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Chronic infusion of ELABELA alleviates vascular remodeling
in spontaneously hypertensive rats via anti-inflammatory,
anti-oxidative and anti-proliferative effects
Chao Ye1, Zhi Geng2, Ling-li Zhang3, Fen Zheng1, Ye-bo Zhou1, Guo-qing Zhu1 and Xiao-qing Xiong1

Inflammatory activation and oxidative stress promote the proliferation of vascular smooth muscle cells (VSMCs), which accounts for
pathological vascular remodeling in hypertension. ELABELA (ELA) is the second endogenous ligand for angiotensin receptor-like 1
(APJ) receptor that has been discovered thus far. In this study, we investigated whether ELA regulated VSMC proliferation and
vascular remodeling in spontaneously hypertensive rats (SHRs). We showed that compared to that in Wistar-Kyoto rats (WKYs), ELA
expression was markedly decreased in the VSMCs of SHRs. Exogenous ELA-21 significantly inhibited inflammatory cytokines and
NADPH oxidase 1 expression, reactive oxygen species production and VSMC proliferation and increased the nuclear translocation of
nuclear factor erythroid 2-related factor (Nrf2) in VSMCs. Osmotic minipump infusion of exogenous ELA-21 in SHRs for 4 weeks
significantly decreased diastolic blood pressure, alleviated vascular remodeling and ameliorated vascular inflammation and
oxidative stress in SHRs. In VSMCs of WKY, angiotensin II (Ang II)-induced inflammatory activation, oxidative stress and VSMC
proliferation were attenuated by pretreatment with exogenous ELA-21 but were exacerbated by ELA knockdown. Moreover, ELA-21
inhibited the expression of matrix metalloproteinase 2 and 9 in both SHR-VSMCs and Ang II-treated WKY-VSMCs. We further
revealed that exogenous ELA-21-induced inhibition of proliferation and PI3K/Akt signaling were amplified by the PI3K/Akt inhibitor
LY294002, while the APJ receptor antagonist F13A abolished ELA-21-induced PI3K/Akt inhibition and Nrf2 activation in VSMCs. In
conclusion, we demonstrate that ELA-21 alleviates vascular remodeling through anti-inflammatory, anti-oxidative and anti-
proliferative effects in SHRs, indicating that ELA-21 may be a therapeutic agent for treating hypertension.
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INTRODUCTION
The global prevalence of hypertension is 26% and may rise to 30%
by 2025 [1]. Hypertension is a complex and multifactorial disorder
that involves interactions among genetic, environmental and
pathophysiologic factors. Common molecular mechanisms, espe-
cially oxidative stress and inflammation, have been proposed to
be major drivers coordinating diverse cellular events and organ
systems in the context of hypertension [2, 3].
Vascular smooth muscle cells (VSMCs), which are major

components of the arterial wall, maintain vascular tone in
response to hemodynamic changes and humoral stimulation [4].
VSMC dysfunction, including increased oxidative stress, inflamma-
tion, migration and hypertrophy, play critical roles in the
pathogenesis of atherosclerosis and hypertension. Upon exposure
to local proinflammatory stimuli, inflammation is activated in
VSMCs, which is a pervasive feature in hypertension development
in humans and experimental models [5–7]. We previously
reported that VSMC proliferation was closely linked with vascular
remodeling and stiffening in the context of hypertension [8, 9].

It is well known that oxidative stress is a critical promoter of cell
proliferation [2]. Excessive reactive oxygen species (ROS) can
damage vessel walls by generating unstable free radicals and
recruiting proinflammatory cells [10]. Vascular inflammation and
oxidative stress promote VSMC proliferation, thereby stimulating
vascular remodeling in hypertension and vascular diseases [11].
Therefore, it is of considerable therapeutic importance to explore
effective agents for inhibiting oxidative stress, inflammatory
responses and VSMC proliferation.
ELABELA/APELA (ELA) is a new ligand of the APJ/apelin

receptor. The APJ receptor was initially cloned as an orphan G-
protein-coupled receptor that shares 30% homology with
angiotensin receptor 1, while apelin was thought to be the only
ligand for APJ until ELA was discovered. ELA and apelin share the
same receptor and exert similar biological effects. A family
consisting of ELA, apelin, and APJ is known as the apelinergic
system, which is highly expressed in the cardiovascular system
and is involved in the development of the fetal heart and blood
vessels and regulating vascular tension in adults [12]. Clinical and
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experimental studies clearly support multiple cardioprotective
effects of the apelin–APJ axis [13, 14]. Moreover, animal studies
have shown that ELA had a more significant effect on reducing
systemic vasodilation than apelin [15]. However, the underlying
mechanisms of the ELA-APJ axis remain largely unclear despite
their clinical importance. Three ELA peptides (ELA-32, ELA-21 and
ELA-11) are full agonists that activate APJ and G protein signaling
with comparable potency to [Pyr1]apelin-13 [16]. Our previous
studies showed that when administered centrally versus periph-
erally, ELA-21 has opposite effects on hypertension. Peripheral
administration of ELA-21 decreases mean arterial pressure (MAP)
in spontaneously hypertensive rats (SHRs) [17], while central
microinjection increases MAP. Furthermore, exogenous ELA
treatment exerts antihypertensive effects on angiotensin II (Ang
II)-infused mice, high salt-fed and Dahl salt-sensitive rats and
rodent pulmonary arterial hypertension models [18–20]. At
present, no reports have examined the association of ELA with
VSMC function. Sufficient evidence has shown the effects and
mechanisms of apelin in VSMC proliferation [21, 22], but whether
ELA also plays an important role in VSMC proliferation remains
unclear. The aim of this study was to identify the role of ELA-21 in
VSMC proliferation and vascular remodeling in the context of
hypertension.

