
Retinal Cell Biology

Salidroside Prevents Hypoxia-Induced Human Retinal
Microvascular Endothelial Cell Damage Via
miR-138/ROBO4 Axis

Xiaoling Shi,1,2 Nuo Dong,2 Qi Qiu,1 Shanhua Li,1 and Jiaxing Zhang1

1Institute of Brain Diseases and Cognition, Medical College of Xiamen University, Xiamen, Fujian, China
2Affiliated Xiamen Eye Center, Medical College of Xiamen University, Xiamen, Fujian, China

Correspondence: Jiaxing Zhang,
Institute of Brain Diseases and
Cognition, Medical College of
Xiamen University, Xiang’an Nan
Road, Xiang’an District, Xiamen
361102, Fujian, China;
zhangjiaxing@xmu.edu.cn.
Nuo Dong, Affiliated Xiamen Eye
Center, Medical College of Xiamen
University, Xiamen, Fujian, China;
profeye@163.com.

Received: February 2, 2021
Accepted: June 24, 2021
Published: July 16, 2021

Citation: Shi X, Dong N, Qiu Q, Li S,
Zhang J. Salidroside prevents
hypoxia-induced human retinal
microvascular endothelial cell
damage via miR-138/ROBO4 axis.
Invest Ophthalmol Vis
Sci. 2021;62(9):25.
https://doi.org/10.1167/iovs.62.9.25

PURPOSE. Retinopathies are associated with the injury of retinal microvascular endothe-
lial cells. Salidroside (SAL) is a medicinal supplement that has antioxidative and cyto-
protective properties. We hypothesized that SAL might have a protective function in
retinopathies. This research aims to explore the function and mechanism of SAL in
hypoxia-induced retinal microvascular endothelial cell injury.

METHODS. Human retinal microvascular endothelial cells (HRMECs) injury was induced
by culturing under hypoxic condition. The function of SAL on HRMECs injury was investi-
gated using cell counting kit-8, 5-ethynyl-2′-deoxyuridine (EdU) staining, flow cytometry,
Western blotting, and enzyme linked immunosorbent assay. MicroRNA (miR)-138, round-
about 4 (ROBO4), and proteins in the phosphoinositide 3-kinase (PI3K)/protein kinase
B (AKT)/mammalian target of rapamycin (mTOR) pathways were examined using quan-
titative reverse transcription polymerase chain reaction or Western blotting. The target
correlation was determined by dual-luciferase reporter analysis and RNA immunoprecip-
itation.

RESULTS. Hypoxia resulted in proliferation inhibition, cycle arrest, apoptosis, inflamma-
tory reaction, and oxidative stress in HRMECs. SAL attenuated hypoxia-induced HRMECs
injury via increasing cell proliferation, and mitigating cycle arrest, apoptosis, inflam-
matory reaction, and oxidative stress. MiR-138 expression was enhanced by hypoxia,
and decreased via SAL stimulation. MiR-138 upregulation reversed the influence of SAL
on hypoxia-induced HRMECs injury. ROBO4 was targeted via miR-138. ROBO4 over-
expression weakened the role of miR-138 in HRMECs injury. The PI3K/AKT/mTOR
pathway was inactivated under hypoxic condition, and SAL increased the activation of
PI3K/AKT/mTOR pathways by decreasing miR-138.

CONCLUSIONS. SAL protected against hypoxia-induced HRMECs injury through regulating
miR-138/ROBO4 axis, indicating the protective potential of SAL in retinopathies.
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The ischemic retinopathies are related to endothelial
dysfunction that is associated with retinal neovascular-

ization, which is the main cause of vision loss.1 Hypoxia
inhibits vascular development in ischemic retinopathies.2

Moreover, hypoxia can induce retinal microvascular
endothelial cell dysfunction, which contributes to the
development of ischemic retinopathies.3,4 Thus, exploring
new strategies for attenuating hypoxia-induced retinal
microvascular endothelial cell damage might be of impor-
tance for the treatment of ischemic retinopathies.

