody (1:1000,
9102, Cell Signaling Technology, United States), monoclonal
mouse anti-phosphorylated ERK1/2 (pERK1/2) antibody (1:2000,
9106, Cell Signaling Technology, United States) or monoclonal
mouse anti-alpha tubulin (a-tubulin) antibody (1:4500, ab7291,
Abcam, United States). After primary antibody incubation, the
secondary antibodies were applied for 1 h at room temperature,
which included horseradish peroxidase-conjugated goat anti-mouse
(1:3000, W4028, Promega, United States) and anti-rabbit secondary
antibody (1:3000, W4011, Promega, United States). The signal was
detected ECL (Advansta,
United States) and recorded by an UVP imaging system

using ~ WesternBright reagent

(BioSpectrum 410, United States). Image] was used for
densitometry analysis.
2.8 Mitochondrial analyses

Mitochondrial Membrane Potential Assay Kit (C2006,

Beyotime, China) was adopted to analyze the mitochondrial
(MMP) in H9c2 cells
manufacturer’s instructions. Briefly, the cells were incubated with
the JC-1 detection solution at 37°C for 20 min in the dark. After
incubation with the JC-1 detection reagent, the fluorescent signals

membrane potential following the

indicative of JC-1 aggregates (in red) and JC-1 monomers (in green)
were recorded. Mitochondrial Permeability Transition Pore Assay
kit (C2009S, Beyotime, China) was employed to assess the opening
of mitochondrial permeability transition pore (mPTP) in H9¢2 cells
following the manufacturer’s protocol. In brief, the cells were
incubated in calcein acetoxymethyl ester staining solution and
CoCl2 fluorescence quenching solution at 37°C for 50 min in the
dark. MitoSOX (M36008, Thermo Fisher Scientific, United States)
was applied to detect mitochondrial production of reactive oxygen
species (ROS) in H9c2 cells. In brief, the cells were stained with 5 uM
MitoSOX at 37°C for 10 min in the dark. The nuclei were
counterstained with DAPL
fluorescence microscope (DMI6000, Leica,

Images were captured by a
Germany). The

fluorescence was analyzed by Image].

2.9 Statistical analysis

The data were presented as mean + standard error of mean
(SEM). One-way ANOVA with the Tukey multiple-comparisons
test was conducted for the statistical analyses. Conclusions of
statistically significance were reached when P < 0.05.

3 Results

3.1 Cinnamic acid lowers blood pressure and
alleviates left ventricular hypertrophy in the
ang ll-infused mice

The impact of cinnamic acid on hypertensive left ventricular
hypertrophy was directly examined in ang II-infused mice in vivo.
Significantly elevated SBP and DBP were observed in the mice
infused with ang II compared to the sham controls. In contrast,
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SBP and DBP were decreased in the mice infused with ang II and
treated with 60 and 300 mg/kg cinnamic acid (Figure 1A).
Compared to the sham controls, the heart index (i.e., the ratio of
the heart weight to the tibia length) was significantly higher in the
ang II-infused mice, whereas lower heart index was found in the
cinnamic acid-treated ang II-infused mice (Figure 1B). Moreover,
the cardiomyocytes in the left ventricles were significantly enlarged
in the ang Il-infused mice. However, the cardiomyocyte was
remarkably smaller in the cinnamic acid-treated ang II-infused
mice (Figures 1C, D). Meanwhile, the level of ANP in the left
ventricular cardiomyocytes was notably increased as a result of ang
II infusion. In contrast, the level of the cardiomyocyte ANP was
markedly decreased in the cinnamic acid-treated ang II-infused mice
(Figures 1C, E). In addition to the hypertrophic responses in
cardiomyocytes, ang II infusion also leads to myocardial fibrosis,
another hallmark feature of pathological cardiac remodeling
responsible for irreversible progression of cardiac dysfunction
(Schnee and Hsueh, 2000). Consistently, Masson’s trichrome
staining revealed prominent left ventricular perivascular and
interstitial fibrosis from the ang II-infused mice. In contrast, the
fibrotic pathologies in the perivascular region were attenuated in ang
II-infused mice treated with both lower dose (i.e., 60 mg/kg) and
higher dose (i.e., 300 mg/kg) of cinnamic acid. Meanwhile,
interstitial fibrosis in the left ventricles was markedly alleviated in
the ang II-infused mice that received treatment of 300 mg/kg
cinnamic acid. A modest yet statistically insignificant reduction
of interstitial fibrosis was also noted as a result of 60 mg/kg
cinnamic acid treatment (Figure 2). The blood pressure and
morphological assessments indicate that cinnamic acid attenuates
ang II-mediated hypertension as well as hypertrophic and fibrotic
pathologies in the left ventricle.