MATERIALS AND METHODS
Animals
Twelve-week-old male Wistar-Kyoto rats (WKYs) and SHRs were
obtained from Vital River Laboratory Animal Technology (Beijing,
China) and housed in a temperature controlled room at 22–26 °C
and 40%–50% humidity with a 12 h light/dark cycle and free
access to standard chow and tap water. Experiments were
approved by the Experimental Animal Care and Use Committee
of Nanjing Medical University and conformed to the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health,
NIH publication, 8th ed., 2011). SHRs with systolic blood pressure
higher than 150 mmHg were included in this study. At the end of
the experiments, each rat was euthanized with an overdose of
pentobarbital sodium (150mg/kg, iv), and the vascular vessels
were harvested for histological and molecular biological analyses.

Cell culture
SHR is the best animal model of human essential hypertension.
Ang II is commonly used to induce VSMC proliferation, oxidative
stress and inflammation in vitro [23]. In the present study, VSMCs
from SHRs and Ang II-treated VSMCs from WKYs were used to
establish in vitro models of VSMC proliferation in the context of
hypertension. Primary VSMCs were isolated from the media of the
thoracic aortas of WKYs and SHRs using previously described
methods [24]. Briefly, rat thoracic aortas were isolated after
perivascular fat tissue removal. Each aorta was longitudinally cut
open and stripped of its intima. Then, the aortic media was
carefully separated from the adventitia and treated with 0.4%
collagenase II in Dulbecco’s Minimum Essential Medium (DMEM;
Gibco, Grand Island, NY) for 30 min. After the cells had migrated
from the tissue pieces in DMEM supplemented with 20% fetal
bovine serum (FBS), the VSMCs were collected and cultured in
DMEM supplemented with 10% FBS, 100 IU/mL penicillin and 10
mg/mL streptomycin in a humidified atmosphere containing 5%
CO2 at 37 °C. VSMCs in the third, fourth and fifth passages were
harvested for mRNA/protein analyses or functional testing. Each
experiment was performed at least three times with triplicate
cultures.

Evaluation of cell proliferation
VSMC proliferation was evaluated with a cell counting kit-8 (CCK-
8) kit, 5-ethynyl-2’-deoxyuridine (EdU) assay and proliferating cell
nuclear antigen (PCNA) expression assay as previously reported

[8]. A CCK-8 kit (Beyotime Biotechnology, Shanghai, China) was
used and the absorbance was measured at 450 nm with a
microplate reader (ELX800, BioTek, Vermont, USA). For DNA
synthesis examination, a Cell-Light™ EdU Apollo®567 In Vitro
Imaging Kit (RiboBio, Guangzhou, China) was used with an EdU
incorporation assay. Images were captured with a fluorescence
microscope (DP70, Olympus Optical, Tokyo, Japan). The number of
EdU-positive cells was normalized to the total number of cells.
PCNA expression was determined by Western blot and quantita-
tive real-time PCR (qRT-PCR).

RNA extraction and PCR analysis
Total RNA was extracted from rat aortas or VSMCs using TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol as
previously reported [17]. Reverse transcription PCR was conducted
with total RNA (1 μg) using the Prime Script RT Master Mix kit
(Takara, Japan). For semi-quantitative PCR, DreamTaq Green PCR
Master Mix (Invitrogen) was used and PCR products were
separated on a 2% agarose gel. For qRT-PCR, SYBR Green Master
Mix (Takara, Japan) was used on a StepOne Plus system. The
sequences of the primers used in this study are listed in
Supplementary Table 1.

