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Abstract

Hypertension is the leading risk factor for cardiovascular disorders. This study aimed to explore roles of microRNA (miR)-
122-5p in hypertension. Angiotensin II (Ang II; 1.5 mg/kg/day) with an osmotic minipump was used to induce hypertensive
rats pretreated by rAAV-miR-122-5p or rAAV-GFP, respectively. Notably, Ang II infusion caused marked increases in
myocardial fibrosis, inflammation, oncosis, and oxidant injury in rats, which were aggravated by rAAV-miR-122-5p. RAAV-
miR-122-5p exacerbated Ang II-mediated cardiac dysfunction and structural injury in hypertensive rats, with downregulated
levels of apelin, elabela, ACE2, and GDF15, as well as upregulated expression of porimin and CTGF. In cultured rat cardiac
fibroblasts, Ang II contributed to augmentation of cellular oncosis, migration, inflammation, and oxidative stress, with
reduction of apelin, elabela, ACE2, and GDF15 levels, which were rescued by miR-122 inhibitor. In summary, miR-122-5p
exacerbates myocardial fibrosis and dysfunction in hypertensive rats by modulating the elabela/apelin-ACE2-GDF15 signal-
ing. MiR-122-5p has potential therapeutic significance for hypertension and hypertensive cardiac injury.
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Introduction

Hypertension is the leading modifiable risk factor for
cardiovascular diseases [1]. Left ventricular remodeling
is frequently seen in hypertensive subjects and has been
considered an adaptive response to mechanical and non-
mechanical stimuli imposed by systemic hypertension
[2]. Angiotensin II (Ang II), the major effecter in the
renin-angiotensin system (RAS), has a critical role in
the maintenance of blood pressure levels [2]. Although
increasing evidences indicate that abnormal activation
of the RAS is responsible for aberrant cell death, oxi-
dative stress, inflammation, and fibrosis during patho-
logical cardiac remodeling, the underlying genes and
pathways during these pathological processes remain
largely unknown. Further investigations of biomarkers
and therapeutic targets related to the pathogenesis of
hypertensive heart injury are required.

Growth differentiation factor 15 (GDF15), a stress-
responsive cytokine, is highly expressed in cardiovas-
cular system and has been identified as a biomarker
of response to treatment and prognosis in cardiovascu-
lar diseases [3]. A significant positive correlation was
found between Ang II and GDF15 levels in hyperten-
sive patients [4], whereas the regulatory mechanisms
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«Fig. 1 Treatment with rAAV-miR-122-5p promoted cardiac fibrosis
in hypertensive rats with downregulated levels of apelin, APJ, and
elabela. A Infusion of Ang II for 4 weeks resulted in elevated SBP
in rats, but treatment with rAAV-miR-122-5p did not affect SBP lev-
els in hypertensive rats. B-F MiR-122-5p overexpression promoted
Ang II-mediated downregulation of apelin (B, D, E), APJ (C), and
ELA (F) in hearts of rats. G-K Masson’s trichrome staining and
quantitative reverse transcription-PCR revealed that miR-122-5p
overexpression exacerbated cardiac fibrosis (G, H) in hypertensive
rats, along with increased mRNA expression of pro-fibrotic factors,
such as FN1 (I), CTGF (I), and TGF-p1 (I). A.U., arbitrary unit;
R.E., relative expression; WTC, wild-type control; rAAV, recom-
binant adeno-associated virus; GFP, green fluorescent protein; SBP,
systolic blood pressure; FN1, fibronectin 1; CTGF, connective tissue
growth factor; TGF-f1, transforming growth factor-f1; APJ, apelin
receptor; Ang II, angiotensin II. n=6-8 for each group except for G-
H where n=4. *P <0.05, **P <0.01, ***P <0.001

of GDF15 in hypertensive heart remodeling remained
elusive. Recently, the Yes-associated protein (YAP), an
evolutionarily and functionally conserved regulator of
organ size and growth, has drawn great attention for its
tremendous potential for developing therapeutic strat-
egies for intractable cardiovascular diseases [5]. The
YAP pathway is an important signaling branch down-
stream of Ang II type 1 receptor in cardiac fibroblasts
(CFs) mechano-transduction [6]. YAP has been shown
to be activated in CFs in response to Ang II, and block-
ade of fibroblast YAP attenuated cardiac fibrosis and
dysfunction [7]. Both GDF15 and YAP are involved in
Ang II-mediated cardiac fibrosis, but the underlying
mechanisms need to be further explored.

