Journal of Molecular Histology (2021) 52:905-918
https://doi.org/10.1007/s10735-021-10011-3

ORIGINAL PAPER q

Check for
updates

Elabela prevents angiotensin ll-induced apoptosis and inflammation
in rat aortic adventitial fibroblasts via the activation of FGF21-ACE2
signaling

Juan-Juan Song’ - Mei Yang' - Ying Liu" - Jia-Wei Song' - Xiao-Yan Liu'2 - Ran Miao? - Zhen-Zhou Zhang' - Yu Liu™3 .
Yi-Fan Fan' - Qian Zhang' - Ying Dong’ - Xin-Chun Yang' - Jiu-Chang Zhong'*3

Received: 23 June 2020 / Accepted: 10 August 2021 / Published online: 28 August 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract

Apoptosis, inflammation, and fibrosis contribute to vascular remodeling and injury. Elabela (ELA) serves as a crucial regula-
tor to maintain vascular function and has been implicated in the pathogenesis of hypertensive vascular remodeling. This study
aims to explore regulatory roles and underlying mechanisms of ELA in rat aortic adventitial fibroblasts (AFs) in response
to angiotensin II (ATII). In cultured AFs, exposure to ATII resulted in marked decreases in mRNA and protein levels of
ELA, fibroblast growth factor 21 (FGF21), and angiotensin-converting enzyme 2 (ACE2) as well as increases in apoptosis,
inflammation, oxidative stress, and cellular migration, which were partially blocked by the exogenous replenishment of ELA
and recombinant FGF21, respectively. Moreover, treatment with ELA strikingly reversed ATII-mediated the loss of FGF21
and ACE2 levels in rat aortic AFs. FGF21 knockdown with small interfering RNA (siRNA) significantly counterbalanced
protective effects of ELA on ATII-mediated the promotion of cell migration, apoptosis, inflammatory, and oxidative injury
in rat aortic AFs. More importantly, pretreatment with recombinant FGF21 strikingly inhibited ATII-mediated the loss of
ACE2 and the augmentation of cell apoptosis, oxidative stress, and inflammatory injury in rat aortic AFs, which were partially
prevented by the knockdown of ACE2 with siRNA. In summary, ELA exerts its anti-apoptotic, anti-inflammatory, and anti-
oxidant effects in rat aortic AFs via activation of the FGF21-ACE2 signaling. ELA may represent a potential candidate to
predict vascular damage and targeting the FGF21-ACE2 signaling may be a promising therapeutic intervention for vascular
adventitial remodeling and related disorders.

Keywords Elabela - Fibroblast growth factor 21 - Angiotensin-converting enzyme 2 - Apoptosis - Inflammation -
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Introduction

The adventitial remodeling of arteries may initially be
adaptive, but eventually, it becomes maladaptive and com-
promises organ function, contributing to cardiovascular
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complications of hypertension (Intengan and Schiffrin
2001). Remodeled vessels are characterized by adventitial
thickening and increased number of fibroblasts and pheno-
typic change of adventitial fibroblasts (AFs) to myofibro-
blasts. AFs function as the most abundant cell type in the
adventitia and appear to be a sensor of vascular wall dis-
ruption and dysfunction as well as an early responder and
activator of the blood vessel in response to injury or stress
(Intengan and Schiffrin 2001; Wang et al. 2014a). Indeed,
emerging evidence has been accumulated for the pivotal sig-
nificance of abnormal migration, proliferation, and excessive
inflammatory response of AFs in the initiation, progression,
and exacerbation of vascular remodeling (Chai et al. 2018).

Elabela (ELA), a novel endogenous ligand of ape-
lin receptor (APJ), is recognized for its various roles in
vasodilatation, vessel development, differentiation, and
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cardiovascular function in adult mammalian systems (Ma
et al. 2020). The ELA-APJ system has been implicated to
prevent pressure overload-induced hypertension and car-
diovascular dysfunction via the suppression of angiotensin-
converting enzyme (ACE) expression and pathogenic angio-
tensin II (ATII) signaling as well as the promotion of the
level of ACE2 (Ma et al. 2020; Sato et al. 2017; Murza et al.
2016; Yang et al. 2017). Additionally, ELA serves as a che-
moattractant for the angioblasts and regulates this medial
migration, which is crucial for normal vasculature develop-
ment during embryogenesis (Helker et al. 2015). The ELA-
APJ signaling stimulates angiogenesis of human umbilical
vascular endothelial cells and induces relaxation of mouse
aortic blood vessels (Wang et al. 2015). Fibroblast growth
factor 21 (FGF21) is a key component in hormone-mediated
multi-organ crosstalk among adipose tissue, liver, pancreas,
blood vessels as well as heart and regulates the homeostasis
of lipid, glucose, and energy metabolism by activating FGF
receptor and its cofactor B-Klotho (Luo et al. 2018). Clini-
cal studies have unraveled the strong positive correlation of
FGF21 with a panel of cardiovascular diseases. Increasing
evidence point out that FGF21 is an endogenous cardiovas-
cular protective peptide to exert vascular protective effects
via the induction of adiponectin indirectly (Lin et al. 2015;
Yan et al. 2015). Therefore, FGF21 is known as a biomarker
and potential regulator to predict or prevent vascular disease
incidence. However, the regulatory roles of ELA in FGF21
signaling in the vessels remain largely unknown.