Western blot analysis
The protein expression levels of tumor necrosis factor-α (TNF-α),
interleukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP-1),
inducible nitric oxide synthase (iNOS), heme oxygenase-1 (HO-1),
NADPH quinone oxidoreductase 1 (NQO1), glutamate cysteine
ligase catalytic subunit (GCLC), glutamate cysteine ligase mod-
ulatory subunit (GCLM), matrix metalloproteinase 2 (MMP2),
matrix metalloproteinase 9 (MMP9), NADPH oxidase 1 (NOX1),
NADPH oxidase 4 (NOX4), PCNA, phosphatidylinositol-3-kinase
(PI3K)-p85α, p-PI3K-p85α, p-Akt and Akt in aortas or VSMCs were
examined by Western blot. Total protein concentrations in the
supernatants of the samples were determined with a BCA protein
assay kit (Thermo Fisher Scientific, IL, USA). Protein extracts were
electrophoresed, blotted, and then incubated with the corre-
sponding primary antibodies and appropriate HRP-conjugated
secondary antibodies as previously reported [25]. Antibodies
against TNF-α (ab205587), IL-6 (ab259341), iNOS (ab178945), HO-1
(ab68477), NQO1 (ab80588), GCLC (ab190685), GCLM (ab178945),
and MMP9 (ab228402) were obtained from Abcam (Cambridge,
MA, USA). Antibodies against NOX1 (#DF8684), NOX4 (#DF6924),
PI3K-p85α (#AF6241), and p-PI3k-p85α (#AF3241) were obtained
from Affinity Biosciences (OH, USA). Antibodies against PCNA
(#10205-2-AP), MCP-1(#66272-1-lg), and MMP2 (#10373-2-AP)
were purchased from Protein Tech Group Inc. (Chicago, IL, USA).
Antibodies against Akt (#4691) and p-Akt (#4060) were obtained
from Cell Signaling Technology (Beverly, MA, USA).

Immunofluorescence staining
Nuclear factor erythroid 2-related factor (Nrf2) expression in the
VSMCs was determined by immunofluorescence staining. Cells
were incubated at 4 °C overnight with anti-Nrf2 (1:400 dilution)
(16396-1-AP, Protein Tech Group Inc. Chicago, USA). The cells were
then incubated with fluorescence-labeled secondary antibodies
(1:1000 dilution) for 2 h at room temperature. DAPI (1:1000
dilution) was used for nuclear staining. A fluorescence microscope
(Leica Microsystems, Oberkochen, Germany) was used for image
capture.

Immunohistochemistry
Immunohistochemistry was used to examine the expression of
vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1) in the aortas of SHRs. The sections
were incubated with anti-VCAM-1 or anti-ICAM-1 (sc-13160 and sc-
8439, Santa Cruz, CA, USA) primary antibodies at a dilution of
1:100. Immunostaining was carried out with a commercially
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modified avidin-biotin-peroxidase complex technique, and the
samples were counterstained with hematoxylin. All images were
captured with a light microscope (BX-51, Olympus, Tokyo, Japan).
Quantitative analysis was performed with ImageJ software.

Dihydroethidium (DHE) fluorescence staining
DHE fluorescence staining in the aorta or VSMCs was used to
evaluate intracellular ROS production. Sections of OCT-embedded
aortas were incubated with equal concentrations of DHE for 5 min
at room temperature. Then, the sections were rinsed twice with
PBS. Cells (3 × 105 cells/mL) in 6-well plates were incubated with
DHE (10 μM) in PBS for 30 min in a dark and humidified container
at 37 °C. After being washed twice with cold PBS, DAPI (1:1000
dilution) was used for nuclear staining. The fluorescence of the
sections was examined with a fluorescence microscope (DP70,
Olympus Optical, Tokyo, Japan) with an excitation wavelength of
518 nm and an emission wavelength of at 605 nm.

Measurement of superoxide anion level and NADPH oxidase
activity
Using a lucigenin-derived chemiluminescence method, super-
oxide anion levels and NADPH oxidase activity were measured as
previously reported [26]. To examine superoxide anion levels, the
photon emission was triggered by adding dark-adapted lucigenin
(5 μM). To measure NADPH oxidase activity, photon emission was
initiated by adding both dark-adapted lucigenin (5 μM) and
NADPH (100 μM). Light emission was measured with a lumin-
ometer (Model 20/20 n, Turner, CA, USA) 10 times in 10 min.
Background chemiluminescence was also measured in buffer
containing lucigenin (5 μM). Mean light unit (MLU)·min-1·mg-1

protein represents the superoxide anion levels and NADPH
oxidase activity in the samples.

Cell apoptosis assay
To quantify the rate of apoptosis, an Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) cell apoptosis kit was
used according to the manufacturer’s instructions (Vazyme Biotech
Co.,Ltd, Nanjing, China). In brief, the cells were washed twice with
PBS buffer (pH 7.4), and resuspended in 100 μL of binding buffer.
Subsequently, 5 μL of Annexin V/FITC and 5 μL of PI were mixed
with the VSMCs. After 10min of incubation at room temperature,
400 μL of binding buffer was added to a flow tube, and the cells
were analyzed using a FACSCalibur flow cytometer (BD Bios-
ciences, USA). The percentage of apoptotic cells is indicated by the
sum of the numerical values represented in the upper right and
lower right quadrants. The cell apoptosis rate was equivalent to the
average apoptosis rate from five flow cytometry analyses.

Hematoxylin and eosin staining and Masson’s staining
Sections of aortas and mesenteric arteries (MAs) from SHRs were
dissected and stained with hematoxylin and eosin or Masson’s
trichrome staining, as previously reported [17]. All images were
captured with a light microscope (BX-51, Olympus, Tokyo, Japan).
Quantitative analysis was performed with ImageJ software.
Vascular remodeling was evaluated based on the media thickness,
the lumen diameter, the ratio of media thickness to lumen
diameter and intima-media thickness (IMT).