Salidroside (SAL) is a medicinal supplement mostly in the
roots of Rhodiola spp, which has diverse biological prop-
erties, like anti-inflammation, anti-apoptosis, anti-oxidation,
etc.5–8 Moreover, SAL can prevent hypoxia-induced injury
in neural stem cells or liver dysfunction.9,10 Additionally,
SAL protects against hydroperoxide or high-glucose-induced
retinal pigment epithelial damage.11,12 Here, we hypothe-
sized SAL might play a protective role in retinal microvascu-
lar endothelial cells under hypoxia condition. However, the

pharmacological activity of SAL in hypoxia-induced retinal
microvascular endothelial cell damage remains unclear.

MicroRNAs (miRNAs) are short noncoding RNAs that
participate in translational repression and mRNA degen-
eration, which are associated with retinal neovasculariza-
tion and retinal endothelial cell dysfunction.13,14 More-
over, miRNAs are the response to SAL stimulation.9,12

MiR-138 is an important miRNA associated with hypoxia-
induced endothelial dysfunction.15 In addition, SAL can
induce miR-138 downregulation, thus to attenuate high-
glucose-induced injury of retinal pigment epithelial cells.12

However, it is unknown whether SAL can target miR-
138 to regulate hypoxia-induced retinal microvascular
endothelial cell damage. Roundabout 4 (ROBO4) is an
endothelial-specific transmembrane receptor that regulates
vascular permeability and neovascularization.16 Further-
more, upregulated ROBO4 is induced by hyperglycemia,
and it contributes to retinal microvascular endothelial cell
dysfunction.17 Although ROBO4 expression is decreased in
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retinal microvascular endothelial cells under hypoxic condi-
tion, indicating that ROBO4 might have different roles in
various types of cell injury.18 Yet, no study reports the func-
tion of ROBO4 in hypoxia-induced retinal microvascular
endothelial cell damage.

We hypothesized SAL might regulate retinal microvascu-
lar endothelial cell damage under hypoxia condition through
the miR-138/ROBO4 axis. In this study, retinal microvascular
endothelial cells were treated with hypoxia stimulation. The
purposes of this research were to study the pharmacologi-
cal function of SAL in hypoxia-induced retinal microvascular
endothelial cell damage, and to explore whether it was asso-
ciated with an miR-138/ROBO4 axis.

MATERIALS AND METHODS

Cell Culture and Treatment

Human retinal microvascular endothelial cells (HRMECs; cat.
no. CP-H130) were provided by Procell (Wuhan, China),
and grown in the specific complete culture medium for
HRMECs (cat. no. CM-H130; Procell) containing 10% fetal
bovine serum, growth supplement, and 1% antibiotic under
37°C in 5% CO2.

Experimental Design and Cell Treatment

To induce hypoxic injury, HRMECs were cultured under
1% O2 for 24 hours, and cells under normoxic condition
were set as the control group. To explore the function of
SAL, HRMECs were pretreated with 5, 10, or 20 μg/mL
SAL (MedChemExpress, Monmouth Junction, NJ, USA) for
24 hours before hypoxia stimulation. The cells in corre-
sponding nontreated group were exposed to equal volume
of DMSO prior to hypoxia stimulation. To explore the effect
of miR-138 and ROBO4, corresponding cell transfection was
performed before treatment with SAL and hypoxia stimula-
tion.

Cell Transfection

The pcDNA3.1-based ROBO4 overexpression vector (pc-
ROBO4) was generated via inserting the sequence of
ROBO4 in the vector, and the empty vector (Thermo
Fisher Scientific, Waltham, MA, USA) was utilized
as negative control (pc-NC). MiR-138 mimic (5′-
AGCUGGUGUUGUGAAUCAGGCCG-3′), and mimic negative
control (miRNA NC; 5′-CGAUCGCAUCAGCAUCGAUUGC-3′)
were provided via iGeneBio (Guangzhou, China). HRMECs
were transfected with 800 ng vectors or 30 nM mimics using
Lipofectamine 3000 (Thermo Fisher Scientific) for 24 hours.