MiRNAs (miRs) function as small and high con-
served noncoding RNAs, negatively regulating trans-
lation or promote degradation of mRNA by targeting
the 3’ non-coding region [8]. Dysregulation of miRs
is increasingly being linked to cardiovascular diseases,
of which miR-122-5p has drawn significant attention
[9]. MiR-122-5p has been proved to participate in the
occurrence and development of hypertension, promot-
ing cardiac hypertrophy and cardiomyocyte apoptosis
[8]. However, the role and mechanisms of miR-122-5p
in hypertensive heart disease have not been fully elu-
cidated. We have reported that miR-122-5p aggravated
Ang II-mediated apoptosis and fibrosis in rat aortic
adventitial fibroblasts via modulating the SIRT6-elab-
ela-angiotensin-converting enzyme 2 (ACE2) signaling
[10]. Additionally, apelin, which is a positive regula-
tor of ACE2 and negative regulator of Ang II-mediated
adverse myocardial remodeling and dysfunction [11],
ameliorates aortic adventitial remodeling and fibrosis
in rats via suppression of miR-122-5p [12]. Previously,
apelin was thought to be the only ligand for apelin
receptor (APJ), while elabela (ELA) was identified as
a second endogenous ligand for the APJ. The ELA/ape-
lin-APJ axis exerts essential roles in regulating blood

pressure levels and cardiovascular dysfunction during
hypertension by counterbalancing the action of RAS
[13] implying an interaction between miR-122-5p and
the ELA/apelin-APJ axis However, the exact mecha-
nisms and underlying pathways of miR-122-5p in
hypertensive cardiac injury remain to be identified. In
the present study, we discovered a previously unrecog-
nized role of miR-122-5p in the development of cardiac
fibrosis and dysfunction in the context of hypertension,
highlighting a novel molecular mechanism of miR-
122-5p during hypertension with potential therapeutic
relevance.

Materials and Methods
Experimental Animals

Sprague—-Dawley (SD) rats (10-11 weeks) were obtained
from Shanghai SLAC Laboratory Animal Co., LTD (Shang-
hai, China). The recombinant AAV-miR-122-5p was pur-
chased from Shanghai Genechem Co., Ltd. (Shanghai,
China). Animals were randomly divided into the follow-
ing three groups: wild-type control (WTC) group, Ang
II+rAAV-GFP group, and Ang II+rAAV-miR-122-5p
group. The Ang II-infused rats were pre-treated by tail
intravenous injection of rAAV-miR-122-5p or rAAV-GFP
at the dose of 1x10'!v.g.. After injection for 4 weeks, the
rats were randomized to deliver either Ang II (1.5 mg/kg/
day; Sigma-Aldrich, MO, USA) with an osmotic minipump
(Alzet model 2004, MA, USA) for another 4 weeks. Systolic
blood pressure (SBP) levels of rats were measured non-inva-
sively using the tail-cuff method. Then, after 4-week Ang
II infusion, heart function was measured noninvasively by
transthoracic echocardiography using a VEVO 770 high-
resolution imaging system (Canadian VisualSonics) and a
30-MHz sensor (rmv-707b; Canadian VisualSonics). Then
the rats were weighed and anesthetized, hearts were imme-
diately removed and weighed, and tissue analysis was car-
ried out.

Histological Analysis, Apelin, GDF15, and Porimin
Immunofluorescence Assay

Myocardial fibrosis was measured by Masson’s trichrome
according to the manufacturer’s instructions as previously
described [14]. Paraffin-embedded heart tissue slices were
deparaffinized and rehydrated with 100%, 95%, and 70%
ethanol, followed by staining by hematoxylin method and
rinsed with distilled water. Then, slices were immersed in
Masson ponceau acid solution for 10 min, then differenti-
ated with 1% molybdenum phosphate acid for 3 min. Then,
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«Fig.2 MiR-122-5p overexpression exacerbated cardiac ultrastruc-
tural injury and dysfunction in hypertensive rats, along with reduced
GDF15 expression and increased porimin levels. A Overexpression of
miR-122-5p exacerbated cardiac ultrastructural injury in hypertensive
rats, which characterized by myofilament break (red arrow) and mito-
chondrial cristae rarefication (yellow arrow). B-D MiR-122-5p pro-
moted Ang Il-induced cardiac dysfunction (B) in rats, as evidenced
by reduced left ventricular ejection fraction (C) and fractional short-
ening (D). E-G Immunofluorescent staining of heart tissue showed
the expression levels of GDF15 (E, F) and porimin (E, G) in each
group. WTC, wild-type control; rAAV, recombinant adeno-associated
virus; GDF15, growth differentiation factor 15; GFP, green fluores-
cent protein; Ang II, angiotensin II. n=6 for each group except for
E-G where n=4. **P <0.01, ***P <0.001

the sections were directly transferred to aniline blue dyeing
solution for 6 min; afterwards, sections were rinsed briefly
in distilled water and differentiated in 1% glacial acetic acid.
Finally, sections were dehydrated 95% and 100% ethanol and
then in xylene for 5 min before sealing with neutral gum.
Visualizations of sections were then observed under a light
microscope.