Blood pressure measurement
The blood pressure of the tail artery was examined in conscious
SHRs with a noninvasive computerized tail cuff system (NIBP,
ADInstruments, Sydney, Australia). The blood pressure and heart
rate values were calculated by averaging six measurements.

Small interfering RNA transfection
VSMCs were pre-treated with specific small interfering RNA
(siRNA) against ELA (ELA-siRNA). The ELA-specific siRNA (sense
sequence: 5′-CACGGAAGAGAAATCAGTT-3′) was purchased from

RiboBio (Guangzhou, China). Negative siRNAs (NC-siRNA) with no
sequence homology to any known rat genes were used as a
control. VSMCs were transfected with 50 nM siRNA using
Lipofectamine 3000 reagent (Invitrogen). To examine the knock-
down efficiencies, cells were lysed 48 h after transfection, and ELA
expression was analyzed.

Osmotic minipumps infusion
For ELA infusion, an Alzet osmotic pump (Model 2004, DURECT)
was subcutaneously implanted over the scapula in SHRs to infuse
ELA-21 (6 nmol/d, 1 nmol/μL) or saline for 4 weeks, as previously
reported [17].

Chemicals
ELA-21 and F13A were obtained from Phoenix Pharmaceuticals
(Belmont, USA). LY294002 was obtained from Sigma Chemical Co.
(St Louis, USA), and 740-YP was purchased from MedChem
Express (Greenville, USA).

Statistical analysis
All data are expressed as the mean ± SEM. Student’s t test was
used to compare differences between two groups. One-way or
two-way ANOVA followed by the Bonferroni test for post hoc
analysis was used for multiple comparisons. A value of P < 0.05
was considered statistically significant.

RESULTS
ELA expression was downregulated in VSMCs of SHRs
We reported that peripheral plasma ELA levels were significantly
decreased in SHRs compared with WKYs [17]. A recent study showed
that APJ protein expression was increased, while apelin protein
expression was reduced in the VSMCs of SHRs compared with those
of WKYs, which suggested that apelin/APJ may play an important
role in regulating VSMCs [27]. In the present study, we found that ELA
expression was downregulated in the VSMCs of SHRs (Fig. 1a),
suggesting that ELA may also be involved in regulating VSMCs.

ELA-21 attenuated VSMC inflammation and oxidative stress in
SHRs
To assess the roles of ELA in hypertension, we first investigated the
effects of ELA-21 on VSMC inflammation and oxidative stress in
SHRs. Western blot and qRT-PCR revealed downregulated expres-
sion of proinflammatory cytokines, such as TNF-α, IL-6, MCP-1 and
iNOS, in the ELA-21-treated VSMCs of SHRs (Fig. 1b, c). DHE staining
showed that ROS production in SHR-VSMCs was also attenuated by
ELA-21 (Fig. 1d). Using a lucigenin-derived chemiluminescence
method, we found that ELA-21 reduced superoxide anion produc-
tion and NADPH oxidase activity in SHR-VSMCs (Supplementary
Fig. 1). Furthermore, ELA-21 decreased the mRNA and protein levels
of NOX1 but not NOX4 (Fig. 1e). Nrf2 is considered to be a
cytoprotective factor that regulates the expression of genes that
code for anti-oxidative and anti-inflammatory responses [28, 29].
Activated Nrf2 translocates from the cytoplasm to the nucleus, and
then promotes the transcription and subsequent expression of Nrf2-
dependent antioxidant genes, including HO-1, NQO1, GCLC and
GCLM. Immunofluorescence staining revealed that ELA-21 signifi-
cantly increased nuclear Nrf2 expression in SHR-VSMCs (Fig. 1f).
Moreover, the expression of the Nrf2 downstream genes HO-1,
NQO-1, GCLC and GCLM was also upregulated in SHR-VSMCs after
ELA-21 administration (Fig. 1g and Supplementary Fig. 2a). Together,
these results confirmed the anti-oxidant and anti-inflammatory
effects of ELA-21 on the VSMCs of SHRs.

ELA-21 alleviated Ang II-induced VSMC inflammation and
oxidative stress in WKYs
Ang II can bind to the Ang II type 1 receptor and activate NADPH
oxidase to promote ROS generation, which induces VSMC
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proliferation [30, 31]. Thus, Ang II is widely used to induce a model
of VSMC proliferation in vitro. The beneficial effects of ELA-21 on
SHR-VSMCs prompted us to investigate whether exogenous ELA-
21 plays similar roles in Ang II-induced WKY-VSMCs. As shown in
Fig. 2a, inflammatory cytokines were upregulated in Ang II-treated
WKY-VSMCs, while ELA-21 significantly inhibited inflammatory
responses. Similarly, ROS production was increased in Ang II-
treated WKY-VSMCs but was attenuated by ELA-21 (Fig. 2b).
Furthermore, ELA-21 inhibited the Ang II-induced upregulation of
NOX1 expression but not NOX4 expression (Fig. 2c, d). On the
other hand, Ang II reduced nuclear Nrf2 expression and Nrf2
downstream gene (HO-1, NQO-1, GCLC and GCLM) expression in
WKY-VSMCs, whereas ELA-21 prevented this downregulation
(Fig. 2e, f; Supplementary Fig. 2b). These findings confirmed the

anti-oxidative and anti-inflammatory effects of ELA-21 on Ang II-
treated VSMCs of WKYs.