Intriguingly, ACE2 is recently discovered as a co-recep-
tor for the severe acute respiratory syndrome coronavirus 2
(SARS-CoV?2) entry for the novel coronavirus 2019 pneumo-
nia and has been shown to prevent cardiovascular fibrosis and
dysfunction by counterbalancing the renin-angiotensin system
(RAS) (Gheblawi et al. 2020). ATII, a main member of the
RAS, induces the injury and dysfunction of endothelial cells
by enhancing oxidative stress, adhesion molecules, and inflam-
matory cytokines in the vessel wall, which were abolished by
recombinant human ACE2 (Ma et al. 2020; Gheblawi et al.
2020; Agarwal 2003; Williams and Scholey 2018). Moreo-
ver, ACE2 activation ameliorates endothelial dysfunction in
rats with pulmonary arterial hypertension through mediating
phosphorylation of endothelial nitric oxide synthase, high-
lighting the potential importance of ACE2 in the regulation
of vascular function in pathologic conditions (Li et al. 2017).
In our and other research groups have demonstrated that the
activation of ACE2 signaling has been shown to mediate the
beneficial effects of FGF21 on ATII-induced hypertension and
vascular injury (Pan et al. 2018). Howeyver, the exact role of
the FGF21-ACE2 axis in vascular adventitia is far from clear.
Thus, we evaluate the regulatory roles and underlying mecha-
nisms of ELA in rat aortic AFs in response to ATII.
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Materials and methods
Primary culture of rat aortic AFs

The protocol of the study was approved by the Animal
Research Ethics Committee at Beijing Chaoyang Hospi-
tal Affiliated to Capital Medical University. Primary rat
aortic AFs were obtained from ascending aortas of 5- or
6-week-old male Sprague-Dawley rats [Charles River, Bei-
jing, China, License Number: SCXK (Beijing) 2016-0006]
as previously described (Xu et al. 2016). Briefly, thoracic
aortas were dissected and placed in Dulbecco’s modified
Eagle’s medium (DMEM). Then, the medial and intimal
layers of the aortas were separated from the adventitia
under sterile conditions. The isolated adventitia was cut
into 1 mm® segments and placed in DMEM supplemented
with 20% heat-inactivated fetal bovine serum (FBS), 1%
L-glutamine, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin. The explants were cultured for 10-14 days for
passage in a humidified atmosphere gassed with 5% CO,.
The rat aortic AFs from 3rd to 6th generations were used in
the subsequent experiments and incubated in a serum-free
medium for 24 h before different stimulation. Recombinant
human ELA-32 (100 nM), recombinant FGF21 (50 nM)
were added to AFs for 1 h before 24 h exposure of ATII
(100 nM), respectively.

Cell transfection with siRNA

For transient transfection, rat aortic AFs were transfected at
70% confluence in 6-well plates with 50 nM small interfer-
ing RNAs (siRNAs) targeting ELA-32, FGF21, and ACE2
(GenePharma, Shanghai, China) and with corresponding
negative control (NC) siRNAs, respectively, using Lipo-
fectamine 3000 (Invitrogen, CA, USA) according to the
manufacturer’s protocols. After 6-8 h of transfection,
the medium was changed to fresh DMEM supplemented
with 10% FBS and cells were maintained until 48-72 h
before further experiments. To determine the knockdown
efficiency, polymerase chain reaction (PCR) and immu-
noblotting analysis were performed to confirm the gene
downregulation. The following siRNA sequences were
used: ELA siRNA: sense 5'-CUUCGAUAAGAAAGU
AAUAGA-3' antisense 5'-UAUUACUUUCUUAUCGA-
AGAA-3', FGF21 siRNA: sense 5'-CGACAGAGGUAU
CUCUACACA-3' antisense 5'-UGUAGAGAUACCUCU
GUCGGA-3’, ACE2 siRNA: sense 5'-CGAAGUUGAU-
GGAAGUGUACC-3' antisense 5'-UACACUUCCAUC
AACUUCGUU-3". NC siRNA: sense 5'-UUCUCCGAA
CGUGUCACGUTT-3' antisense 5'-ACGUGACAC-GUU
CGGAGAATT-3".
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Wound-healing assay and dihydroethidium staining

Rat aortic AFs were cultured in 6-well plates at a density of
1x 10° cells/well. A scratch was gently made at the cell surface
using a sterile pipette tip (1 mL) after growth to 70% confluence.
At 0 and 24 h after wounding, wound width was measured under
a microscope. The cell migration capability was expressed by
the relative migration index with Image J software. The pro-
duction of reactive oxygen species (ROS) was measured by
the dihydroethidium (DHE) staining method. Briefly, AFs pre-
treated were incubated with DHE (10 uM) at 37 °C for 30 min in
the dark. Then, cells were washed thrice with phosphate buffer
saline (PBS) to remove the redundant DHE. Fluorescence
intensity was determined using the Olympus IX51 microscope
(Olympus, Tokyo) to indicate the generation of ROS.

