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ARTICLE INFO ABSTRACT

Keywords: Abnormal aortic adventitial fibroblasts (AFs) play essential roles in the development of vascular remodeling and
MicroRNA-122-5p disorders. Previous studies revealed that microRNA-122 (miR-122) levels were elevated in the aortic adventitia
Sirtuin 6 of hypertensive rats with vascular injury. Here, we aim to evaluate the biological effects and underlying
ifs;lﬁagy mechanisms of miR-122 in rat AFs. Exposure to angiotensin II (ATII) in rat AFs resulted in decreased levels of

sirtuin 6 (SIRT6), elabela (ELA), and angiotensin-converting enzyme 2 (ACE2). Additionally, stimulation with
ATII contributed to a decline in autophagic flux and obvious increases in cellular migration, oxidative stress, and
apoptosis, which were exacerbated by the transfection of miR-122-5p mimic but were rescued by miR-122-5p
inhibitor, exogenous replenishment of ELA, and recombinant adeno-associated virus expressing SIRT6 (rAAV-
SIRT6), respectively. Moreover, stimulation with miR-122-5p mimic led to a marked reduction in the levels of
SIRT6 and ELA in rat AFs, which were elevated by stimulation with rAAV-SIRT6. Furthermore, miR-122-5p
inhibitor-mediated pro-autophagic, anti-oxidant and anti-apoptotic effects in rat AFs were partially suppressed
by 3-methyladenine, SIRT6 small interfering RNA (siRNA) and ELA siRNA, which were linked with the down-
regulation in the protein levels of LC3-II, beclin-1, and ACE2 and the upregulation of p62 expression and bax/bcl-
2 ratio. Our findings indicated that miR-122-5p inhibition prevented ATII-mediated loss of autophagy, and the
promotion of apoptosis and oxidative stress via activating the SIRT6-ELA-ACE2 signaling. MiR-122-5p may be a
novel predictive biomarker of adventitial injury, and targeting the SIRT6-ELA-ACE2 signaling may have the
potential therapeutic importance of controlling vascular remodeling and disorders.

Adventitial fibroblasts

and phenotypic change of fibroblasts to myofibroblasts (Bersi et al.,
2016). In response to vascular injury or stress, AFs are the first to be

1. Introduction

Vascular remodeling is an elaborate pathophysiological process of
the major adaptive mechanisms of hypertension, which is characterized
as pathological hypertrophy of adventitial fibroblasts (AFs), the prolif-
eration of medial smooth muscle cells (SMCs), dysregulation of intimal
endothelial cells, inflammation of macrophage and the participation of
extracellular matrix protein (Heeneman et al., 2007; Bersi et al., 2016;
An et al., 2015). Intriguingly, adventitia is instrumental in regulating the
structure and function of blood vessel walls, and excessive adventitial
remodeling has been implicated in the process of hypertension, which is
characterized as thickened adventitia, increased number of fibroblasts

activated and reprogrammed to exert regulatory effects on the structure
and function of vascular walls (An et al., 2015). Both sirtuin 6 (SIRT6)
and elabela (ELA)/apelin receptor (APJ) signaling appear to be crucial
to normal vasculature development and have emerged as key regulators
of vascular cell proliferation, apoptosis, and inflammation (Yang et al.,
2017, 2019; Zhang et al., 2017a). SIRT6 prevents vascular endothelial
cells against angiotensin II (ATII)-mediated apoptosis and oxidative
stress by the activation of nuclear factor erythroid 2-related factor
2/anti-oxidant response elements redox signaling (Yang et al., 2019).
ELA is a novel endogenous ligand of APJ and exhibits a similar vascular

* Corresponding author. Heart Center and Beijing Key Laboratory of Hypertension, Beijing Chaoyang Hospital Affiliated to Capital Medical University, Beijing,

100020, China.

E-mail addresses: jczhong@sina.com, jiuchangzhong@aliyun.com (J.-C. Zhong).

https://doi.org/10.1016/j.ejphar.2020.173374

Received 20 March 2020; Received in revised form 11 July 2020; Accepted 13 July 2020

Available online 16 July 2020
0014-2999/© 2020 Elsevier B.V. All rights reserved.


mailto:jczhong@sina.com
mailto:jiuchangzhong@aliyun.com
www.sciencedirect.com/science/journal/00142999
https://www.elsevier.com/locate/ejphar
https://doi.org/10.1016/j.ejphar.2020.173374
https://doi.org/10.1016/j.ejphar.2020.173374
https://doi.org/10.1016/j.ejphar.2020.173374
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2020.173374&domain=pdf

J.-J. Song et al.

profile with apelin in the pathogenesis of hypertension and other
vascular diseases. Exogenous ELA has been shown to improve vascular
remodeling in pulmonary artery hypertension (Yang et al., 2017).
However, the exact roles of SIRT6 signaling and the ELA-APJ axis in
vascular injury and disorders remain poorly unknown.