ELA-21 inhibited VSMC proliferation in SHRs
Since the effects of ELA-21 on VSMC inflammation and oxidative
stress were confirmed, we further examined the effects of ELA-21
on VSMC proliferation. We used a CCK-8 kit, EdU assay and PCNA
expression assay to evaluate VSMC proliferation. As shown in
Fig. 3a, the number of EdU-positive cells was decreased following
ELA-21 administration, suggesting that ELA-21 inhibited VSMC
proliferation in SHRs. These inhibitory effects were further
confirmed by CCK-8 assay and PCNA expression (Fig. 3c, d, g).
Moreover, ELA-21 concentration-dependently inhibited VSMC
proliferation in SHRs, which showed maximal effects at a

Fig. 1 ELA-21 alleviated VSMC inflammation and oxidative stress of SHRs. a ELA expression in VSMCs of WKY and SHR determined by semi-
quantitative PCR. b, c inflammatory cytokines mRNA and protein level in SHR-VSMCs. d DHE fluorescence staining for detecting reactive
oxygen species (ROS) in SHR-VSMCs. e NOX1, NOX4 mRNA and protein level in SHR-VSMCs. f Nuclear Nrf2 expression determined by
immunofluorescent staining in SHR-VSMCs. g Nrf2 downstream protein (HO-1, NQO-1, GCLC and GCLM) expression in SHR-VSMCs. The
measurements were made 24 h after ELA-21 (200 nM) was added to the medium of SHR-VSMCs. n= 4 per group in a–c, e and g; n= 6 per
group in d and f. Values are mean ± SEM. *P < 0.05.
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concentration of 200 nM (Supplementary Fig. 3). As shown in
Supplementary Fig. 4, ELA-21 had no significant effect on
apoptosis in SHR-VSMCs using Annexin V/PI staining and flow
cytometry analysis. The anti-oxidant and anti-inflammatory effects
of ELA-21 might partially contribute to the inhibition of VSMC
proliferation in SHRs.

ELA-21 inhibited Ang II-induced VSMC proliferation in WKYs
As shown in Fig. 3b, ELA-21 inhibited the Ang II-induced increase
in the number of EdU-positive cells among WKY-VSMCs. Similarly,
the CCK-8 assay revealed that AngII-induced VSMC proliferation
was inhibited by ELA-21 (Fig. 3e). The anti-proliferative effects of

ELA-21 were further confirmed by measuring PCNA expression
(Fig. 3f, h).

ELA-21 inhibited extracellular matrix (ECM) degradation in SHR-
VSMCs and Ang II-stimulated WKY-VSMCs
We next investigated the effects of ELA-21 on MMPs expression. It
is known that the activation of MMPs plays a key role in
extracellular matrix (ECM) degradation and vascular remodeling,
thus facilitating VSMC proliferation and migration [32]. Of the
MMP family members, MMP2 and MMP9 are central to vascular
remodeling processes [33, 34]. As indicated in Supplementary
Fig. 5, ELA-21 suppressed the expression of MMP2 and MMP9 in

Fig. 2 ELA-21 alleviated Ang II-induced VSMC inflammation and oxidative stress of WKYs. a Inflammatory cytokines mRNA and protein
level in WKY-VSMCs. b DHE fluorescence staining for detecting reactive oxygen species (ROS) in WKY-VSMCs. c, d NOX1, NOX4 mRNA and
protein level in WKY-VSMCs. e Nuclear Nrf2 expression determined by immunofluorescent staining in WKY-VSMCs. f Nrf2 downstream protein
(HO-1, NQO-1, GCLC and GCLM) expression. The cells were treated with ELA-21 (200 nM) for 2 h followed by Ang II (100 nM) for 24 h in WKY-
VSMCs. n= 4 per group in a, c, d and f; n= 6 per group in b and e. Values are mean ± SEM. *P < 0.05.
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both SHR-VSMCs and Ang II-stimulated WKY-VSMCs, suggesting
that ELA-21 inhibited ECM degradation.

ELA knockdown intensified Ang II-induced VSMC inflammation,
oxidative stress and proliferation in WKYs
Given that exogenous ELA-21 exhibited anti-oxidative, anti-
inflammatory and anti-proliferative effects, we further investigated
the effects of ELA knockdown on Ang II-induced VSMC inflamma-
tion, oxidative stress and proliferation. The downregulation of ELA
expression confirmed the effectiveness of siRNA-mediated ELA
knockdown, while Ang II reduced ELA mRNA expression in VSMCs
(Supplementary Fig. 6). ELA knockdown exacerbated Ang II-
induced VSMC inflammation, as evidenced by the upregulated
expression of inflammatory genes (Supplementary Fig. 7a, b). ELA
knockdown had no significant effect on NOX4 expression but
aggravated Ang II-induced NOX1 upregulation in VSMCs (Supple-
mentary Fig. 7c). Moreover, Ang II-induced VSMC proliferation was
intensified by ELA knockdown (Supplementary Fig. 7d).