3.2 Cinnamic acid directly counteracts ang
lI-induced hypertrophic responses in
cardiomyocytes

The findings above demonstrate that along with lowering the

blood pressure, cinnamic acid attenuates left ventricular
hypertrophy in the ang II-infused mice. Elevated blood pressure
causes pressure overload and the ensuing mechanical stress on
cardiomyocytes in part contributes to the pathogenesis of
hypertrophic remodeling of the left ventricles in hypertensive
patients (Blaustein, 2017). On the other hand, in addition to
vasoconstrictor-associated ~ mechanical ~ stress  dependent
mechanisms, ang II directly stimulates hypertrophic responses in
cardiomyocytes, resulting in hypertrophic pathologies in the heart
(Zablocki and Sadoshima, 2013). Thus, it remains to be determined
whether the effect of cinnamic acid against the development of ang
II-induced hypertrophic phenotypes in vivo results from decreased
blood pressure or implicates direct actions that offset the ligand-
dependent pro-hypertrophic activities of ang II in cardiomyocytes.
In order to further delineate the potential impact of cinnamic acid
on the ligand-dependent action of ang II on cardiomyocytes,
primary NRCMs were subjected to ang II stimulation, followed
by assessments of the effects of cinnamic acid on the hypertrophic
responses in the cells. Rhodamine phalloidin staining of the

filamentous actin showed that the size of NRCMs was increased

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1555991

Cui et al. 10.3389/fphar.2025.1555991
A Sm-e Angll -+ CA-L = CA-H_ B ’ ’ o o
%”14 2 %”10 Tt AT
g 13 £ 9 sk %

r 104 —r—
212 e o
2 2 g
§ 11 % " .t
o g
10 o
g i 5 o
S 9 ] 2
- S 60 :
2 80 o 10 % "
3 10 5 T E
2 0 T T T é’ 0 ; s :
s 6 I 2 a 0 1 D
Weeks Weeks
C
| DAPI ” || ANP ” Merge I D
' 3
g
=
Q
=
£
o
2
=
£
<
%)
&
Sham Ang IICA-L CA-H
E s
* %k k%
10+
Q\i
& 8+
Z
<
S 6
5
5 44
[
2 a
3
[=W}
Sham Ang IICA-L CA-H
FIGURE 1

Cinnamic acid mitigates hypertension and hypertrophic pathologies in the left ventricles in ang ll-infused mice. The mice infused with ang Il were
treated with vehicle (Ang Il) or cinnamic acid at 60 mg/kg (CA-L) and 300 mg/kg (CA-H) for 14 days. Sham controls received vehicle treatment (n = 5 per
group). (A) SBP and DBP readings. (B) Photographed hearts (upper panel) and the heart index (lower panel). (C) The pattern of WGA (in yellow) and ANP (in
pink) in the left ventricles. DAPI (in blue) highlighted the nuclei. Scale bar, 50 um. (D) CSA of cardiomyocytes. (E) ANP immunopositivity. *P < 0.05,

**P < 0.01, ***P < 0.001. Ang I, angiotensin II; CA, cinnamic acid; CSA, cross-sectional area

in response to ang II exposure. However, dose-dependent effects of
cinnamic acid against ang II-induced hypertrophic responses in
NRCMs were observed. The cardiomyocytes were significantly
smaller as a result of 100 and 200 uM cinnamic acid treatment,
which was not seen in the cells treated with 12.5 or 50 uM cinnamic
acid (Figure 3A). Real-time qPCR analyses further showed that
Nppb gene expression was significantly upregulated when the cells
were exposed to ang II. In contrast, much lower expression of Nppb
was detected in the ang II-exposed NRCMs treated with 100 uM
cinnamic acid (Figure 3B). Similar observations were also made in
H9c2 cardiomyocytes. Cinnamic acid delivered at 100 pM
counteracted ang II-induced increases in the size (Figure 4A)
and intracellular level of ANP in H9c2 cells (Figure 4B). The
results above collectively support that cinnamic acid directly
mitigates the ligand-dependent effect of ang II on cardiomyocyte
hypertrophy.