MicroRNAs (miRNAs) are small, conserved, single-stranded, non-
coding RNA molecules that bind to complementary sites located on the
3’-untranslated region (3’-UTR) of their target mRNAs, which thereby
trigger either translational repression or RNA degradation (Kataoka and
Wang, 2014). MiRNAs are highly expressed in AFs, and play critical
roles in the regulation of vascular cell growth, differentiation, apoptosis,
and autophagy (Hynes et al., 2012; De Rosa and Indolfi, 2015; Xu et al.,
2016). Notably, microRNA-122 (miR-122) has been proposed as a
biomarker of cardiovascular diseases such as atherosclerosis, acute
coronary syndrome, and heart failure, which are all involved in arterial
remodeling (De Rosa and Indolfi, 2015; Xu et al., 2016). Our previous
study suggested that pressure overload by transverse aorta constriction
(TAC) resulted in the pathological adventitial remodeling of rat
ascending aortas, which was linked with increased levels of miR-122
and reduced levels of the apelin-APJ system (Xu et al., 2016). Howev-
er, the regulatory roles of miR-122 in adventitial cells remain to be
clarified. In this study, we aim to investigate the regulatory roles and
underlying mechanisms of miR-122 in SIRT6 and ELA-APJ signaling in
rat AFs in response to ATIL.

2. Materials and methods
2.1. Isolation and culture of primary rat AFs

The protocol of the study was approved by the Animal Research
Ethics Committee of Beijing Chaoyang Hospital affiliated to Capital
Medical University (approval number:2017-K-132) in China. Primary
rat AFs were isolated from ascending aortas of 5- to 6-week-old male
Sprague-Dawley rats (Charles River, China, License number: SCXK
(Beijing) 2016-0006) as described previously (Xu et al., 2016). Briefly,
the rats were anesthetized with chloral hydrate and immediately
decapitated. Under aseptic conditions, the adventitia was carefully
removed from the thoracic aortas of rats, and the medial and intimal
layers were separated from the adventitia. The remaining adventitia was
cut into tissue sections (1 mm?) and plated in Dulbecco’s modified Ea-
gle’s medium supplemented with 20% heat-inactivated fetal bovine
serum, 1% L-glutamine, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin. The explants were incubated in a humidified atmosphere of 5%
CO5 and 95% air at 37 °C until the cells reached a confluence level of
80% for passage. The cell morphology of AFs derived from the adventitia
of the aorta was observed under a microscope. The AFs were then
stained with vimentin (a marker of fibroblasts), and a-smooth muscle
actin (a-SMA; a marker of SMCs) using immunofluorescence analysis.
The rat AFs from the third to sixth generation were used in subsequent
experiments. The subconfluent cells were made quiescent through in-
cubation of the AFs in a serum-free medium for 24 h before stimulation.
Then, recombinant human ELA-32 (100 nM), adenosine 5’-mono-
phosphate-activated protein kinase (AMPK) agonist 5-amino-4-imida-
zole carboxamide riboside (AICAR; 100 pM), mammalian target of
rapamycin (mTOR) inhibitor rapamycin (1 mM), and autophagy inhib-
itor 3-methyladenine (10 mM) were added to AFs for 1 h followed by 24
h exposure to ATII (100 nM), respectively.

2.2. Cell transfection, wound-healing assay, and dihydroethidium staining

MiR-122-5p mimic, miR-122-5p inhibitor, specific small interfering
RNAs (siRNAs) targeting ELA-32, SIRT6, and angiotensin-converting
enzyme 2 (ACE2) and corresponding negative control (NC) siRNAs
(GenePharma, Shanghai, China) were transiently transfected into AFs
for 48 h at a concentration of 50 nM using Lipofectamine 3000 reagent
(Invitrogen, CA, USA). The recombinant adeno-associated viruses
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expressing SIRT6 (rAAV-SIRT6) and green fluorescent protein (rAAV-
GFP) were provided by Genechem (Shanghai, China). The AFs were
transduced with rAAV-SIRT6 (1 x 10'2 pfu/ml) and rAAV-GFP (1 x
10'2 pfu/ml) and continued to be passaged and cultured for 5-7 days.
The intensity of green fluorescence was determined to verify the suc-
cessful transfection into AFs under a fluorescence microscope. ATII (100
nM) was then added to rat AFs for 24 h. For wound healing assay,
wounds were made by scratching with a pipette tip, and photographs
were taken immediately (0 h) and 24 h after wounding as previously
described (Zhang et al., 2017b). After wounding for 24 h, rat AFs were
washed with a phosphate-buffered solution (PBS) and photographed to
examine the migration of AFs 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 migration distance at
0 h and 24 h with (migration distance at 0 h-migration distance at 24
h)/migration distance at 0 h. Dihydroethidium fluorescence staining
was performed to monitor the production of reactive oxygen species.
The AFs pre-treated with ATII (100 nM) were incubated with 10 mM
reactive oxygen species inhibitor N-acetyl-L-cysteine (NAC) at 37 °C for
30 min and followed by exposure to dihydroethidium (20 pM) for 30
min. The cell plates were wrapped with foil to minimize exposure to
light. Additionally, one cell plate was kept without dihydroethidium as a
blank control. Fluorescent images were captured with an Olympus IX51
microscope (Olympus, Tokyo).