ELA-21 infusion lowered blood pressure and attenuated vascular
remodeling in SHRs
We next aimed to assess the in vivo effects of ELA-21 on
hypertension and vascular remodeling. Long-term administration
of ELA-21 was attained by osmotic minipump infusion for 4 weeks.
The effectiveness of ELA-21 infusion was confirmed by the
increased plasma ELA levels in SHRs (Fig. 4a). Importantly, plasma
ELA levels in SHRs with ELA-21 infusion were close to the
endogenous levels of WKYs, suggesting that the dose we used for
infusion achieved a physiological level to exert its effects
(Supplementary Fig. 8). Chronic ELA-21 infusion reduced diastolic

blood pressure (DBP) and MAP but not systolic blood pressure
(SBP) or heart rate (HR) in SHRs (Fig. 4b, c). Representative
photographs of the hematoxylin and eosin-stained and Masson-
stained arteries are shown in Fig. 4d. Media thickness (M), lumen
diameter (L), M/L and intima-media thickness (IMT) were used as
indices of vascular remodeling [35, 36]. The media thickness, M/L
and IMT of the aortas and MAs of SHRs were decreased by long-
term administration of ELA-21, suggesting that vascular remodel-
ing in SHRs was significantly attenuated (Fig. 4e–h).

ELA-21 infusion attenuated vascular inflammation and oxidative
stress in SHRs
To further explore the potential mechanisms of ELA-21 in the
context of hypertension and vascular remodeling, we examined
whether ELA-21 had beneficial effects on vascular inflammation
and oxidative stress in SHRs. Chronic administration of ELA-21
attenuated vascular inflammation, as reflected by decreased
mRNA and protein expression of inflammatory cytokines in the
aortas (Fig. 5a). Compared with saline infusion, ELA-21 infusion
significantly reduced ROS production and downregulated NOX1
expression in the aortas of SHRs (Fig. 5b, c). In response to
inflammatory mediators, vascular endothelial cells promote
inflammatory changes, which increase leukocyte adhesion and
promote the expression of different combinations of leukocyte
adhesion molecules including VCAM-1 and ICAM-1. As shown in
Fig. 5d, e, both VCAM-1 and ICAM-1 were greatly reduced in the
aortas after ELA-21 infusion. Taken together, these findings
indicate that chronic ELA-21 infusion attenuates vascular inflam-
mation and oxidative stress, partially contributing to the beneficial
effects of ELA-21 on vascular remodeling in SHRs.

Fig. 3 ELA-21 inhibited proliferation in SHR-VSMCs and Ang II-stimulated WKY-VSMCs. The VSMC proliferation was evaluated with EdU-
positive cells, CCK-8 kits and PCNA expression. a, b EdU-positive cells; c, e CCK-8 kits; d, f mRNA level of PCNA; g, h protein level of PCNA. For
SHR-VSMCs, the cells were treated with ELA-21 (200 nM) for 24 h. For WKY-VSMCs, the cells were treated with ELA-21 (200 nM) for 2 h followed
by Ang II (100 nM) for 24 h. n= 6 per group in a–c and e; n= 4 per group in d, f–h. Values are mean ± SEM. *P < 0.05.
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The PI3K/Akt pathway regulated the effects of ELA-21 on VSMC
proliferation
The PI3K/Akt pathway transduces signals to trigger cell
proliferation [37]. Our previous study confirmed the role of the
PI3K/Akt pathway in the effects of central ELA-21 on hyperten-
sion [17]. Hence, to further establish whether the PI3K/Akt
pathway is involved in the effects of ELA-21 on VSMC
proliferation, cells were treated with the PI3K/Akt inhibitor
LY294002 or activator 740-YP, and then with ELA-21, and the
effects on VSMC proliferation and PI3K/Akt phosphorylation
were examined. As shown in Fig. 6a, b, SHR-VSMCs treated with
ELA-21 alone inhibited PI3K-p85α and Akt phosphorylation. This
inhibition was abolished by 740-YP but was amplified by
LY294002. Similarly, Ang II-induced PI3K/Akt activation was
significantly attenuated by ELA-21, while LY294002 augmented

and 740-YP abolished ELA-21-induced PI3K/Akt inhibition in
WKY-VSMCs (Fig. 7a, b). Moreover, the inhibitory effects of ELA-
21 on VSMC proliferation (determined by EdU staining, CCK-8
assay and PCNA expression) were further amplified by LY294002
in both SHR-VSMCs and Ang II-treated WKY-VSMCs (Figs. 6c–e
and 7c–e), suggesting that the PI3K/Akt pathway mediated the
effects of ELA-21 on VSMC proliferation.