APLN (GenBank accession No.: NM_017413.5) and
APLNR (GenBank accession No.: NM_031349.2) were
identified as targets of miR-122-5p by bioinformatics
tools Microcosm Targets and microrna.org (Fig. S1A).
For heart tissue immunofluorescence assay, the pre-
treated tissue slices were processed for immunostaining
of 1 h blocking in 10% BSA plus 0.2% Triton X-100
at room temperature, overnight incubation with primary
antibodies against apelin (Cell Signaling Technology,
MA, USA), GDF15 (Santa Cruz, CA, USA), and porimin
(Santa Cruz, CA, USA) at 4°C, and for 1 h at room tem-
perature incubation with appropriate secondary anti-
bodies (Proteintech, IL, USA). Finally, the nuclei were
stained with flourished mounting medium with DAPI
(Invitrogen, CA, USA) intended for mounting slides.
Fluorescent images were captured by an Olympus IX51
microscope (Olympus, Tokyo).

Transmission Electron Microscope Analysis

Transmission electron microscope (TEM) analyses
of heart samples and CFs of rats were carried out as
described previously [14]. The samples fixed with 2.5%
glutaraldehyde were chopped into 0.1-cm? pieces. Fol-
lowed by postfixation with 1% osmium tetroxide for 1 h
and stained with 2% aqueous uranyl acetate, samples
were then dehydrated in a graded series of ethanol. After
infiltration and polymerization, ultrathin sections were
cut and flattened with xylene vapor, then collected on
nickel grids. Then, the images were observed under a
transmission electron microscope (Philips, CM120,
Amsterdam, Holland).

Isolation and Culture of Primary Neonatal Rat CFs
and Cardiomyocytes (CMs)

Primary neonatal rat CFs were isolated from hearts of
2- to 3-day-old SD rats as previously described [14].
Cells were cultured in DMEM containing 1% peni-
cillin and streptomycin and 10% fetal bovine serum
(FBS) in a 5% CO, atmosphere at 37 °C. Primary
cultured CFs were identified by primary antibodies
against a-smooth muscle actin (a-SMA; Cell Signal-
ing Technology, MA, USA) and vimentin (Protein-
tech, IL, USA) (Fig. S2). CFs from passages 3 to 5
were replaced with the serum-free medium for 24 h
when the cell density reaches 70%, and treated with
the absence and presence of apelin-13 (100 nM; TOC-
RIS, Bristol, UK), miR-122 inhibitor (50 nM; GeneP-
harma, Shanghai), miRNA negative control (50 nM),
ELA (100 nM; MedChemExpress, NJ, USA), recom-
binant human ACE2 (rhACE2, 0.1 ng/ul; MedChem-
Express, NJ, USA), and N-acetyl-L-cysteine (NAC,
5 mM; Sigma-Aldrich, MO, USA), respectively. The
abovementioned agents were added to CFs for 30 min
prior to 24h exposure of Ang II (1 uM; Sigma-Aldrich,
MO, USA). The treated cells were then subjected to
in vitro experiments. The primary CMs were treated
with Ang II for 24 h and then subjected to quantitative
reverse transcription PCR analysis.

Quantitative Reverse Transcription PCR

Total RNA was extracted from heart tissues or cells using
the Trizol (Sigma-Aldrich, MO, USA). Then, RNA was
reverse transcribed to cDNA according to the manufac-
turer’s protocols (Takara, Japan; Tiangen, China). The
primers for apelin, elabela, interleukin-1p (IL-1f), inter-
leukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1), fibronectinl (FN1), connective tissue growth
factor (CTGF), transforming growth factor-p1 (TGF-p1),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
miR-122-5p, and U6 are listed in Supplemental Table
S1. The mRNA expression levels were determined on the
Roche LightCycler 480 System using SYBR Premix Ex
Taq Kit (Takara, Japan) and miRNA SYBR Green qPCR
Mix (Tiangen, China).