2.3. Immunofluorescence analysis and flow cytometry

AFs were seeded in ®35 mm confocal Petri dishes with a glass-
bottom diameter of 20 mm at a density of 5 x 10* cells/well, fixed in
4% paraformaldehyde (paraformaldehyde, phosphate and deionized
water with a pH of 7.4) for 15 min, permeabilized in 0.1% Triton X-100
for 20 min, and then blocked with 0.5% goat serum in PBS. AFs were
incubated with primary antibodies against light chain 3 (LC3), and p62
(Abcam, CA, USA) at 4 °C overnight and then incubated with secondary
antibodies for 1 h. Finally, the nuclei were stained with flourished
mounting medium with DAPI (Invitrogen, USA) intended for mounting
slides and forming a semi-permanent seal for prolonged storage of slides
at 4 °C for 10 min. Fluorescent images were captured by an Olympus
IX51 microscope (Olympus, Tokyo). To investigate cell survival, AFs
were washed with PBS and stained with Annexin V-FITC and propidium
iodide (PI) detection kit (BD, USA). Briefly, the cells were resuspended
in 100 pl binding buffer solution containing 5 pl Annexin V-FITC and 5 pl
PIin the dark for 15 min and then analyzed by flow cytometry within1 h
after halting reaction. NRCMs and H9C2 cells stained with Annexin V,
PL, or both were designated early apoptotic, necrotic, or late apoptotic
cells. The flow cytometry data were analyzed using FlowJo V10
software.

2.4. Western blot analysis

Western blot analysis was conducted in rat AFs as described previ-
ously (Xu et al., 2016; Zhang et al., 2017b). Equal amounts of proteins
were collected, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred to polyvinylidene fluoride membrane
(Millipore, USA). The membrane was blocked with 5% non-fat milk for
1 h and incubated overnight at 4 °C with primary antibodies against
p-mTOR (#2971), mTOR (#2972), Bax (#2772), Bcl-2 (Sc-7382),
Caspase-3 (#9662), p-AMPKa (#4184), AMPKo (#2532), SIRT6
(#12486), ACE2 (ab108252), P62 (ab56416), Beclin-1 (#3495), LC3B
(ab192890), and GAPDH (#2118), respectively. The membrane was
then incubated with HRP-labeled secondary antibodies (Invitrogen,
USA) at room temperature for 1 h. In our study, we provided a reference
for the use of GAPDH protein as a normalizing standard for western
blotting. Antibodies were obtained from Cell Signaling Technology
(Beverly, MA), Santa Cruz Biotechnology (Santa Cruz, CA) and Abcam
Inc (Cambridge, MA), respectively. The intensity of blots was analyzed
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Fig. 1. Regulatory roles of miR-122-5p mimic in cellular autophagy and migration in rat AFs. (A) Representative images of immunofluorescence staining of
vimentin (green) and a-SMA (red) in rat AFs. (B) The relative mRNA level of miR-122-5p in rat AFs after the transfection of miR-122-5p mimic. U6 was used as an
endogenous control. (C) Immunofluorescence staining array of LC3 (green) and p62 (red) in rat AFs pre-treated with ATII, NC, miR-122-5p mimic, AICAR, and Rapa,
respectively. (D-E) Representative western blots images and quantification in rat AFs after stimulation with miR-122-5p mimic. GAPDH was used as an endogenous
control. (F-G) In vitro wound healing images with quantification in rat AFs in 0 h and 24 h, respectively. n = 3-4 for each group except for B where n = 6. **, P < 0.01,
**% P < 0.001 compared with control or NC group; #, P < 0.05, ##, P < 0.01 compared with ATII or ATII + NC group. A.U., arbitrary units; R.E., relative expression;
NC, negative control; AFs, adventitial fibroblasts; ATII, angiotensin II; AICAR, 5-amino-4-imidazole carboxamide riboside; Rapa, rapamycin; a-SMA, a-smooth muscle
eictin; DAPI, 4',6'-diamidino-2-phenylindole.

using Image J software. detection system (Applied, Biosystems, CA). The sequences of the
primers used were as follows: rat miR-122-5p: forward

2.5. Quantitative reverse transcription-polymerase chain reaction (qRT- 5'-CGATACAGAGAAGATTAGCATGGC-3' reverse 5'-CCTGGAGTGT-
PCR) G-ACAATGGTGTTTG-3’; SIRT6: forward 5-CAGTGTTGGTGAT
GTCGGTG-3' reverse 5'-TGGGTCGAATATCTCGGGCA-3’; ELA: forward

The qRT-PCR array was performed in AFs as described previously 5'-GTCACTGATCTCCTTGGTTA-3’ reverse 5'-TGCTCTAGTC-
(Xu et al., 2016; Zhang et al., 2017b). Total RNAs containing miRNAs TAGTCTGTCT-3’; ACE2: forward 5'-CTTACGAGCCTCCTGTCACC-3'
were isolated from rat AFs using TRIzol reagent (Invitrogen, USA) and  reverse 5'-ATGCCAACCACTACCGTTCC-3’; IL-10: forward