ELA-21 activated Nrf2 and inhibited the PI3K/Akt signaling
through APJ
We further investigated whether the effects of ELA-21 were APJ-
dependent. As shown in Fig. 8, ELA-21-induced inhibition of PI3K/
Akt and activation of Nrf2 in SHR-VSMCs were abolished by
pretreatment with the APJ receptor antagonist F13A. Taken
together, these findings indicate that ELA-21-induced Nrf2

Fig. 4 ELA-21 infusion for 4 weeks attenuated vascular remodeling and lowered blood pressure in SHRs. a ELA level in plasma determined
by ELISA; b, c systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP) and heart rate (HR) in a conscious
state; d representative photographs of aorta and mesenteric artery (MA) by hematoxylin and eosin staining and Masson’s staining; e–h media
thickness, lumen diameter, ratio of media thickness to lumen diameter and intima-media thickness (IMT) in aorta and MA. Arrows indicate the
internal elastic lamina (IEL); Arrowhead denotes the endothelial cells. IMT is defined as the distance from endothelium to media-adventitia
transition. n= 6 per group. Values are mean ± SEM. *P < 0.05.
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activation and PI3K/Akt inhibition were mediated by the APJ
receptor.

DISCUSSION
Increased oxidative stress and proinflammatory cytokine produc-
tion induce VSMC proliferation and subsequent pathological
vascular remodeling. Therefore, suppression of vascular inflamma-
tion, oxidative stress and VSMC proliferation may curb the
development of hypertension. In the present study, the associa-
tion of ELA-21 with VSMC proliferation was first examined. The
intriguing finding shows that exogenous ELA-21 alleviates
inflammation, oxidative stress and proliferation in VSMCs, which
may contribute to protection against vascular remodeling in the
context of hypertension. Furthermore, the effects of ELA-21 on
PI3K/Akt inhibition and Nrf2 activation were APJ-dependent.
It is well known that inhibiting excessive VSMC proliferation is

beneficial for attenuating vascular remodeling and hypertension
[38]. ELA expression was downregulated in VSMCs of SHRs, while
exogenous ELA-21 inhibited VSMC proliferation in SHR-VSMCs.
Moreover, Ang II reduced ELA expression in VSMCs, while ELA-21

prevented Ang II-induced VSMC proliferation. These findings
indicate that the downregulation of ELA may induce VSMC
proliferation in both SHR-VSMCs and Ang II-treated WKY-VSMCs.
Exogenous ELA-21 attenuated, while ELA knockdown enhanced
VSMC proliferation, indicating that ELA may inhibit VSMC
proliferation. More importantly, chronic administration of ELA-21
in SHRs alleviated vascular remodeling in the aortas and MAs of
SHRs, which provided in vivo evidence of the effects of ELA-21.
Taken together, these findings confirmed that the downregulation
of ELA in VSMCs plays important roles in the development of
vascular remodeling and hypertension in SHRs.
Extensive inflammation and oxidative stress are critical events in

the occurrence and development of hypertension and cardiovas-
cular complications. NADPH oxidases, which are the main source
of ROS in the vasculature, can be activated by Ang II to promote
ROS generation and subsequent VSMC inflammation and pro-
liferation [30]. We found that Ang II-induced inflammation and
NOX1 upregulation were dampened by ELA-21 but exacerbated
by ELA knockdown in VSMCs. These observations were also
supported by an in vivo study in which ELA-21 infusion alleviated
vascular inflammation, NOX1 expression and ROS production but

Fig. 5 ELA-21 infusion for 4 weeks attenuated vascular inflammation and oxidative stress in SHRs. a Inflammatory cytokines mRNA and
protein level in aorta; b ROS detected by dihydroethidium (DHE) staining in aorta; c NOX1 and NOX4 mRNA and protein level in aorta; d
VCAM-1 and ICAM-1 gene expression in aorta; e immunohistochemical staining of VCAM-1 and ICAM-1 in aorta. Brown deposits indicate
positive staining; n= 4 per group in a, c, d; n= 6 per group in b and e. Values are mean ± SEM. *P < 0.05.
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Fig. 7 PI3K/Akt pathway mediated the effects of ELA-21 on Ang II-induced VSMC proliferation of WKYs. a, b Phosphoinositide3-kinase
(PI3K) p85α and Akt phosphorylation in WKY-VSMCs; VSMC proliferation were evaluated with CCK-8 kits (c), PCNA expression (d) and EdU-
positive cells (e). The PI3K/Akt inhibitor LY294002 (10 μM) and activator 740-YP (10 μM) were added into the medium 0.5 h before
administration of ELA-21 (200 nM). The cells were treated with ELA-21 for 2 h followed by Ang II (100 nM) for 24 h in WKY-VSMCs. n= 4 per
group in a, b and d; n= 6 per group in c and e. Values are mean ± SEM. *P < 0.05.