Western Blotting Analysis

The heart samples and CFs cells were homogenized in lysis
buffer (Beyotime, Shanghai, China) containing 1 X protease
inhibitors (Beyotime, Shanghai, China). After cryogenic
centrifuge, the supernatant was collected. The protein con-
centration was measured by the Enhanced BCA Protein
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«Fig.3 MiR-122 inhibitor significantly rescued Ang II-mediated
increases in oncosis, cellular proliferation, and oxidative stress in cul-
tured CFs via activating the ELA/apelin signaling. A, B The reverse
transcription RT-PCR analysis revealed that miR-122 inhibitor res-
cued Ang II-meditated downregulation of apelin (A) and ELA (B)
levels in Ang II-treated CFs, which were blocked by cotreatment with
apelin siRNA (A) and ELA siRNA (B), respectively. C-H MiR-122
inhibitor suppressed Ang Il-induced ROS generation (C, D) in cul-
tured rat CFs, as well as expression of porimin (E, G) and cellular
migration (F, H), which were abolished by apelin siRNA and ELA
siRNA transfection, respectively. I-J Western blot analysis showed
that silencing of apelin (I) and ELA (J) by siRNA abrogated miR-
122 inhibitor-mediated upregulation of p-YAP (I) and GDF15 (J).
CF, cardiac fibroblast; Ang II, angiotensin II; NC, negative control;
ELA, elabela; ROS, reactive oxygen species; GDF15, growth differ-
entiation factor 15; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; YAP, yes-associated protein; A.U., arbitrary unit; R.E., rela-
tive expression. n=5-6 for each group except for I-J where n=3-4.
*P<0.05, **P<0.01, #*P<0.001

Assay Kit (Beyotime, Inc., China). Samples were diluted
in 5 x loading buffer, heated at 95°C for 5 min, separated
by SDS-PAGE, and transferred to ®PVDF membrane (Mil-
lipore, MA, USA). Each membrane was pre-incubated in
tris-buffered saline with Tween20 (TBST) containing 5%
nonfat milk for 1 h at room temperature and then incubated
with specific primary antibodies against GDF15 (Santa
Cruz, USA), porimin (Santa Cruz, USA), phosphorylated
YAP (p-YAP; ABclonal, China), and YAP (Proteintech,
USA) overnight at 4°C. After washing in TBST, the mem-
branes were incubated with secondary antibodies conjugated
to horseradish peroxidase, and immunoreactive bands were
visualized using the enhanced chemiluminescence reagent
(Immobilon ECL Ultra Western HRP Substrate, Millipore
Sigma, USA). ImageJ was used to analyze protein band
density.

Reactive Oxygen Species and Malondialdehyde
Assay

The reactive oxygen species (ROS) level was detected
by dihydroethidium (DHE) fluorescence staining (Beyo-
time, Shanghai, China) and ROS Assay Kit (Beyotime,
Shanghai, China). Briefly, cells were incubated in DHE
(10 pM) for 30 min at 37°C and then observed by micros-
copy. Fluorescent images were captured with an Olym-
pus IX51 microscope (Olympus, Tokyo) and fluores-
cence intensity of the probe was calculated with ImageJ
software. Cells were incubated in the culture medium
with 10 pM 2,7-dichlorofluorescin diacetate at 37 °C
for 30 min. The activity of malondialdehyde (MDA) in
CFs was determined using a commercial kit according
to the manufacturer’s instructions (Beyotime, Shanghai,
China), then washed the cells with phosphate-buffered

solution (PBS) three times, and suspended in 1 ml PBS
for flow cytometry analysis. The cells were quantified
using a flow cytometer (BD Biosciences) and analyzed
by the FlowJ software.

Cell Transfection, Nitric Oxide, and Lactate
Dehydrogenase Production Assay

miR-122 inhibitor, specific small interfering RNAs
(siRNA) for ELA, apelin and GDF15, and correspond-
ing negative control (NC) siRNAs were purchased from
GenePharma (Shanghai, China) and transiently transfected
into CFs for 48 h at a concentration of 50 nM using Lipo-
fectamine 3000 reagent (Invitrogen, CA, USA). Angll
(1 uM) was then added to rat CFs for 24 h. Nitric oxide
(NO) and lactate dehydrogenase (LDH) production in CFs
were assayed by using Total NO Assay Kit (Beyotime,
Shanghai, China) and LDH kit (KGT02448, KeyGEN,
China). The absorbance was measured using a full-wave-
length multifunctional microplate reader JS-THERMO
Varioskan Flash (Thermo, USA).