reversely transcribed into cDNAs with PrimeScript reverse transcription 5-TTGAACCACCCGGCATCTAC-3'  reverse  5-CCAAGGAGTTGCT
reagent kit (Takara, Japan). Then, cDNAs were used for real-time fluo- CCCGTTA-3’; IL-18: forward 5'-CAGCCAACGAATCCCAGACC-3' reverse
rescent quantitative RT-PCR analysis to examine the expression of  5-ACAGATAGGGTCACAGCCAG-3’; IL-33: forward 5-AGGTGCT
miR-122-5p, SIRT6, ELA, ACE2, interleukin 10 (IL-10), IL-18, and IL-33. ACTCCGTTACTACGA-3' reverse 5'-GCGGAGAGAC- ATCACCCTTT-3’;
The mRNA levels were measured using the ABI Prism 7500 sequence GAPDH:  forward  5-AGTGCCAGCCTCGTCTCATA-3'  reverse
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Fig. 2. Regulatory roles of miR-122-5p mimic in oxidative stress and apoptosis in rat AFs. (A-B) Representative dihydroethidium staining images with
quantification in rat AFs in the absence and presence of ATII, NC, miR-122-5p mimic, NAC, AICAR, and Rapa, respectively. (C-D) Percentage of apoptotic cells by
flow cytometry. (E-F) Representative western blots with quantification to examine the protein levels of caspase-3, bax, and bcl-2. GAPDH was used as an endogenous
control. n = 3-4 for each group. **, P < 0.01 compared with control group; #, P < 0.05, ##, P < 0.01 compared with ATII or ATII + NC group. A.U., arbitrary units;
AFs, adventitial fibroblasts; NC, negative control; ATII, angiotensin II; NAC, N-acetyl-L-cysteine; AICAR, 5-amino-4-imidazole carboxamide riboside; Rapa, rapa-
mycin; NA, no statistical significance.
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Fig. 3. Effects of miR-122-5p inhibitor on autophagy, apoptosis, inflammation, and oxidative stress in rat AFs. (A) Representative immunofluorescence
images of p62 (red) and LC3 (green) in rat AFs in response to ATII, NC, miR-122-5p inhibitor, 3-MA, respectively. (B-C) Representative Western blots with quan-
tification to detect protein levels of biomarkers of autophagy and apoptosis of rat AFs, respectively. (D-E) Flow cytometry to examine cellular apoptosis of AFs. (F)
Relative mRNA levels of IL-10, IL-18, and IL-33 in rat AFs with qRT-PCR analysis. (G-H) Representative dihydroethidium staining with quantification to detect
reactive oxygen species of rat AFs. GAPDH was used as an endogenous control. n = 3-4 for each group except for F where n = 5-6. *, P < 0.05, **, P < 0.01 compared
with control group; #, P < 0.05, ##, P < 0.01 compared with ATII + NC group; $, P < 0.05, $$, P < 0.01 compared with ATII + miR-122 inhibitor or ATII + miR-122
inhibitor + NC siRNA group. A.U., arbitrary units; R.E., relative expression; NC, negative control; ATII, angiotensin II; AFs, adventitial fibroblasts; 3-MA, 3-meth-
);ladenine; IL-10, interleukin-10; IL-18, interleukin-18; IL-33, interleukin-33. SIRT6, sirtuin 6.

5-TGAACT-TGCCGTGGGTAGAG-3’; U6: forward 5-CGATACAGAG
AAGATTAGCATGGC-3' reverse 5'-AACGCTT CACGAATTTGCGT-3’. We
provided a reference for the use of GAPDH transcript as a normalizing
standard for all the target genes in rat AFs except for miR-122-5p that
was normalized with a U6 snRNA transcript. The cycle number at which
the reaction crossed an arbitrarily placed threshold (CT) was determined
and relative mRNA levels were quantified using the 2" AACT method.

2.6. Statistical analysis

All results were presented as mean + standard deviation (S.D). Sig-
nificant differences were determined by Student’s t-test (for unpaired
samples) or one-way analysis of variance (ANOVA) followed by a post
hoc Bonferroni test using SPSS Statistics Version 24.0 software. Differ-
ences with a value of P < 0.05 were considered statistically significant.

3. Results

3.1. MiR-122-5p mimic accelerated ATII-mediated loss of autophagy and
promotion of migration in rat AFs

To investigate the regulatory roles of miR-122-5p mimic, we firstly
evaluated the effects of miR-122-5p mimic on autophagy and cellular
migration in rat AFs. Representative images of immunofluorescence
staining of vimentin and a-SMA were performed to ensure the purity of
fibroblasts in cultured rat AFs (Fig. 1A). Notably, the relative mRNA
level of miR-122-5p was markedly elevated in rat AFs after the trans-
fection of miR-122-5p mimic (Fig. 1B). LC3-I-to-LC3-II conversion is the
most widely used as autophagosome marker since the amount of LC3-II/
LC3-I reflects the number of autophagosomes and the degradation of
p62 is another biomarker to monitor autophagic activity. Beclin-1
functions as an autophagy initiation factor through interaction with
phosphatidylinositol 3-kinase (PI3K). Additionally, AMPK is a negative
regulator of mTOR and severs as a pro-autophagic factor in different cell
types (Huang and Klionsky, 2007). In response to ATII, a loss of auto-
phagic flux was determined in rat AFs, which was rescued by AMPK
agonist AICAR and mTOR inhibitor rapamycin (Fig. 1C). Intriguingly,
ATII-mediated loss of autophagy in rat AFs was further reduced by
miR-122-5p mimic (Fig. 1C), which was associated with lower protein
levels of beclin-1, LC3-II, and p-AMPK as well as higher expression of
p62 and p-mTOR (Fig. 1D and E). Furthermore, the capability of cellular
migration was increased in rat AFs after stimulation with ATII, which
was decreased by AICAR and rapamycin, respectively (Fig. 1F and G).
Conversely, ATII-induced pro-migratory action was enhanced in rat AFs
after the transfection of miR-122-5p mimic (Fig. 1F and G). Therefore,
these findings demonstrated that miR-122-5p mimic accelerated
ATII-mediated loss of autophagy and promotion of cellular migration in
rat AFs by modulating the AMPK/mTOR phosphorylation signaling.