Flow cytometry array

Cell apoptosis detection was performed with Annexin V-FITC
and propidium iodide (PI) apoptosis detection kit (BD
Pharmingen, USA) according to the manufacturer’s instruc-
tion. Briefly, pre-treated AFs were harvested and washed with
PBS, followed by suspension in 100 uL binding buffer con-
taining 5 L. Annexin V-FITC for 15 min at 37 °C in the dark.
Then 5 pL PI was added for a further 5 min incubation. For
each sample, 10,000 cells were analyzed with an Accuri™
C6 flow cytometer (BD Pharmingen, San Diego, CA, USA).

Western blot

Standard western blot protocols were followed to examine
the protein levels in rat aortic AFs as previously described
(Xu et al. 2016). Total protein was extracted from AFs with
radio immune-precipitation assay (RIPA) buffer (Beyotime,
Beijing, China) supplemented with protease inhibitor for
30 min on the ice. A bicinchoninic acid protein assay kit
was used to measure protein concentration. Subsequently,
proteins were transferred to PVDF membrane (Millipore,
USA), blocked with 5% non-fat milk for 2 h and incu-
bated overnight at 4 °C with primary antibodies against
Bax (#2772), Bel-2 (Sc-7382), ACE2 (ab108252), FGF21
(ab171941), GAPDH (#2118). Then, the membranes were
incubated with a secondary antibody and detected using the
Odyssey infrared imaging system (LI-COR, Lincoln, NE,
USA). Antibodies were obtained from Cell Signaling Tech-
nology (Beverly, MA), Santa Cruz Biotechnology (Santa
Cruz, CA), and Abcam Inc (Cambridge, MA), respectively.
GAPDH was used as an endogenous control. The intensity
of blots was analyzed by Image J software.

Reverse transcription PCR (RT-PCR)

Total RNA was extracted from rat aortic AFs with TRI-
zol reagent (Invitrogen, CA, USA) and was converted to
cDNA using PrimeScript RT reagent kit (Takara, Tokyo,
Japan). SYBR quantitative RT-PCR kit (Takara, Tokyo,
Japan) was used and amplified with ABI Prism 7500
Sequence Detection System (Applied, Biosystems, CA).
Amplification conditions were set as a 40-cycle program
(95 °C for 5 s, 60 °C for 34 s). The mRNA levels of ELA-
32, FGF21, ACE2, interleukin-1p (IL-1p), IL-6, tumor
necrosis factor-o (TNF-a), and monocyte chemoattractant
protein-1 (MCP-1) were examined and analyzed. GAPDH
was used as an endogenous control. The following prim-
ers were used: ELA: forward 5'-GTCACTGATCTCCTT
GGTTA-3' reverse 5'-TGCTCTAGTCTAGTCTGTCT-3',
ACE2: forward 5'-CTTACGAGCCTC-CTGTCACC-3'
reverse 5'-ATGCCAACCACTACCGTTCC-3', FGF21:
forward 5'-GAGATCAGGGAGGACGGAAC-3' reverse
5'-CCTAGAGGCTTTGACACCCG-3', IL-1p: forward
5'-GACTTCACCATGGAACCCGT-3' reverse 5'-GGA
GACTGCC-CATTCTCGAC-3', IL-6: forward 5'-GAG
ACTTCCAGCCAGTTGCC-3' reverse 5'-TGAAGTCTC
CTCTCCGGACTT-3', TNF-a: forward 5'-ATTGTGGCT
CTGGGT-CCAAC-3' reverse 5'-AGCGTCTCGTGTGTT
TCTGA-3' MCP-1: forward 5'-CTTC-CTCCACCACTAT
GCAGG-3' reverse 5'-GATGCTACAGGCAGCAACTG-3',
GAPDH: forward 5'-AGTGCCAGCCTCGTCTCATA-3’
reverse 5" TGAACTTGCC-GTGGGTAGAG-3'. All sam-
ples were run at least in triplicates.

Immunological assay

Cell supernatants of rat aortic AFs culture medium were col-
lected and FGF21 concentrations in the culture medium were
measured by using a rat-specific FGF21 SampleStep ELISA
Kit (Abcam, Cambridge, UK, ab223589) according to the
manufacturer’s protocols.