Wound-Healing Assay and CCK8 Assay

For wound healing assay, wounds were made by scratching
with a 200-pl pipette tip, and photographs were taken O h
and 24 h after wounding. After 24 h, rat CFs were washed
with PBS and photographed to examine the migration of
CFs into the middle line of the scratch. The scratch area
was calculated using Image]J software and the relative
migration index was obtained from the ratio of cell migra-
tion distance at 0 h and 24 h with (migration distance at
0-h migration distance at 24 h)/migration distance at O h.
CF migration was measured using a CCKS kit (Beyotime,
Shanghai, China) in accordance to the manufacturer’s
instructions. In brief, a total of 2000 cells in a volume of
100 pl per well was cultured in a 96-well plate in medium
containing 10% FBS. After treatment, the CCK-8 rea-
gent (10 pl) was added per well and incubated for 1 h at
37°C away from light before measuring the absorbance at
450 nm by a multifunctional microplate reader.

Statistical Analysis

All results were presented as the mean + standard deviation.
Statistical analyses were performed using the Graphpad
Prism 9.0.2 software and a value of P <0.05 was considered
statistically significant. Student ¢ test was used for 2-sample
comparisons; 1-way ANOVA with Student—Newman—Keuls
post hoc test was performed to compare the data between
multiple groups.
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«Fig.4 Treatment with apelin and ELA prevented Ang II-induced cel-
lular oncosis and oxidative stress in CFs associated with upregulated
levels of p-YAP and GDF15. A-D DHE staining and immunofluores-
cence revealed that pretreatemnet of apelin, ELA, and NAC prevented
against Ang Il-induced increases in ROS generation (A, C), and
porimin expression (B, D). E The levels of LDH in each group. F
Transmission electron microscopy showed that apelin and ELA atten-
uated Ang II-induced cellular oncosis-specific ultrastructural changes
in CFs, characterized by swelling of organelles (yellow arrow) and
nucleus (red arrow), and vacuolar degeneration of mitochondrial
(black arrow). G—J Reverse transcription PCR (G) and western blot
analysis (H-J) indicated that the ELA and apelin upregulated ACE2
mRNA expression (G), as well as p-YAP (H, I) and protein expres-
sion of GDF15 (H, J) in Ang II-treated CFs. CF, cardiac fibroblast;
Ang II, angiotensin II; ELA, elabela; ROS, reactive oxygen species;
LDH, lactate dehydrogenase; NAC, N-acetylcysteine; YAP, Yes-asso-
ciated protein; GDF15, growth differentiation factor; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase. A.U., arbitrary unit; R.E., rela-
tive expression. n=5-6 for each group except for H-J where n=3.

Results

MiR-122-5p Overexpression Promotes Myocardial Fibro-
sis, Cardiac Structural and Functional Injury in Hyper-
tensive Rats via Downregulating the ELA/apelin-APJ
Signaling.

We demonstrated that continuous infusion of Ang
IT for 4 weeks led to elevated SBP levels (Fig. 1A)
and augmented cardiac expression of miR-122-5p
(Fig. S1B) in rats, accompanied with reduced car-
diac expression of apelin, APJ (Fig. 1B-E), and
ELA (Fig. 1F). After administration of rAAV-miR-
122-5p, cardiac expression of miR-122-5p was further
upregulated in hypertensive rats (Fig. S1B). In addi-
tion, miR-122-5p overexpression further decreased
the expression of apelin, APJ, and ELA in hearts of
hypertensive rats (Fig. 1B-F) However, administra-
tion of rAAV-miR-122-5p didn’t affect the SBP levels
(Fig. 1A). Importantly, the downregulated expression
of ELA/apelin-APJ axis was linked with exacer-
bated cardiac tissue fibrosis in rAAV-miR-122-5p-
treated hypertensive rats, as evidenced by increased
cardiac collagen volume fraction (Fig. IG-H) and ele-
vated expression of pro-fibrotic factors, such as FN1,
CTGF, and TGF-p1 (Fig. 1I). Moreover, miR-122-5p
overexpression aggravated myocardial ultrastructural
injury in hypertensive rats (Fig. 2A), characterized by
disorderly arranged myofilament, multiple myofila-
ment breaks, and mitochondrial cristae rarefaction,
leading to reduced left ventricular ejection fraction
and fractional shortening (Fig. 2B-D). These results
suggest that miR-122-5p overexpression promotes car-
diac fibrosis, ultrastructural injury, and dysfunction
in hypertensive rats through inactivating the ELA/
apelin-APJ signaling.

MiR-122-5p Augments Oncosis in Hearts
of Hypertensive Rats and Cultured Rat CFs
with Decreased Levels of GDF15 and p-YAP

Oncosis features the swelling of both the cells and the orga-
nelles specifically, together with increased membrane per-
meability [15], contributing to the progression of pressure
overload-induced cardiac dysfunction [16].