3.2. MiR-122-5p mimic exacerbated ATII-mediated oxidative stress and
apoptosis in rat AFs

The production of reactive oxygen species in cells induces membrane
structural damage and the expression of apoptosis factors, including
anti-apoptotic factors (bcl-2, bcl-x, bcl-w) and pro-apoptotic factors
(bax, bak, bok), to regulate the caspase family and DNA degradation that
can affect cell survival (Intengan and Schiffrin, 2001). Thus, we

investigated the impacts of miR-122-5p on oxidative stress and
apoptosis in rat AFs. Dihydroethidium staining and flow cytometry
analysis revealed that cellular oxidant injury (Fig. 2A and B) and
apoptosis (Fig. 2C and D) were significantly increased in rat AFs in
response to ATII, which were reduced by treatment with NAC, AICAR,
and rapamycin, respectively. Importantly, administration of
miR-122-5p mimic enhanced ATII-mediated oxidative stress (Fig. 2A
and B) and apoptosis (Fig. 2C and D) in rat AFs. Moreover, the bax/bcl-2
ratio was improved in rat AFs after exposure to ATII, which were further
elevated after the transfection of miR-122-5p mimic (Fig. 2E and F).
However, there was no difference in the expression of caspase-3 among
groups (Fig. 2E and F). Taken together, these data suggested that
miR-122-5p exacerbated ATII-mediated pro-oxidant and pro-apoptotic
actions in rat AFs.

3.3. Inhibition of miR-122-5p prevented ATII-induced loss of autophagy
and enhancements of apoptosis, inflammation and oxidative stress in rat
AFs

To further verify the roles of miR-122-5p in rat AFs, we determined
the effects of miR-122-5p inhibitor on ATII-mediated actions. Treatment
with miR-122-5p inhibitor effectively prevented ATII-induced loss of
autophagy (Fig. 3A), which were linked with the upregulation in the
protein levels of beclin-1 and LC3-II and the downregulation of p62
expression (Fig. 3B and C). Conversely, the miR-122-5p inhibitor-
mediated pro-autophagic effect was partially suppressed by 3-methyla-
denine (Fig. 3A, B, and C). Both Western blotting (Fig. 3B and C) and
flow cytometry analysis (Fig. 3D and E) revealed that ATII-induced
cellular apoptosis was prevented in rat AFs after the transfection of
miR-122-5p inhibitor, which was enhanced by 3-methyladenine.
Inflammation has been implicated in the initiation and progression of
vascular diseases (Ridker et al., 2000). In this study, stimulation with
ATII upregulated the expression of IL-18 and IL-33 but downregulated
the mRNA level of IL-10 in rat AFs. Moreover, the ATII-induced
pro-inflammatory action in AFs was enhanced by miR-122-5p mimic
(Fig. 3F). In contrast, miR-122-5p inhibitor contributed to a marked
decrease in the expression of IL-18 and IL-33 but an increase in the level
of IL-10 in rat AFs (Fig. 3F). Additionally, the pro-oxidant effect of ATII
in rat AFs was partially suppressed by miR-122-5p inhibitor, which was
elevated by co-treatment with 3-methyladenine (Fig. 3G and H).
Collectively, these data indicated that inhibition of miR-122-5p pre-
vented ATII-induced anti-autophagic, pro-apoptotic, pro-inflammatory,
and pro-oxidant roles in rat AFs.

3.4. Protective roles of miR-122-5p inhibition in controlling oxidative
stress, cellular migration and autophagy in rat AFs via the activation of
SIRT6 signaling

SIRT6 has been reported to be a target for miR-122-5p regulation by
dual-luciferase reporter assay (Elhanati et al., 2016). To explore the
regulatory mechanism of miR-122-5p on SIRT6, the bioinformatics
software of miRNAs (TargetScanHuman 7.2 and microrna.org) were
used to predict the target binding sites between miR-122-5p and 3'-UTR
of SIRT6 mRNA (Fig. 4A). To verify the bioinformatics-based prediction,
we measured the expression of SIRT6 in rat AFs with qRT-PCR and
Western blot analysis after transfection of miR-122 mimic and inhibitor,
respectively. Stimulation with ATII downregulated the mRNA and
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Fig. 5. ELA suppressed ATII-induced loss of autophagy and augmentation of apoptosis and oxidative stress in rat AFs. (A) The relative mRNA level of ELA
was downregulated in rat AFs by miR-122-5p mimic but was upregulated with rAAV-SIRT6 treatment. (B) Representative immunofluorescence images of p62 (red)
and LC3 (green) to examine autophagic flux of AFs. (C-D) Representative Western blots to determine the levels of p62, beclin-1, LC3, bax, and bcl-2 in rat AFs.
GAPDH was used as an endogenous control. (E-F) Percentage of apoptotic cells with flow cytometry array. (G-H) Dihydroethidium staining to examine reactive
oxygen species generation of AFs. n = 3-4 for each group except for A where n = 6. **, P < 0.01 compared with control group; ##, P < 0.01 compared with ATII or
ATII + NC or ATII + rAAV-GFP group; &, P < 0.05, &&, P < 0.01 compared with ATII + ELA group; @, p < 0.05 compared with ATII + miR-122 mimic + rAAV-GFP
group; A.U., arbitrary units; R.E., relative expression; ATII, angiotensin II; AFs, adventitial fibroblasts; 3-MA, 3-methyladenine; NC, negative control; ELA, elabela;

SIRT6, sirtuin 6.