Frontiers in Pharmacology

3.3 Cinnamic acid alleviates ang ll-triggered
mitochondrial dysfunction and ROS
production in cardiomyocytes

Mitochondrial dysfunction and associated ROS overproduction not
only are hallmark features of hypertrophic and failing cardiomyocytes,
but also actively promotes the pathological changes associated with
hypertrophic remodeling in the heart and transition to heart failure
(Osterholt et al., 2013). Ang II directly stimulates the production of
mitochondrial ROS, which is mechanistically implicated in the
hypertrophic responses in cardiomyocytes (Dai et al, 2011).
Therefore, mitochondrial function was further examined. MMP was
noticeably impaired in the H9¢2 cardiomyocytes upon ang II exposure.
On the contrary, improved MMP was noted in the ang II-exposed cells
treated with 100 uM cinnamic acid (Figure 5A). Meanwhile, ang II
caused marked opening of mPTP in H9c2 cells, whereas 100 uM
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Cinnamic acid alleviates fibrotic changes in the left ventricles from the ang IlI-infused mice. The mice infused with ang Il received vehicle (Ang II) or
cinnamic acid treatment at 60 mg/kg (CA-L) and 300 mg/kg (CA-H) for 14 days. Sham controls received vehicle treatment in the same manner (n = 5 per
group). (A) Masson's trichrome-stained images. Scale bar, 100 um. (B) Perivascular and interstitial fibrotic areas (%). *P < 0.05, ***P < 0.001. Ang II,

angiotensin II; CA, cinnamic acid.

cinnamic acid treatment counteracted the deleterious impact of ang II
on mPTP (Figure 5B). Furthermore, MitoSOX Red labeling of
superoxide in mitochondria uncovered that the superoxide level was
elevated in the cells exposed to ang II. However, the level of
mitochondrial superoxide was remarkably decreased in the cells
treated with 100 uM cinnamic acid (Figure 5C). The mitochondrial
functional assays thus reveal that the anti-hypertrophic action of
cinnamic acid implicates attenuating ang II-triggered mitochondrial
impairment in cardiomyocytes.

3.4 Cinnamic acid mitigates ang ll-induced
activation of STAT3 and ERK1/2 in
cardiomyocytes

The pro-hypertrophic responses of ang II in cardiomyocytes are
mediated by multiple downstream signaling mechanisms. For
example, enhanced activation of STAT3 relays the hypertrophic
responses of ang II and participates in ang II-triggered
mitochondrial impairment (Han et al., 2018). ERK1/2 activation
contributes to cardiomyocyte hypertrophy in the setting of ang II

Frontiers in Pharmacology

exposure (Bueno and Molkentin, 2002). Therefore, the level of
phosphorylated STAT3 (pSTAT3) and ERK1/2 (pERK1/2) was
assessed to gain molecular understanding of the impact of
cinnamic acid on ang II-stimulated pro-hypertrophic signaling in
cardiomyocytes. The level of pSTAT3 in cardiomyocytes was
increased in response to ang II exposure, whereas markedly
lower level of pSTAT3 was seen in the cells treated with 100 uM
cinnamic acid (Figure 6A). Upon ang II exposure, phosphorylation
of ERK1/2 was also noted to be elevated. However, 100 uM cinnamic
acid treatment resulted in significantly decreased level of pPERK1/2 in
the ang IT-exposed cells (Figure 6B). The analyses here indicate that
cinnamic acid mitigates ang II-stimulated activation of pro-
hypertrophic signaling in cardiomyocytes.