Statistical analyses

GraphPad Prism version 8.0.1 was used to draw histo-
grams. Statistical analysis was performed with IBM SPSS
Statistics 24 software. Data are presented as mean + SD.
Significant differences between and within multiple groups
were examined using ANOVA for repeated measures, fol-
lowed by Duncan’s multiple range test. The Student’s t-test
(for unpaired samples) was performed to compare the data
between two groups. P <0.05 was considered statistically
significant.
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Results

Treatment with ELA alleviated ATIl-induced cell
apoptosis and oxidative stress in rat aortic AFs

Firstly, we evaluated the regulatory roles of ELA in cell
apoptosis and ROS generation in rat aortic AFs. Compared
to the control group, exposure to ATII induced a remarkable

reduction in the mRNA level of ELA in rat aortic AFs,
which was rescued by exogenous replenishment of ELA
(Fig. 1a). Meanwhile, gene silencing of ELA with siRNA
decreased the mRNA expression of ELA in rat aortic AFs
in response to ATII compared with the negative control
group (Fig. 1a). These findings were consistent with the
previous report that exhibited a declined circulating level
of ELA in essential hypertension associated with vascular
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Fig. 1 Regulatory roles of ELA in cell apoptosis and oxidative stress
in rat aortic AFs. a Relative mRNA levels of ELA in rat aortic AFs in
response to ATII, ELA, and ELA siRNA. b, ¢ Representative West-
ern blots images and quantification to detect protein levels of bax
and bcl-2 in rat aortic AFs. d The detection of cell apoptosis by flow
cytometry array with quantification in rat aortic AFs. e Dihydroeth-
idium staining to measure ROS generation in rat aortic AFs. GAPDH
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was used as an endogenous control. n=3-4 for each group except
for a where n=6. **P<0.01 compared with the control group;
#P <0.05, ##P<0.01 compared with ATII or ATII+NC siRNA
group. A.U. arbitrary units, R.E. relative expression, AFs adventitial
fibroblasts, ATII angiotensin II, NC negative control, ELA elabela,
ROS reactive oxygen species
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Fig.2 Effects of ELA on cell migration and inflammatory response in rat
aortic AFs in response to ATII. a Representative wound-healing images
and quantification at O and 24 h in rat aortic AFs. b Relative mRNA lev-
els of IL-1p, IL-6, MCP-1, and TNF-« in rat aortic AFs. ¢, d Protein lev-
els of ACE2 and FGF21 in rat aortic AFs pretreated with ELA and ELA
siRNA by Western blot analysis. e, f The mRNA levels of FGF21 and
ACE?2 were elevated by ELA stimulation but were reduced by ELA knock-
down, respectively. g, h The concentration of FGF21 in the cell culture
medium was measured in the presence of ATII, ELA, and ELA siRNA by

ELISA kit. GAPDH was used as an endogenous control. n=3-6 for each
group. *P<0.05, **P<0.01 compared with the control group; #P<0.05,
##P<0.01 compared with ATII or ATII4+NC siRNA group. A.U. arbitrary
units, R.E. relative expression, AFs adventitial fibroblasts, ATII angiotensin
II, NC negative control, ELA elabela, FGF21 fibroblast growth factor 21,
ACE?2 angiotensin-converting enzyme 2, IL-1§ interleukin-1p, /L-6 interleu-
kin-6, TNF-a tumor necrosis factor-o, MCP-1, monocyte chemoattractant
protein-1
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injury and dysfunction (Li et al. 2020). The bax/bcl-2 ratio
was elevated after ATII stimulation in rat aortic AFs, which
was prevented by pretreatment with ELA while was further
enhanced by knockdown of ELA with siRNA (Fig. 1b, c).
Moreover, the cell apoptosis detected with flow cytometer
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ATII+ELA+NC siRNA ATII+ELA+FGF21 siRNA

ATII+ELA+NC siRNA ATII+ELA+FGF21 siRNA

TNF-o0/GAPDH

Relative
fluorescence( A.U.)

Migration index

was significantly increased in rat aortic AFs in response to
ATII, which was reversed by exogenous replenishment of
ELA (Fig. 1d). Notably, compared to the negative control
group, ELA knockdown contributed to a higher cell apop-
tosis rate in rat aortic AFs (Fig. 1d). As expected, DHE
fluorescence images depicted a significant increase in the
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«Fig.3 FGF21 knockdown prevented the protective effects of ELA on
ATII-mediated promtion of apoptosis, inflammation, oxidative stress,
and cell migration in rat aortic AFs. a Flow cytometry to detect cell
apoptosis in rat aortic AFs in the presence of ATIIL, ELA, and FGF21
siRNA. b Representative Western blots images and qualification to
measure the protein levels of bax and bcl-2 in rat aortic AFs. ¢ Rela-
tive mRNA levels of IL-1f, IL-6, MCP-1, and TNF-a in rat aor-
tic AFs by RT-PCR. d, e The level of ROS and cell migration was
detected in rat aortic AFs by dihydroethidium staining and wound
healing analysis, respectively. GAPDH was used as an endogenous
control. n=3-4 for each group except for ¢ where n=5-6. ##P <0.01
compared with the ATII group. $P <0.05, $$P <0.01 compared with
ATII+ELA+NC siRNA group; A.U. arbitrary units, R.E. relative
expression, AF's adventitial fibroblasts, ATII angiotensin II, NC, nega-
tive control, ELA elabela; IL-1p, interleukin-1p, /L-6, interleukin-6,
TNF-a tumor necrosis factor-a, MCP-1, monocyte chemoattractant
protein-1, ROS, reactive oxygen species

superoxide production in rat aortic AFs pre-treated with
ATII, which was further exacerbated by ELA siRNA but
was suppressed by the administration of ELA (Fig. le).
Collectively, these results indicated the protective effects
of ELA on ATII-induced apoptotic and oxidative injury in
rat aortic AFs.