protein levels of SIRT6 in rat AFs, which were further reduced by
miR-122-5p mimic (Fig. 4B and C) but was elevated by miR-122-5p
inhibitor (Fig. 4B and D). Additionally, ATII-mediated loss of SIRT6
protein was rescued in rat AFs by SIRT6 overexpression (Fig. 4E) but was
further reduced by SIRT6 siRNA (Fig. 4F). Moreover, both over-
expression of SIRT6 and miR-122-5p inhibitor significantly prevented
the ATII-induced promotion of oxidative stress (Fig. 4G and H), and
cellular migration (Fig. 4I and J), and loss of autophagy (Fig. 4K) in rat
AFs. Furthermore, the silencing of SIRT6 partially suppressed the pro-
tective roles of miR-122-5p inhibitor in the ATII-mediated the promo-
tion of apoptosis (Fig. 3D and E), oxidative stress (Fig. 4G and H),
cellular migration (Fig. 41 and J), and loss of autophagy (Fig. 4K) in rat
AFs. Our data demonstrated that inhibition of miR-122-5p exerted the
protective effects on ATII-mediated loss of autophagy and augmentation
of oxidative stress and migration in rat AFs by targeting SIRT6 signaling.

3.5. Treatment with ELA suppressed ATII-mediated loss of autophagy and
promotion of apoptosis and oxidative stress in rat AFs

We next investigated the regulatory roles of miR-122-5p and SIRT6
in ELA expression and interactions among miR-122-5p, SIRT6, and ELA
in rat AFs. As expected, ATIl-induced the downregulation of ELA
expression was further reduced by miR-122-5p mimic but was elevated
by SIRT6 overexpression (Fig. 5A). Intriguingly, treatment with rAAV-
SIRT6 rescued miR-122-5p mimic-mediated the decline in the expres-
sion of ELA in rat AFs in response to ATII, suggesting that miR-122-5p
negatively regulated ELA via the suppression of SIRT6 signaling
(Fig. 5A). Then, we investigated the effects of ELA on ATII-mediated
actions in rat AFs. Exogenous ELA stimulation inhibited ATII-mediated
anti-autophagic action in rat AFs (Fig. 5B), which was accompanied
by the upregulation of beclin-1 and LC3-II expression and the down-
regulation in the protein level of p62 (Fig. 5C and D). However, the pro-
autophagic role of ELA in AFs was partially blocked by 3-methyladenine
(Fig. 5B, C, and D). Moreover, treatment with ELA reduced bax/bcl-2
ratio (Fig. 5C and D) and prevented ATII-induced cellular apoptosis
(Fig. 5E and F) and oxidative stress (Fig. 5G and H) in rat AFs, which
were enhanced by 3-methyladenine. Thus, our data indicated the pro-
tective effects of ELA on ATII-mediated anti-autophagic, pro-apoptotic,
and pro-oxidant actions in rat AFs, which may be regulated by the
activation of miR-122-5p/SIRT6 signaling.

3.6. MiR-122-5p regulated apoptosis, oxidative stress, and autophagy in
rat AFs via activating the SIRT6-ELA-ACE2 signaling

ACE2 serves as a negative regulator of the renin-angiotensin system
(RAS) and a co-receptor for the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Gheblawi et al., 2020; Patel et al., 2016;
Sato et al., 2017; Zhong et al., 2010). In our previous study, we
demonstrated a model of cross-talk between SIRT6 and ACE2 signaling
in ATII-induced cardiovascular fibrosis and remodeling in hypertension
(Zhang et al., 2017a). To investigate the inner link between miR-122-5p
and the ELA-ACE2 signaling, ELA siRNA and ACE2 siRNA were trans-
fected into rat AFs, respectively. The mRNA level of ELA (Fig. 6A) and
the expression of ACE2 (Fig. 6B, C, and D) were significantly down-
regulated in AFs after the silencing of ELA and ACE2, respectively.
Moreover, treatment with miR-122-5p inhibitor suppressed
ATII-mediated promotion of cellular apoptosis (Fig. 6E and F), oxidant

injury (Fig. 6G and H), and inflammatory response (Fig. 6I), and loss of
autophagy (Fig. 6J) in rat AFs, which were partially reversed by
co-transfection of ELA siRNA. Furthermore, stimulation with ATII
induced a marked decrease in the protein level of ACE2 in rat AFs, which
was elevated by the administration of ELA (Fig. 6K and L). Importantly,
co-treatment with ACE2 siRNA inhibited ELA-mediated the upregula-
tion in the expression of ACE2 (Fig. 6K and L) in rat AFs. Taken together,
these data demonstrated that inhibition of miR-122-5p suppressed
ATII-mediated pro-apoptotic, pro-oxidant, pro-inflammatory, and
anti-autophagic effects in rat AFs by activating the SIRT6-ELA-ACE2
signaling (Fig. 7).