3.5 Cinnamic acid mitigates IL-6-induced
activation of STAT3 and ERK1/2 in
cardiomyocytes

STAT3 and ERK1/2 are important mediators of pro-

hypertrophic ~signaling pathways shared by various pro-
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hypertrophic stimuli. To better understand the mode of action of
cinnamic acid on STAT3-and ERK1/2-mediated pro-hypertrophic
signaling in cardiomyocytes, IL-6, which canonically activates
STAT3 and ERK1/2 and triggers pro-hypertrophic responses in
cardiomyocytes (Meléndez et al,, 2010; Hirota et al., 1995), was
further applied to the cardiomyocytes. As expected, distinct
STAT3 activation was readily noted upon IL-6 exposure.
However, cinnamic acid dose-dependently attenuated IL-6-
induced STAT3 Significant
reductions in the level of pSTAT3 were observed in the cells

activation in cardiomyocytes.
treated with 100 and 500 pM cinnamic acid but not when
cinnamic acid was delivered at 4 or 20 puM (Figure 7A).
Similarly, IL-6-stimulated elevation in the level of pERK1/2 was
dose-dependently blunted by cinnamic acid as well. Significantly
lower levels of pERK1/2 were observed in the cells treated with 20,

Frontiers in Pharmacology

100 and 500 uM cinnamic acid but not in those treated with 4 uM
cinnamic acid (Figure 7B). Furthermore, the size of H9c2 cells was
significantly increased due to IL-6 exposure. However, cinnamic
acid treatment dose-dependently reduced the size of the IL-6-
exposed H9c2 cells. Significantly smaller cardiomyocytes were
noted as a result of treatment with 20, 100 and 500 uM cinnamic
acid but not with 4 uM cinnamic acid treatment. Moreover, the anti-
hypertrophic effect of cinnamic acid in IL-6-exposed H9c2 cells
appeared to reach a plateau at 100 uM (Figure 8A). Consistently, the
intracellular level of ANP were significantly increased as a result of
IL-6 stimulation, whereas markedly decreased level of intracellular
ANP was found in the IL-6-exposed H9c2 cells treated with 100 uM
cinnamic acid (Figure 8B). Therefore, along with the above-
mentioned impact of cinnamic acid against ang II-triggered
STAT3 and ERKI1/2 activation, these results corroborate the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1555991

Cui et al.

10.3389/fphar.2025.1555991

(=}
|

'g% 2.57 sk Hok
A g | I |
= [u]
| VC [ Angll | CA <z 207
£
,QZ) 1.5
=
£ 1.0+
S
§ 0.5
b5
2 0.0-
VC Angll CA
4_
E) | |
AngII .‘E 3] oin
3
2
3 27
5
=
CA © 14 a
5
[}
(=4

FIGURE 4

VC Angll CA

Cinnamic acid attenuates hypertrophic responses in ang Il-exposed H9c2 cells. After 30-min incubation with vehicle or cinnamic acid at 100 pM,
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of H9c2 cells was quantified from >125 cells per group. (B) Immunostaining of ANP (in red) and DAPI staining (in blue). Scale bar, 75 ym **P < 0.01, ***P <

0.001. Ang I, angiotensin II; CA, cinnamic acid; VC, vehicle control

notion that the mechanisms underpinning the therapeutic action of
cinnamic acid in the setting of cardiomyocyte hypertrophy involves
mitigating the activation of common mediators of the pro-
hypertrophic signaling pathways.

4 Discussion

Although the pharmacological implications of cinnamic acid in
pressure overload-induced hypertrophic pathologies in the heart
have been demonstrated in our previous study, the impact of
cinnamic acid on hypertensive left ventricular hypertrophy
remains unknown. Our findings here reveal that cinnamic acid
lowers blood pressure and mitigates left ventricular hypertrophic
and fibrotic pathologies in ang II-infused mice in vivo. Cinnamic
acid directly attenuates hypertrophic phenotypes and maintains the
mitochondrial function in the ang II-exposed cardiomyocytes.
Moreover, the mechanisms underpinning the anti-hypertrophic
action of cinnamic acid in cardiomyocytes may involve its effects
at suppressing the aberrant activation of STAT3 and ERK1/
2 (Figure 9).