ELA knockdown exacerbated ATIl-induced cell
migration and inflammatory injury in rat aortic
AFs

To explore the influence of ELA on cell migration and
inflammatory injury, we performed a wound-healing array
and RT-PCR in rat aortic AFs in response to ATII, respec-
tively. As expected, exposure to ATII resulted in significant
increases in cell migration and inflammatory cytokines lev-
els in rat aortic AFs, which were further augmented by ELA
knockdown with siRNA (Fig. 2a, b). Nevertheless, ATII-
mediated pro-migratory and pro-inflammatory effects were
prevented by ELA stimulation in rat aortic AFs (Fig. 2a, b).
The mRNA levels of proinflammatory cytokines including
IL-1p, IL-6, MCP-1, and TNF-a were strikingly enhanced
in rat aortic AFs after ATII treatment, which was further
amplified by ELA siRNA but was strikingly blocked by the
replenishment of ELA (Fig. 2b). These results suggested
that gene silencing of ELA exacerbated ATII-induced cell
migration and inflammatory injury in rat aortic AFs.

Treatment with ELA activated the FGF21/ACE2
signaling in rat aortic AFs

FGF21 has been shown to promote angiogenesis in micro-
vascular endothelial cells and alleviate endothelial dys-
function and vascular injury (Huang et al. 2019; Ying et al.
2019). However, little is known about the role of FGF21 in
vascular adventitial cells. Since the exact protective roles
of ELA in rat aortic AFs, we further investigated the inner
relationship between ELA and FGF21 in rat AFs in response

to ATII. Protein levels of FGF21 and ACE2 were reduced
in rat aortic AFs exposed to ATII, which was rescued by the
supplement of ELA (Fig. 2c). These results were further
verified by real-time quantitative RT-PCR analysis (Fig. 2e,
f). Otherwise, compared to the negative control group, the
magnitude of the decline in protein and mRNA levels of
FGF21 and ACE2 was lower after gene silencing of ELA
with siRNA (Fig. 2d—f). Furthermore, we also explore the
concentration of FGF21 in AFs cell culture medium. ATII
stimulation induced a decline in the concentration of FGF21
in the cell culture medium of rat aortic AFs, which was res-
cued by the treatment with ELA but was further reduced by
ELA siRNA (Fig. 2g, h). Thus, these data suggested that the
activation of FGF21/ACE?2 signaling is partially responsible
for the protective effects of ELA against ATII-induced cel-
lular damage and dysfunction in rat aortic AFs.

FGF21 knockdown blunted the protective
effects of ELA on ATll-induced cellular injury
and dysfunction in rat aortic AFs

Next, we further investigated whether FGF21 knockdown
would affect the protective actions of ELA in rat aortic AFs
in response to ATII. Consistently, the replenishment of
ELA prevented the All-mediated increases in cell apopto-
sis (Fig. 3a, b), inflammatory response (Fig. 3c), oxidative
stress (Fig. 3d), and cell migration (Fig. 3e) in rat aortic
AFs, which were reversed by the transfection of FGF21
siRNA. Importantly, the ATII-mediated upregulation of
bax/bcl-2 ratio and elevated mRNA levels of proinflamma-
tory cytokines including IL-1p, IL-6, MCP-1, and TNF-«
were inhibited with ELA treatment in rat aortic AFs (Fig. 3b,
¢). Moreover, FGF21 knockdown significantly reversed
the protective impacts of ELA on ATII-induced actions
(Fig. 3a—e), indicating the beneficial effects of ELA against
ATII-induced cellular injury and dysfunction in rat aortic
AFs by activating the FGF21 signaling.

FGF21 ameliorated ATll-induced the accumulation
of apoptosis, oxidative stress, cell migration,
and inflammatory response in rat aortic AFs