Fig. 6 PI3K/Akt pathway mediated the effects of ELA-21 on VSMC proliferation of SHRs. a, b Phosphoinositide 3-kinase (PI3K) p85α and Akt
phosphorylation in SHR-VSMCs; VSMC proliferation were evaluated with CCK-8 kits (c), PCNA expression (d) and EdU-positive cells (e). The
PI3K/Akt inhibitor LY294002 (10 μM) and activator 740-YP (10 μM) were added into the medium 0.5 h before administration of ELA-21 (200 nM).
The measurements were made 24 h after ELA-21 treatment. n= 4 per group in a, b and d; n= 6 per group in c and e. Values are mean ± SEM.
*P < 0.05.
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had no significant effect on NOX4 upregulation in the aortas of
SHRs. In the antioxidant defense system, Nrf2 is one of the most
important transcription factors that regulates multiple antiox-
idants [39]. Evidence has shown that NOX1 inhibition reduces ROS
generation and reverses diabetes-induced downregulation of Nrf2
expression in VSMCs [40]. Considering the association between
NOX1 and Nrf2 and our finding that ELA-21 upregulated nuclear
Nrf2 expression in SHR-VSMCs, we hypothesize that ELA-21 may
attenuate oxidative stress through NOX1 inhibition and subse-
quent Nrf2 activation.
Accumulating evidence has shown that the endogenous ELA

homolog apelin regulates oxidative stress and inflammation by
binding to its receptor APJ. However, whether this regulation is
beneficial remains controversial. Foussal et al. reported that
apelin reduces oxidative stress and prevents pressure overload-
induced left ventricular hypertrophy [41]. In contrast, evidence
has also shown that apelin induces cardiac hypertrophy by
increasing ROS production and NADPH oxidase expression
[42, 43]. Unlike those about apelin, studies about ELA are
limited. In the present study, we first revealed that ELA-21
inhibited VSMC proliferation, which partially contributed to the
attenuation of vascular remodeling and hypertension in SHRs.
Our data are consistent with those in a previous study showing
that ELA represses the NADPH oxidase/ROS/NLRP3 pathway to
attenuate DOCA/salt-induced hypertension [44]. The researchers
demonstrated that the antihypertensive effect of ELA did not
rely on the G protein-coupled receptor APJ. A similar report also

showed that ELA can function independently of APJ [45].
However, in the present study, we found that the PI3K/Akt
pathway mediated the anti-proliferative effects of ELA-21, and
ELA-21-mediated PI3K/Akt inhibition in SHR-VSMCs was abol-
ished by pretreatment with the APJ receptor antagonist F13A.
These findings indicate that the anti-proliferative effect of ELA-
21 is mediated by APJ. Importantly, F13A also abolished ELA-21-
induced Nrf2 activation. Therefore, we provide evidence that the
protective effects of ELA-21 rely on APJ-mediated PI3K/Akt
inhibition and Nrf2 activation. The limitations of our study are
that we did not complete the in vivo studies including whether
Akt inhibition or Nrf2 activation are essential for ELA-21-
mediated protective effects.
It is noteworthy that plasma ELA levels in SHRs with ELA-21

infusion were close to endogenous levels of WKYs, suggesting
that the dose of ELA-21 used in this study achieved physiolo-
gical levels. In our previous study, we found that plasma ELA
levels were significantly decreased in SHRs compared with that
in WKYs. Here, we first showed that the increase in ELA-21 in
SHRs exerted beneficial effects on vascular remodeling, vascular
inflammation and oxidative stress. Furthermore, ELA was
downregulated in both SHR-VSMCs and Ang II-treated WKY-
VSMCs, while exogenous ELA-21 significantly attenuated inflam-
mation, oxidative stress and proliferation in VSMCs in the
context of hypertension. Taken together, these findings further
support our hypothesis that ELA downregulation is involved in
the development of hypertension.

Fig. 8 ELA-21 inhibited PI3K/Akt pathway and activated Nrf2 through APJ receptor in SHR-VSMCs. a Phosphoinositide3-kinase (PI3K) p85α
and Akt phosphorylation. b nuclear Nrf2 expression determining by immunofluorescent staining. APJ receptor antagonist F13A (1 μM) was
added into the medium 0.5 h before administration of ELA-21 (200 nM) in SHR-VSMCs. The measurements were made 24 h after ELA-21
treatment. n= 4 in a, and n= 6 in b. Values are mean ± SEM. *P < 0.05.
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Long-term administration of ELA-21 reduced DBP and MAP but
had no significant effect on SBP. DBP is controlled by vessel
contraction. In contrast, SBP is mainly governed by cardiac output.
We observed significant attenuation of vascular remodeling in
MAs than in the aortas in the present study, indicating that ELA-21
mainly acts on resistance vessels and modulates peripheral
vascular resistance through its beneficial effects on pathological
vascular remodeling. Moreover, ELA-21 infusion caused a slight
decrease in SBP, but there was no significant difference. We
hypothesize that 4 weeks may have been too brief to show a
significant difference in SBP in the present study. Future studies
are needed to investigate whether a longer time of ELA infusion
can induce a significant decrease in SBP.
In summary, we have uncovered critical roles of ELA-21 in VSMC

proliferation, inflammation, oxidative stress and vascular remodel-
ing (Fig. 9). ELA expression was downregulated in the VSMCs of
SHRs. Exogenous ELA-21 inhibited oxidative stress and inflamma-
tion in VSMCs, attenuating VSMC proliferation and pathological
vascular remodeling in the context of hypertension. ELA-21
therefore represents an attractive therapeutic agent in the
treatment of hypertension and related cardiovascular diseases.
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