4. Discussion

In this study, we demonstrated for the first-time a cross-talk between
miR-122-5p and the SIRT6-ELA-ACE2 signaling in controlling cellular
apoptosis, migration, oxidative stress, and autophagy in rat AFs in
response to ATIL. The imbalance of apoptosis and autophagy and path-
ological hypertrophy of the blood vessel cells are the main causes of
vascular remodeling of hypertension (Bersi et al., 2016; An et al., 2015;
Intengan and Schiffrin, 2001). The adventitia cells play crucial roles in
vascular remodeling, and excessive adventitial remodeling results in
early aortic maladaptation in ATII-induced hypertension and
TAC-induced vascular dysfunction (Bersi et al., 2016; Xu et al., 2016).
The AFs, major cell components of adventitia, are considered to be
sensors of vascular walls disruption and dysfunction and are early re-
sponders and activators of the blood vessel in response to injury or
stress, which are linked with the activation of the RAS and the
ELA/apelin-APJ axis (Yang et al., 2017; Xu et al., 2016; Sato et al.,
2017). The mechanistic roles of ATII in vascular remodeling, including
oxidative stress, apoptosis, and inflammation, have been increasingly
appreciated (Heeneman et al., 2007; Bersi et al., 2016; Patel et al.,
2016). Oxidative stress is involved in the apoptosis/autophagy imbal-
ance and induces an inflammatory response of vascular cells (Huang
et al., 2015). Autophagy sustains vascular health by reducing inflam-
mation and apoptosis and by regulating vascular pathologies including
arterial stiffness and hypertension (Huang and Klionsky, 2007; Shao
et al., 2016). Increased autophagic activity enhances cell vitality and
survival against pathophysiological stimuli in vascular cells. However,
over-activation of autophagy in vascular cells has detrimental effects on
cell survival and may lead to cellular death. Thus, autophagy mainly
functions as a protective response by suppressing oxidative stress,
apoptosis, and inflammation during vascular injury and disorders (Dalvi
et al., 2016; Netea-Maier et al., 2016). The regulatory role of ATII in
autophagy depends on different types of cells and diseases. Recently,
ATII has been reported to suppress microtubule-associated protein 1
LC3-I-to-LC3-II conversion and decrease the number of autophagic
vacuoles in skeletal muscular dystrophy, indicating that ATII reduces
autophagic activity and prevents autophagosome formation (Silva et al.,
2019). In this study, exposure to ATII induced a decline in autophagy
and marked increases in apoptosis, oxidative stress, and inflammation in
rat AFs, which were exacerbated by transfection of miR-122-5p mimic
but were rescued with miR-122-5p inhibitor treatment. Moreover,
3-methyladenine, an autophagy inhibitor, was used to explore the
relationship between autophagy and apoptosis. We demonstrated that in
rat AFs stimulation with 3-methyladenine enhanced ATII-mediated
cellular apoptosis along with increased bax/bcl-2 ratio, suggesting a
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Fig. 6. Inhibition of miR-122-5p exerted the protective effects on ATII-mediated pro-apoptosis, pro-oxidant, pro-inflammation, and anti-autophagy via
activating the ELA-ACE2 signaling in rat AFs. (A) The relative mRNA level of ELA was downregulated in AFs after the knockdown of ELA. (B-D) Decreased mRNA
and protein levels of ACE2 were performed to ensure the effective transfection of ACE2 siRNA. (E-F) Percentage of apoptotic cells of AFs by flow cytometry analysis.
(G-H) The production of oxidative stress in rat AFs by dihydroethidium staining. (I) Relative mRNA levels of IL-10, IL-18, and IL-33 in rat AFs. (J) Immunofluo-
rescence images of p62 (red) and LC3 (green) to examine autophagic flux of rat AFs. (K-L) The expression of ACE2 in rat AFs in the absence and presence of ATII, ELA,
and ACE2 siRNA, respectively. GAPDH was used as an endogenous control. n = 3-4 for each group except for I where n = 5-6. *, P < 0.05, **, P < 0.01 compared
with control or NC siRNA group; ##, P < 0.01 compared with ATII or ATII + NC group; &&, P < 0.01 compared with ATII 4+ ELA + NC siRNA group; $, P < 0.05, $$,
P < 0.01 compared with ATII + miR-122 inhibitor + NC siRNA group. A.U., arbitrary units; R.E., relative expression; ATII, angiotensin II; AFs, adventitial fibroblasts;
I:IC, negative control; ELA, elabela; ACE2, angiotensin-converting enzyme 2; IL-10, interleukin-10; IL-18, interleukin-18; IL-33, interleukin-33.
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Fig. 7. Schematic overview of the crucial roles of miR-122-5p in rat aortic adventitial fibroblasts. MiR-122-5p serves as an important regulator of ATII-
mediated loss of autophagy and promotion of apoptosis, oxidative stress, and inflammation in rat adventitial fibroblasts by modulating the SIRT6-Elabela-ACE2
signaling. ACE2, angiotensin-converting enzyme 2; ATII, angiotensin II; ELA, elabela; IL, interleukin; SIRT6, sirtuin 6.

11



J.-J. Song et al.

negative correlation between autophagy and apoptosis.

Currently, the levels of miR-122 are significantly elevated in the
hypertensive population and the aortic adventitia of hypertensive rats
with vascular injury, indicating the adverse effect of miR-122 on aortic
adventitial remodeling (Xu et al., 2016; Cengiz et al., 2015). Enhanced
miR-122 contributes to endothelial dysfunction via promoting endo-
thelial cell apoptosis by targeting X-linked inhibitor-of-apoptosis protein
in ApoE ™/~ mice (Li et al., 2019). Importantly, miR-122 aggravates cell
proliferation, apoptosis, and oxidative stress by PI3K/protein kinase B
signaling in a rat model of renal ischemic-reperfusion injury and renal
cells (Qu and Zhang, 2018; Fan et al., 2018). In our study, transfection of
miR-122-5p mimic aggravated ATII-induced promotion of oxidative
stress, cellular apoptosis and inflammation, and loss of autophagy in rat
AFs. Conversely, the administration of miR-122-5p inhibitor amelio-
rated the ATII-mediated actions, suggesting that the inhibition of
miR-122-5p was a protective factor in adventitial cell injury and
dysfunction.