To evaluate the influence of FGF21 on ATII-mediated
actions, we examined whether recombinant FGF21 could
affect vascular injury. Intriguingly, FGF21 knockdown with
siRNA further deteriorated ATII-mediated pro-apoptotic
(Fig. 4a, c), pro-oxidant (Fig. 4d), pro-migratory (Fig. 4e),
and pro-inflammatory (Fig. 4f) effects in rat aortic AFs,
which were rescued by recombinant FGF21 (Fig. 4a, b, d—f).
ATII stimulation induced significant increases in cell apop-
tosis and bax/bcl-2 ratio, which were further accelerated by
FGF21 knockdown but were suppressed with FGF21 treat-
ment (Fig. 4a—c). Additionally, exposure to ATII promoted
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ROS production (Fig. 4d), relative migration index (Fig. 4e),  largely decreased by recombinant FGF21. Therefore, our
and mRNA levels of proinflammatory cytokines including  results suggested that FGF21 was a physiological protector
IL-1B, IL-6, MCP-1, and TNF-a (Fig. 4f) in rat aortic AFs,  against cellular damage and disorder in rat aortic AFs in
which were further elevated by FGF21 siRNA but were  response to ATII.
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«Fig. 4 Regulatory roles of FGF21 in cell apoptosis, oxidative stress,
cell migration, and inflammatory response in rat aortic AFs. a Flow
cytometry to detect cell apoptosis in rat aortic AFs. b, ¢ Western blot
analysis to examine the protein levels of bax and bcl-2. d, e ATII-
mediated the augmentation of oxidative stress and cell migration in
rat aortic AFs were accelerated by FGF21 siRNA but was rescued
by FGF21 stimulation. f The relative mRNA levels of proinflamma-
tory cytokines in rat aortic AFs by RT-PCR. GAPDH was used as an
endogenous control. n=3-4 for each group except for f where n=35.
**P <0.01 compared with the control group; #P <0.05, ##P <0.01
compared with ATII or ATII+NC siRNA group. A.U. arbitrary units,
R.E. relative expression, AFs adventitial fibroblasts, ATl angioten-
sin II, NC negative control, FGF2] fibroblast growth factor 21, IL-
1p interleukin-1p, IL-6 interleukin-6, TNF-a tumor necrosis factor-a,
MCP-1 monocyte chemoattractant protein-1

ACE2 activation was responsible for the protective
effects of FGF21 on ATll-induced cellular damage
in rat aortic AFs

To clarify the exact role and mechanism of FGF21, we
explored whether ACE2 knockdown would affect FGF21-
mediated actions in rat aortic AFs. ATII-induced the loss
of ACE2 in rat AFs was further reduced by the transfection
of ACE2 siRNA and FGF21 siRNA, respectively (Fig. 5a,
b, d), but was rescued by FGF21 stimulation (Fig. 5c, d),
supporting that FGF21 improved the expression of ACE2
after ATII stimulation in rat aortic AFs. Furthermore, gene
silencing of ACE2 by siRNA strikingly suppressed the
inhibitory effects of FGF21 on ATII-induced the promotion
of cell apoptosis (Fig. Se, f), inflammatory injury (Fig. 5g),
oxidative stress (Fig. 5h), and cell migration (Fig. 51) in rat
AFs. Collectively, our data implicated that ELA exerted its
protective effects on ATII-induced vascular adventitial cell
injury and dysfunction via the activation of FGF21-ACE2
signaling in rat aortic AFs (Fig. 6).

Discussion

Multiple adverse factors, including an imbalance in the pro-
liferation and apoptosis, excessive oxidative stress products,
and inflammatory cytokines, contribute to vascular adven-
titial damage and remodeling (Intengan and Schiffrin 2001;
Wang et al. 2014a). The role of the adventitia in vascular
remodeling and arterial hypertension has attracted increas-
ing attention. The vascular adventitia is the principal “injury-
sensing tissue” of the blood vessel wall and exhibits the ear-
liest and most prominent changes in vascular remodeling
through the production of chemokines, cytokines, growth
factors, and ROS (Intengan and Schiffrin 2001; Sartore et al.
2001). Adventitial remodeling involves anomalous prolif-
eration and migration, oxidative stress, and inflammatory
response of AFs, which are vital regulators of artery vascu-
lar wall structure and function when exposed to mechanical

damage and pressure load (Sartore et al. 2001; Liu et al.
2015). Excessive adventitial remodeling causes early aortic
maladaptation in ATII-induced hypertension (Bersi et al.
2016). The accumulating studies provide further evidence
that AFs are major contributors to adventitial remodeling
and result in the neointimal formation in vascular diseases.
In this work, we demonstrate, for the first time, that ELA
prevents ATII-mediated the promotion of cell migration,
oxidative stress, apoptosis, and inflammatory injury in rat
aortic AFs by activating the FGF21-ACE?2 signaling.

The apelinergic system, including APJ and its two classes
of endogenous ligands named ELA and apelin, has emerged
as a key signaling pathway in regulating cardiovascular
homeostasis and remodeling (Ma et al. 2020; Yang et al.
2017). ELA, a novel endogenous ligand for APJ, has been
implicated to lower blood pressure, promote angiogenesis,
and relax blood vessels to protect against cardiovascular
dysfunction (Ma et al. 2020; Sato et al. 2017; Yang et al.
2017). Exogenous ELA infusion offers a potential therapy
for hypertension by eliciting vasodilation via the suppression
of intrarenal RAS. Additionally, ELA downregulates ACE
expression and promotes ACE2 activity through regulating
transcription factors Forkhead box M1 in stressed hearts
(Sato et al. 2017). Circulating ELA levels are decreased in
essential hypertensive individuals and the fall in endogenous
ELA levels may be involved in the pathogenesis of hyper-
tension-related vascular damage (Li et al. 2020). The ELA-
APJ axis exerts a powerful depressor effect by enhancing the
ACE2/ACE ratio and the angiotensin (1-7)/ATII ratio (Ma
et al. 2020; Murza et al. 2016; Song et al. 2020; Yang et al.
2017). In this work, we revealed that ATII stimulation con-
tributed to marked decreases in the mRNA levels of ELA
and ACE2 in rat aortic AFs, which were rescued by the
replenishment of ELA. Conversely, the levels of ELA and
ACE2 were further accelerated after ELA knockdown with
siRNA 1in rat aortic AFs in response to ATII, indicating
the mutual interaction among the RAS, ELA, and ACE2
signaling. Based on this result, we further evaluated the
underlying mechanisms of ELA in protecting ATII-induced
vascular cellular damage in rat aortic AFs. ATII-mediated
pro-migratory, pro-oxidant, pro-apoptotic, and pro-inflam-
matory effects were largely abrogated with ELA stimulation
but were further deteriorated by ELA siRNA, confirming
the inhibitory roles of ELA in ATII-mediated actions in rat
aortic AFs.