Our primary findings from this work demonstrate that cinnamic
acid is pharmacologically active at mitigating ang II-mediated
hypertensive left ventricular hypertrophy. We have previously
shown that cinnamic acid antagonizes phenylephrine-stimulated
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hypertrophic responses in cardiomyocytes and attenuates left
ventricular hypertrophy as well as heart failure recapitulated by
TAC-induced pressure overload (Cui et al., 2023). Here, we further
reveal that cinnamic acid mitigates ang II-induced hypertension and
left ventricular hypertrophy. Moreover, cinnamic acid alleviates the
hypertrophic responses as well as the aberrant activation of
STAT3 and ERK1/2 in the ang II-stimulated cardiomyocytes,
supporting that cinnamic acid is equipped with intrinsic activities
to lower the level of ang II signaling in the cardiomyocytes. Of
interest, the suppressive effects of cinnamic acid on STAT3 and
ERK1/2 activation could be generalized to IL-6-stimulated
cardiomyocytes,
cinnamic acid is also readily detected. STAT3 is activated under

in which the anti-hypertrophic action of
a broad range of pathological conditions that lead to cardiac
hypertrophy (Kunisada et al., 2000). Activated STAT3 mediates
the pro-hypertrophic responses of hypertrophic stimuli, for
instance, ang II and phenylephrine (Han et al, 2018; Zhang
et al, 2016). In addition, by activating STAT3, IL-6 family
cytokines directly induce significant hypertrophic responses in
cardiomyocytes (Meléndez et al, 2010; Hirota et al, 1995;
Kunisada et al., 1998). Inhibition of STAT3 leads to regression of
the hypertrophic pathologies in the heart (Mir et al., 2012), whereas
cardiac hypertrophic responses are noted as a result of
overexpression of STAT3 in cardiomyocytes in vivo (Kunisada

et al, 2000), supporting cell-autonomous effects of activated
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STATS3 in cardiac hypertrophy. In addition to STAT3, activation of
ERK1/2 in cardiomyocytes occurs in response to nearly all stimuli
that are known to induce hypertrophy (Bueno and Molkentin, 2002;
Ueyama et al., 2000). Therefore, our previous and current findings
collectively indicate that the mechanisms underpinning the anti-
hypertrophic activities of cinnamic acid are different from the
available target-based drug therapies. Instead of selectively
blocking the action of a specific pro-hypertrophic neurohormonal

Frontiers in Pharmacology

factor or cytokines, for instance, phenylephrine, ang II or IL-6,
cinnamic acid may act against various pro-hypertrophic stimuli in
part by blocking the activation of the common signaling mediators,
e.g., STAT3 and ERK1/2. This possibility is also supported by the
consistent findings that support the protective effects of cinnamic on
mitochondrial function in cardiomyocytes. Our previous work
that against mitochondrial
dysfunction and overproduction of mitochondrial ROS in the

reveals cinnamic acid protects
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cardiomyocytes exposed to phenylephrine (Cui et al,, 2023). Similar ~ disseminating the action of pro-hypertrophic stimuli. Serving as
observations are also noted here in ang II-stimulated the major source of ROS, dysfunctional mitochondria play pivotal
cardiomyocytes. In cardiomyocytes, ROS is actively involved in  roles in driving the pathological development of hypertrophic and
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***P < 0.001. CA, cinnamic acid; VC, vehicle control

failure phenotypes in the heart (Dai et al., 2011; Rosca et al., 2013;
Takimoto and Kass, 2007). Therefore, the impact on mitochondrial
dysfunction and mitochondrial ROS overproduction not only
highlights the significance of cinnamic acid in controlling
pathological cardiac hypertrophy and preventing the development
of heart failure, but also support a broad action of cinnamic acid
against pro-hypertrophic signaling pathways. Future investigations
are required to uncover the in-depth mechanisms that contribute to
the suppressive effects of cinnamic acid on the hypertrophic
activation of STAT3 and ERK1/2 in cardiomyocytes. Mechanisms
underlying cinnamic acid-conferred mitochondrial protection in
cardiomyocytes subjected to pro-hypertrophic stimuli are also worth
exploring in the future.