Compared with rAAV-GFP, rAAV-miR-122-5p admin-
istration dramatically increased cardiac expression of
porimin (Fig. 2E and G), one oncosis-specific protein, in
hypertensive rats. On the contrary, the cardiac expression
of GDF15 (Fig. 2E and F) was suppressed in rAAV-miR-
122-5p—treated hypertensive rats. Based on the expression
levels of porimin and GDF135, it seems plausible that miR-
122-5p promotes cardiac oncosis through downregulating
expression of GDF15 in hypertensive rats.

To further investigate the underlying mechanisms potenti-
ating miR-122-5p—mediated cardiac pathological responses
in hypertensive rats, we performed the in vitro experiments
with primary cultured CFs and CMs. Consistent with the
in vivo study, expression of miR-122-5p was upregulated in
Ang II-treated CFs and CMs (Fig. S1C-S1D). Furthermore,
both apelin and ELA mRNA expressions were decreased
in Ang II-treated CFs (Fig. 3A and B), which were strik-
ingly reversed by miR-122 inhibitor. It has been reported
that, in an aerobic environment, cells are constantly gen-
erating ROS. However, excessive ROS under pathological
conditions leads to oxidative stress, damage of intracellu-
lar molecules and organelles, and ultimately necrosis [17].
Notably, excessive production of ROS resulted in oncosis-
like cell death [18]. Importantly, the decrease of apelin and
ELA expression in response to Ang II stimulation in CFs
was linked with upregulated ROS (Fig. 3C, D), as well as
augmented porimin expression (Fig. 3E and G) and cellular
migration (Fig. 3F and H). These changes were accompanied
by an increase in mRNA levels of inflammatory biomarkers
IL-1B, IL-6, and MCP-1 (Fig. S3), and fibrotic biomarkers
TGF-p1, CTGF, and FN1 (Fig. S4).

Interestingly, miR-122 inhibitor abrogated Ang II-
induced downregulation of apelin and ELA in CFs (Fig. 3A,
B), accompanied with decreasing levels of ROS (Fig. 3C,
D), porimin (Fig. 3E and G), and cellular migration (Fig. 3F
and H). However, silencing of apelin and ELA partly abol-
ished miR-122 inhibitor-mediated cellular protective effects
(Fig. 3C-H), in parallel with downregulated levels of p-YAP
and GDF15 protein expression. Our findings suggested
that the ELA/apelin-APJ axis potentiated miR-122 inhibi-
tor-mediated attenuation of oxidant damage, oncosis, and
migration in cultured CFs, with GDF-15 and YAP being the
downstream target.
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Fig.5 ACE2 antagonized Ang Il-induced augmentation of oxida-
tive stress, migration, and proliferation in cultured CFs via activat-
ing the YAP-GDF15 signaling. A-E Flow cytometry assay (A, B),
wound healing assay (C, D), and CCK8 (E) assay demonstrated that
treatment with ACE2 alleviated Ang II-induced promotion of ROS
production (A, B), cellular migration (C, D), and proliferation (E) in
cultured rat CFs. F Treatment with recombinant ACE2 rescued Ang
II-mediated reduction in NO production in rat CFs. G-I The levels
of p-YAP (G, H), YAP (G, H), GDF15 (H, I) were detected by West-

ELA/Apelin Prevents Against Ang lI-Mediated
Promotion of Oxidative Stress and Oncosis in CFs
by Upregulating ACE2, GDF15, and p-YAP Levels

We further investigated the molecular mechanisms that
underlie the beneficial effects of ELA and apelin against
Ang II-mediated oxidative stress, oncosis, and proliferation
in CFs. DHE staining (Fig. 4A and C) and MDA assay (Fig.
S5A) revealed that treatment with ELA, apelin, and NAC

@ Springer

ern blotting, and the results showed that expression of GDF15 (H, I)
and the ratio of p-YAP/YAP (G, H) were upregulated by ACE2 in
the Ang Il-treated CFs. CF, cardiac fibroblast; ROS, reactive oxygen
species; ACE2, angiotensin-converting enzyme; GDF15, growth dif-
ferentiation factor; YAP, Yes-associated protein; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; NO, nitric oxide; Ang II, angio-
tensin II; ELA, elabela; A.U., arbitrary unit; n=5-6 for each group
except for G-I where n=4. *P <0.05, **P <0.01, ***P <0.001

significantly restored Ang II-induced increases in cellular
ROS generation (Fig. 4A and C); and lipid peroxidation
in CFs (Fig. S5A), respectively. In addition, the increased
porimin caused by Ang II was attenuated by ELA, apelin,
and NAC, respectively (Fig. 4B and 4D).