FGF21 is an endocrine hormone that regulates energy
metabolism and insulin sensitivity and has been proposed
to be a sensitive stress signal for maintaining metabolic
homeostasis (Fisher and Maratos-Flier 2016). Emerging
studies start to focus on the protective role of FGF21 in the
cardiovascular system in vitro and in vivo (Domouzoglou
et al. 2015). Genetic FGF21 deficiency significantly exacer-
bates ATII-induced hypertension and vascular dysfunction
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«Fig.5 Protective roles of FGF21 in ATII-induced promotion of apop-
tosis, inflammatory response, oxidative stress, and cell migration
were mediated by ACE2 signaling in rat aortic AFs. a The protein
levels of ACE2 in the presence of ATII and ACE2 knockdown with
siRNA. b-d Protein and mRNA levels of ACE2 in rat aortic AFs in
response to ATII, FGF21, and FGF21 siRNA, respectively. e, f Cell
apoptosis and apoptosis-associated proteins were detected by flow
cytometry array and Western blots after exposure to ATII, FGF21,
and ACE2 siRNA, respectively. g The expression of proinflamma-
tory cytokines in rat aortic AFs by RT-PCR. h, i Dihydroethidium
staining and wound healing assay to evaluate oxidative stress and
cell migration in rat aortic AFs. GAPDH was used as an endogenous
control. n=3-4 for each group except for d and g where n=5-6.
*P<0.05, **P<0.01 compared with the control group. #P <0.05,
##P<0.01 compared with ATII or ATII+NC siRNA group.
&P <0.05, &&P<0.01 compared with ATII+FGF21+NC siRNA
group; A.U. arbitrary units, R.E. relative expression, AFs adventitial
fibroblasts, ATII angiotensin II, NC negative control, FGF2] fibro-
blast growth factor 21, ACE2 angiotensin-converting enzyme 2, IL-
1p interleukin-1p, IL-6 interleukin-6, TNF-a tumor necrosis factor-a,
MCP-1 monocyte chemoattractant protein-1

and deteriorates diabetes-induced aortic thickening, fibrosis,
inflammatory injury, and cell apoptosis (Yan et al. 2015;
Planavila et al. 2013). Conversely, exogenous administra-
tion of FGF21 improves cardiac function and alleviates
ATII-induced cardiac hypertrophy in a silent information

regulator 1-dependent manner in mice, along with reduced
ROS accumulation and cardiomyocyte apoptosis (Li et al.
2019). Moreover, FGF21 attenuates aortic calcification by
alleviating endoplasmic reticulum stress-mediated apoptosis
in rats and prevents atherosclerosis in ApoE knockout mice
by reducing vascular inflammation and apoptosis (Shi et al.
2019; Yan et al. 2018). FGF21 enhances angiogenesis and
protects against high glucose-induced vascular damage and
dysfunction in endothelial cells (Huang et al. 2019; Wang
et al. 2014b). FGF21 prevents ATII-induced cerebrovascular
aging in human brain vascular smooth muscle cells, which
is related to the inhibition of ATII-induced ROS production
levels (Wang et al. 2016). Recently, FGF21 was conformed
to reduce blood pressure by regulating RAS signaling in
a hypertensive rat model to exert beneficial effects on the
process of hypertension and its related vascular damage.
However, the role of FGF21 in vascular adventitial injury
in hypertension has scarcely been investigated. In the present
study, exposure to ATII induced a decline in the level of
FGF21 in rat aortic AFs. Additionally, recombinant FGF21
protected vascular damage and dysfunction against ATII-
induced pro-oxidant, pro-apoptotic, pro-inflammatory, and
pro-migratory actions, suggesting the antagonistic effect
of FGF21 on ATII actions in rat aortic AFs. Moreover, the

(e

-

‘ Inflammation ]