In addition, the findings from the ang II-infused mice and the
cardiomyocytes directly exposed to ang II support the mechanisms
that cinnamic acid antagonizes the vasoconstrictor activity of ang II
systemically and counteracts the pro-hypertrophic action of ang IT in
cardiomyocytes. The newly identified blood pressure-lowering
activity of cinnamic acid in ang II-infused mice corroborates the
vasodilatory effects of cinnamic acid yielded by ex vivo vasoactivity
assays (Kang et al., 2013). In the rat thoracic arteries, cinnamic acid
treatment results in vasodilation in phenylephrine-precontracted
aortic rings. This vasodilatory effect is abolished in the absence of the
endothelium. Inhibitors against the action of endothelial nitric oxide
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synthase (eNOS) or guanylyl cyclase, the downstream vasodilatory
target of nitric oxide in the vascular smooth muscle cells, also
significantly dampen the vasodilatory activities of cinnamic acid
in the aortic rings. Furthermore, in cultured endothelial cells,
cinnamic acid enhances nitric oxide production presumably via
promoting eNOS phosphorylation (Kang et al., 2013). Although the
vasodilatory activities of cinnamic acid observed in rat aortic rings
give a clue to potential anti-hypertensive activities, the in vivo
evidence directly supporting this possibility was lacking prior to
our current work. Here, by demonstrating that cinnamic acid
counteracts the action of ang II in elevating blood pressure, we
present new evidence that support the anti-hypertensive effects of
cinnamic acid in the setting of elevated ang II signaling in vivo. Of
note, aside from the canonical vasopressor effects via inducing the
contraction of vascular smooth muscle cells, ang II also triggers
endothelial dysfunction through downregulation of transient
receptor potential vanilloid 4 (TRPV4), thereby sabotaging
TRPV4-mediated calcium influx as well as the ensuing activation
of eNOS and production of nitric oxide in endothelial cells
(Kondapalli et al, 2023). Thus, aberrant ang II/TRPV4/eNOS
pathway in endothelial cells is likely involved in the development
of hypertension. In light of these findings and the known
endothelium-dependent vasodilatory activity of cinnamic acid, it
is possible that cinnamic acid exerts blood pressure-lowering effects
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activation of STAT3 and ERK1/2 triggered by not only ang II, but also IL-6, suggesting the potential of cinnamic acid against the actions of multiple

pro-hypertrophic factors.

in the ang II-infused mice via modulating eNOS/nitric oxide-
dependent vasodilatory activities in endothelial cells. This
possibility and in-depth mechanisms underlying the effects of
cinnamic acid against ang II-mediated hypertension, for instance,
whether TRPV4 and/or whether direct vasodilatory effects of
cinnamic acid on endothelial cells is involved, are to be
investigated in the future.

The interpretation of the current findings is limited by the lack
of experiments comparing in parallel the effects of cinnamic acid
with other antihypertensive drugs. Meanwhile, the experiments were
done in male mice, therefore, we should be cautious generalizing the
findings to female mice without validation studies. In addition,
whether cinnamic acid is effective when hypertension and/or left
ventricular hypertrophy is established and the long-term effects,
safety and toxicity profile of cinnamic acid should be studied in the
future. Moreover, the dosing regimen could have been optimized
with the guidance of pharmacokinetic understanding of cinnamic
acid. Nevertheless, the in vivo and in vitro evidence here suggests
that cinnamic acid may serve as a lead compound to be optimized
and developed as new drugs to mitigate hypertensive left ventricular
hypertrophy. Meanwhile, based on the evidence from the current
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work as well as our previous findings that support the antagonism of

cinnamic acid to phenylephrine-induced cardiomyocyte
hypertrophy and TAC-induced left

hypertrophy in vivo (Cui et al., 2023), it is reasonable to propose

in  vitro ventricular
that cinnamic acid is equipped with multi-targeted effects against
cardiomyocyte hypertrophy. Thus, the potential synergy and
interaction between cinnamic acid and other antihypertensive
drugs should also be assessed in the future to address the
possibility of cinnamic acid as an adjunct therapy for left
ventricular hypertrophy.

In conclusion, our work here demonstrates for the first time
that cinnamic acid is effective at mitigating hypertensive left
ventricular hypertrophy. We report new pharmacological
activities of cinnamic acid at counteracting the actions of ang II
in inducing hypertension and left ventricular hypertrophic
responses in vivo. Furthermore, we identify new mechanisms of
action of cinnamic acid against the pro-hypertrophic activation of
STAT3 and ERK1/2 in both ang II and IL-6-stimulated
cardiomyocytes, which may in part underpin the beneficial
effects of cinnamic acid in controlling the development of

hypertensive left ventricular hypertrophy.
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