It is well known that when cells swell due to the destruc-
tion of cell membrane integrity, cell contents extravasate
and LDH is released outside the cell [19]. Our results illus-
trated that exogenous apelin, ELA, and NAC prevented
Ang II-induced cell membrane damage, as evidenced by
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reduced LDH release (Fig. 4E) and NO production (Fig.
S5B) in CFs. Similar scenarios occurred with respect to cel-
lular ultrastructure, as assessed by a transmission electron
microscope, that treatment with apelin and ELA attenuated
Ang II-induced organelles and nucleus swelling, and mito-
chondrial vacuolar degeneration (Fig. 4F). Notably, these
beneficial effects caused by ELA and apelin were associated
with upregulation of ACE2 (Fig. 4G), p-YAP (Fig. 4H and
I), and GDF15 (Fig. 4H and J). Collectively, our data provide
definitive evidence for a positive role of the ELA/apelin-APJ
in Ang II-mediated cellular oncosis by upregulating ACE2,
GDF15, and p-YAP.

ACE2 Alleviates Ang ll-Induced Increases

in Oxidative Stress, Migration, Proliferation,
and Oncosis in Rat CFs by Increasing GDF15
and p-YAP Levels

To investigate the downstream signaling through which
ACE2 counterbalances Ang II-induced cellular pathological
changes, we conducted in vitro studies using thACE2. The
results revealed that exposure of Ang II resulted in marked
increase in ROS generation (Fig. 5A, B), cellular migration
(Fig. 5C, D), and proliferation (Fig. SE) in cultured rat CFs,
as well as significant reduction in NO production (Fig. SF).
Notably, these changes were reversed by co-treatment
with thACE2, in association with rescued levels of p-YAP
(Figs. 5G, H) and GDF15 (Fig. 5G and I). We next tested the
roles of GDF15 knockdown by siRNA in CFs. Transfection
of GDF15 siRNA was confirmed to lower the expression
of GDF15 protein (Fig. S6), accompanied with increased
expression of porimin (Fig. S6). These results indicated that
ACE2 plays a protective role by regulating the expression of
GDF15 and p-YAP in Ang II-treated CFs.

Taken together, our data indicated that overexpression
of miR-122-5p promoted fibrosis, inflammation, oncosis,
and oxidant injury in hypertensive rats by suppressing the
ELA/apelin signaling and their downstream ACE2-GDF15-
porimin pathway.

Discussion

Despite numerous efforts investigating the cause of hyper-
tension and hypertensive heart disease, the precise under-
lying mechanisms are not completely clarified. Various
miRNAs were reported to play critical roles in cardiac
hypertrophy, fibrosis, and apoptosis, eventually fostering
heart failure development [15]. It is well documented that
the plasma miR-122 concentration was higher in essential
hypertension patients than that in healthy individuals [15].
Although emerging evidences reveals that miR-122-5p plays

an important role in the development of hypertension, car-
diovascular fibrosis, and heart failure by targeting specific
genes [8], the role and mechanism of miR-122-5p in the
regulation of hypertensive heart disease remain unclear. To
our knowledge, no prior study has addressed the role of miR-
122-5p in hypertensive heart disease. Here, we demonstrated
that miR-122-5p overexpression contributed to exacerbation
of cardiac fibrosis and dysfunction in hypertensive rats.
Mechanistically, apelin and APJ were identified as the down-
stream target of miR-122-5p by using the publicly avail-
able bioinformatics tools Targetscan and miRWalk, which
was further confirmed by that expression of apelin and APJ
was significantly decreased in hearts of rAAV-miR-122-5p-
treated hypertensive rats.

The ELA/apelin-APJ axis plays important roles in the
cardiovascular homeostasis and development. Its agonists
are being considered therapeutic agents to modulate cardio-
vascular homeostasis in adults. The new endogenous peptide
ligand for APJ, ELA, has been expected to become a bio-
marker and drug of cardiovascular diseases [13]. Circulating
ELA and apelin levels were decreased in patients with essen-
tial hypertension and general hypertension [13]. The ELA/
apelin-APJ axis is widely expressed in cardiovascular sys-
tem, and exerts a variety of important functions, including
vascular tone regulation, angiogenesis, and heart morpho-
genesis [13], suggesting that determination and modulation
of the activity of ELA/apelin-APJ axis have predictive and
therapeutic value. In the current study, rAAV-miR-122-5p
treatment further led to downregulation of ELA in hearts
of hypertensive rats. In contrast, miR-122 inhibitor strik-
ingly restored Ang II-mediated reduction of ELA in cul-
tured rat CFs. Here, we demonstrated for the first time that
miR-122-5p targeted the ELA/apelin-APJ axis to facilitate
hypertensive cardiac fibrosis and dysfunction.