>

Cell injury and dysfunction in rat aortic adventitial fibroblasts

Fig.6 Schematic overview of the crucial roles of Elabela in rat aor-
tic adventitial fibroblasts. Elabela serves as a negative regulator of
ATII-mediated the promotion of apoptosis, inflammatory injury, oxi-
dative stress, and cell migration in rat aortic AFs by the activation of
the FGF21-ACE?2 signaling. ELA Elabela, FGF21 fibroblast growth

factor 21, ACE2 angiotensin-converting enzyme 2, APJ G-protein
coupled receptor, FGFR fibroblast growth factor receptor, ROS reac-
tive oxygen species, IL-1f interleukin-1p, /L-6 interleukin-6, TNF-
a tumor necrosis factor-a, MCP-I monocyte chemoattractant pro-
tein-1
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concentration of FGF21 in rat aortic AFs culture medium
was reduced after exposure to ATII, which was partially
rescued by exogenous supplement of ELA but was further
decreased by the transfection of ELA siRNA. This reduction
could be due to a compensatory response under the condi-
tion of ATII stimulation. Thus, it is likely that the reduced
FGF21 level observed in rat aortic AFs in response to ATII
is a compensatory mechanism, by which FGF21 is attempt-
ing to protect against vascular cellular injury and dysfunc-
tion in ATII-induced hypertension. Notably, the administra-
tion of ELA reversed ATII-mediated the loss of FGF21 level
and gene silencing of FGF21 suppressed the anti-apoptotic,
anti-oxidant, anti-migratory, and anti-inflammatory effects
of ELA, indicating that the ELA-FGF21 signaling played
an essential role in ATII-mediated vascular cellular injury
regulation in rat aortic AFs.

Vasoconstriction, oxidative stress, mitochondrial dys-
function, inflammation, and fibrosis are some of the known
mechanisms underlying in cardiovascular pathology induced
by ACE/ATII/ATII type 1 receptor interaction. ACE2/Angi-
otensin (1-7)/Mas receptor axis has emerged as a physi-
ological counter-regulatory peptide for the actions of ATII
and is a critical protective pathway against cardiovascular,
metabolic, and neurological disorders. Currently, increasing
experimental studies regard the ACE2/Angiotensin (1-7)/
Mas axis as a potential therapeutic target for cardiovascu-
lar diseases (Gheblawi et al. 2020). Genetic ACE2 deletion
results in the exacerbation of ATII-mediated cardiovascular
fibrosis and oxidative stress in hypertensive mice, while the
administration of recombinant human ACE2 remarkably res-
cues ATII-induced hypertension, pathological hypertrophy,
oxidant injury, and cardiovascular remodeling (Sato et al.
2017; Zhong et al. 2010, 2011). Moreover, the activation of
ACE2 signaling plays a key role in vascular repairment in
chronic pathological conditions. Genetic ACE2 deficiency
promotes vascular inflammatory response and atheroscle-
rosis in the ApoE knockout mouse (Thomas et al. 2010).
Conversely, ACE2 activation alleviates pulmonary vascular
remodeling in rats with pulmonary hypertension (Yan et al.
2019), providing strong evidence for ACE2 to protect the
vascular injury. The ELA—APJ axis protects from ATII-
induced cardiovascular damage and dysfunction in mice
with transverse aorta constriction by enhancing the expres-
sion of ACE2 (Sato et al. 2017). Notably, FGF21 induces
the increased activity of ACE2 derived from adipocytes and
renal cells to protect against ATII-induced hypertension and
vascular damage, suggesting that the FGF21-ACE2 sign-
aling may serve as a novel therapeutic target in vascular
injury and remodeling (Pan et al. 2018). In this study, we
also demonstrated that the expression of ACE2 was signifi-
cantly enhanced with ELA stimulation in rat AFs in response
to ATII, whereas it was decreased by ELA siRNA treatment.

@ Springer

As expected, recombinant FGF21 improved the protein and
mRNA levels of ACE2, which were decreased with FGF21
siRNA stimulation in rat AFs in response to ATII. Further-
more, the inhibitory effects of FGF21 on ATII-mediated the
promotion of cell migration, oxidative stress, cell apoptosis,
and inflammatory response were significantly prevented by
the knockdown of ACE2, indicating that ACE2 is responsi-
ble for the protective roles of recombinant FGF21 in ATII-
induced vascular cellular damage in rat aortic AFs.

In conclusion, we uncover, for the first time, the pro-
tective effects of ELA on ATII-induced vascular cellular
damage and dysfunction by suppressing the augmenta-
tion of cell migration, inflammatory injury, apoptosis,
and oxidative stress in rat aortic AFs via the activation
of the FGF21-ACE?2 signaling. However, our study was
performed in an experimental model, since there is a dif-
ference in hypertension susceptibility between humans and
rodents, therefore more efforts should be made to better
understand the therapeutic role of ELA against vascular
damage and remodeling in hypertension in a humanoid
large animal. Additionally, further prospective studies are
needed to clarify whether ELA could be used as a pre-
warning biomarker and a novel therapeutic approach to
identify the clinical risk of hypertension and hyperten-
sive-related vascular injury and remodeling in individuals.
Thus, an increased understanding of cardiovascular actions
of the ELA—AP]J axis would help to develop effective inter-
ventions for the prevention and treatment of hypertensive
vascular injury. Targeting the FGF21-ACE2 signaling may
be a promising therapeutic intervention for vascular adven-
titial remodeling and related disorders.
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