SIRT6 has emerged as a negative regulator of ATII-induced hyper-
tension by preventing vascular inflammation, oxidant injury, and
dysfunction (Zhang et al., 2017a; D’Onofrio et al., 2018; Lappas, 2012).
Overexpression of SIRT6 promotes autophagic flux against atheroscle-
rosis by reducing foam cell formation (He et al., 2017). In this study, we
utilized two bioinformatics software to identify the binding sites be-
tween miR-122-5p and SIRT6 3'-UTR. To verify the
bioinformatics-based prediction, we examined the SIRT6 expression in
rat AFs after the transfection of miR-122-5p mimic and inhibitor.
ATII-mediated loss of SIRT6 level was further reduced by miR-122-5p
mimic but elevated by miR-122-5p inhibitor, indicating that SIRT6
was a direct target of miR-122-5p. Our data also demonstrated that
SIRT6 inhibited ATII-induced augmentation of apoptosis, migration,
oxidative stress, and loss of autophagic flux. Additionally, the over-
expression of SIRT6 improved the mRNA level of ELA in rat AFs in
response to ATII. Importantly, the pro-autophagic, anti-apoptotic,
anti-oxidant, and anti-inflammatory roles of miR-122-5p inhibitor were
suppressed by SIRT6 and ELA knockdown, supporting that the beneficial
effects of miR-122-5p inhibition on ATII-induced actions in rat AFs were
mediated via the activation of SIRT6-ELA signaling.

Apelinergic system, including APJ and its two classes of endogenous
ligands, named ELA and apelin, has received increasing attention for its
potential therapeutic target in cardiovascular disorders (Yang et al.,
2017; Zhang et al., 2017a; Xu et al., 2016). ELA exerts cardiovascular
protective effects in APJ-dependent manner. The ELA/apelin-APJ sys-
tem has been shown to relax aortic blood vessels and reduce systolic
blood pressure by enhancing the expression of ACE2 (Sato et al., 2017).
ACE2, an endogenous RAS blocker by its actions on the Mas receptor, is a
key target for apelinergic system to oppose the molecular and cellular
actions of ATII and exert cardiovascular protective effects (Gheblawi
et al., 2020; Patel et al., 2016; Zhong et al., 2010; Ma et al., 2020; Song
et al., 2020). The reduced level of ACE2 has been found in patients with
the novel coronavirus disease 2019 (COVID-19) after entry of
SARS-CoV-2 into cells and in worsened pathological vascular remodel-
ing and dysfunction during hypertension (Gheblawi et al., 2020; Patel
etal., 2016). Our previous work and other studies have reported that the
exogenous replenishment of apelin or SIRT6 upregulates the expression
of ACE2 and disrupts the balance between ACE and ACE2 during hy-
pertension and heart failure (Zhang et al., 2017a; Patel et al., 2016).
However, ELA reduces the ratio of ACE/ACE2 differently from apelin to
affect the RAS activation (Sato et al., 2017; Ma et al., 2020), indicating
that the ELA-APJ-ACE2 axis represents a protective pathway in cardio-
vascular homeostasis. In this work, the expression of ELA was signifi-
cantly downregulated in rat AFs after stimulation with ATII. Moreover,
administration of ELA promoted autophagic flux and inhibited cellular
oxidative stress and apoptosis in rat AFs in response to ATII. Addition-
ally, the pro-autophagic, anti-oxidant, and anti-apoptotic effects of ELA
in rat AFs were partially prevented by 3-methyladenine. Since SIRT6 is a
direct target for miR-122-5p regulation, we investigated the interactions
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between miR-122-5p and the SIRT6-ELA-ACE2 signaling. Notably,
treatment with miR-122-5p mimic accelerated ATII-induced decline in
the level of ELA in rat AFs, which was elevated by SIRT6 overexpression,
indicating that miR-122-5p negatively regulated ELA via the modulation
of SIRT6 signaling. Furthermore, we determined the direct effects of
miR-122-5p on ELA by co-transfecting ELA siRNA into rat AFs. The
beneficial effects of miR-122-5p inhibition on controlling autophagy,
apoptosis, and oxidative stress in rat AFs were suppressed by ELA siRNA.
Finally, the protein level of ACE2 was reduced in rat vascular AFs after
treatment with ATII, which was remarkably enhanced by exogenous
replenishment of ELA. However, the knockdown of ACE2 with siRNA
inhibited ELA-mediated increase in the expression of ACE2 in rat AFs. To
our knowledge, this is the first report to describe the cross-talk among
miR-122-5p, RAS, apelinergic system, and SIRT6 signaling in the mod-
ulation of apoptosis, oxidative stress, and autophagy in the cardiovas-
cular system.

In summary, our findings demonstrated that miR-122-5p inhibition
exerts beneficial effects by potentiating autophagy and blocking
apoptosis, oxidative stress, and inflammation in rat aortic AFs via the
activation of SIRT6-ELA-ACE2 signaling. Therefore, our study provides
definite evidence that miR-122-5p may be a novel predictive biomarker
of adventitial injury and vascular remodeling and that targeting the
SIRT6-ELA-ACE2 signaling has potential therapeutic importance for
controlling vascular remodeling and dysfunction. Further studies are
still required to precisely clarify the exact regulatory mechanisms of the
cross-talk between miR-122-5p and the SIRT6-ELA-ACE2 signaling
pathway in adventitial injury and related vascular disorders.
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