It is well established that GDF15, which can be induced
in hypertrophic and dilated cardiomyopathy after volume
overload, functions as a biomarker of response to treatment
and prognosis in cardiovascular diseases [3]. In cultured pri-
mary CFs and cardiomyocytes, treatment with Ang II sig-
nificantly downregulated the expression of GDF15, accom-
panied by enhancement of apoptosis and inflammation [20].
Consistent with previous study, we found that expression of
GDF15 was decreased in both the hearts of hypertensive
rats and Ang II-treated CFs, which was further reduced by
overexpression of miR-122-5p while being upregulated by
ELA and apelin, respectively.

As is well known, apelin is a positive regulator of ACE2
in failing hearts [11], and ACE2 has been identified as an
important RAS regulator capable of mitigating the delete-
rious actions mediated by Ang II [21]. We revealed here
that administration of ACE2 reversed Ang II-mediated
downregulation of GDF15 and p-YAP in cultured rat CFs,
along with alleviated cellular proliferation and oxidative
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stress. Furthermore, silencing of GDF15 by siRNA abol-
ished ACE2-mediated protective effects against Ang II,
confirming GDF15 was a downstream molecule of ACE2.
It has been reported that YAP mediates Ang II-induced
vascular smooth muscle cell phenotypic modulation and
hypertensive vascular remodeling [22, 23], and blockade
of fibroblast YAP attenuates cardiac fibrosis and dysfunc-
tion [7]. Our study confirmed that the ratio of pYAP/YAP
was downregulated in response to Ang II stimulation,
which was reversed by miR-122 inhibitor, ELA, and ape-
lin, respectively. These data provided important evidence
that the ELA/apelin-ACE2 signaling could control patho-
logical cardiac remodeling via modulating YAP phospho-
rylation. However, further study based on YAP inhibitor
is warranted to confirm the effects and precise molecular
mechanisms of YAP in CFs treated with Ang II.

Our data noted above proved for the first time that
administration of miR-122-5p exacerbated Ang II-
mediated promotion of myocardial fibrosis and dys-
function by suppressing the ELA/apelin-APJ axis and
the ACE2-GDF15/YAP pathway. However, differ-
ing from our conclusions, Ramu et al. reported that
elevated level of GDF15 is associated with increased
concentration of Ang II in hypertensive patients with
type 2 diabetes, and GDF15 mRNA expression was
significantly elevated in Ang-II-treated H9C2 cells [4].
Previous literature also showed that Ang II-induced
GDF15 expression conferred protection against Ang
II-mediated apoptosis in cultured rats’ cardiomyocytes
[24]. The findings are contradicting, which might be
explained in part by different animal models and doses
of Ang II used in each study.

Death of numerous cardiomyocytes results in repara-
tive fibrosis; therefore, breaking the fibrosis-cell death
axis could suppress pathological cardiac regression and
remodeling [25]. Notably, several other forms of cell death
have been discovered highlighting that a cell can die via
a number of differing pathways [15]. It has been reported
that cell loss, mainly caused by oncosis and autophagy,
contributes significantly to the progression of pressure
overload-induced cardiac dysfunction [16]. However, the
underlying mechanisms remain largely unknown. In this
study, we found that Ang II promoted oncosis in vivo and
in vitro, as evidenced by the high expression of porimin
(a specific marker of oncosis). In addition, the expression
of porimin was further increased in hearts of rAAV-miR-
122-5ptreated hypertensive rats, and the Ang II-induced
elevated expression of porimin was suppressed in cul-
tured rat CFs administrated with miR-122 inhibitor, ELA,
and apelin, respectively. It is worth noting that knockdown
of GDF15 in CFs partially abrogated ACE2-mediated
regression on expression of porimin. These data strongly
suggest that miR-122-5p promotes oncosis in hearts of

@ Springer

hypertensive rats via modulating the ELA/apelin-APJ
pathway and the ACE2-GDF15-porimin signaling.

Conclusion

Collectively, in the present study, we revealed that miR-
122-5p overexpression results in downregulation of car-
diac apelin and ELA in hypertensive rats, leading to aug-
mented cardiac fibrosis, structural injury, and dysfunction.
To our knowledge, this study for the first time present that
miR-122-5p promotes oncosis and cardiac remodeling
in hypertensive rats by modulating the ELA/apelin-APJ
axis and the ACE2-GDF15-porimin signaling pathways.
Our data reveal a novel mechanism for miR-122-5p in the
exacerbation of Ang II-mediated promotion of cardiac
fibrosis and dysfunction in hypertensive rats. In addition,
our findings provide a novel conception which manipula-
tion of the miR-122-5p will offer exciting avenues for the
prevention and therapy of hypertension and hypertensive
cardiac disease.
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