Quantitative Reverse Transcription Polymerase
Chain Reaction

HRMECs were lysed in Trizol (Thermo Fisher Scientific) for
RNA extraction. The reverse transcription was processed
using 800 ng RNA and a miRNA reverse transcription
kit (Thermo Fisher Scientific). The generated cDNA was
mixed with SYBR Green (Vazyme, Nanjing, China) and
primer pairs (Sangon, Shanghai, Chian), and used for
quantitative reverse transcription polymerase chain reaction
(qRT-PCR). The specific primer pairs were displayed as
follows: miR-138 (sense: 5′-GCCGAGAGCTGGTGTTGTGAA-
3′; antisense: 5′-CAGTGCGTGTCGTGGAGT-3′), and

U6 (sense, 5′-CTCGCTTCGGCAGCACA-3′; antisense,
5′AACGCTTCACGAATTTGCGT-3′). Relative expression
of miR-138 was calculated with U6 as a reference according
to the 2−��Ct method.19

Cell Counting kit-8

HRMECs (1 × 104/well) were dispersed in 96-well plates, and
subjected to hypoxia stimulation for 24 hours. Then 10 μL
cell counting kit-8 (CCK-8; Beyotime, Shanghai, China) was
added, and cells were incubated for 4 hours. The absorbance
at 450 nm was examined through a microplate reader (Bio-
Rad, Hercules, CA, USA). Cell viability was calculated by
normalizing to the control group × 100%.

5-Ethynyl-2′-Deoxyuridine (EdU) Staining

HRMECs (2 × 105/well) were dispersed in 6-well plates, and
incubated under hypoxic condition for 24 h. Then cell prolif-
eration was analyzed utilizing a 5-ethynyl-2′-deoxyuridine
(EdU) staining cell proliferation assay kit (Merck Milli-
pore, Billerica, MA, USA) according to the manufacturer’s
instruction. The nuclei were labeled with 4′,6-diamidino-
2-phenylindole (DAPI; Solarbio, Beijing, China). The EdU-
positive cells were observed through a fluorescence micro-
scope (Olympus, Tokyo, Japan).

Flow Cytometry

Flow cytometry was utilized to detect cycle distribution and
apoptosis. For cycle process analysis, 1 × 105 HRMECs were
added in 12-well plates, and cultured under hypoxic condi-
tion for 24 hours, followed by fixture with 70% ethanol
(Aladdin, Shanghai, China). After dyeing to 5 μL propidium
iodide (PI; Solarbio) for 10 minutes, cycle distribution was
examined through a flow cytometer (BD Biosciences, San
Jose, CA, USA).

For apoptosis analysis, Annexin V-fluorescein isothio-
cyanate (FITC) apoptosis detection kit (Beyotime) was used.
Briefly, 2 × 105 HRMECs were dispersed in 12-well plates,
and incubated under hypoxic condition for 24 hours. Then,
cells were collected and resuspended in Annexin V bind-
ing buffer. After staining with Annexin V-FITC and PI for 10
minutes, apoptotic cells were examined with a flow cytome-
ter.

Western Blotting

HRMECs were lysed in radio-immunoprecipitation assay
buffer (Thermo Fisher Scientific) with 1% protease and phos-
phatase inhibitors (Thermo Fisher Scientific) for protein
isolation, and protein concentration was determined using
a bicinchoninic acid assay kit (Thermo Fisher Scientific).
Protein samples (20 μg) were separated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and transferred
on polyvinylidene fluoride membranes (Merck Millipore).
The membranes were blocked in 3% bovine serum albu-
min (Solarbio), and then incubated with primary antibod-
ies overnight and secondary antibody for 2 hours. The anti-
bodies (Abcam, Cambridge, UK) included: anti-proliferating
cell nuclear antigen (PCNA; ab92552, 1:5000 dilution), anti-
cyclin D1 (ab226977, 1:3000 dilution), anti-Bcl-2 related
X protein (Bax; ab104156, 1:500 dilution), anti-B-cell
lymphoma-2 (Bcl-2; ab196495, 1:2000 dilution), anti-ROBO4
(ab272734, 1:1000 dilution), anti-phosphoinositide 3-kinase
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(PI3K; ab133595, 1:1000 dilution), anti-phosphorylated (p)-
PI3K (ab182651, 1:500 dilution), anti-protein kinase B (AKT;
ab18785, 1:1000 dilution), anti-p-AKT (ab38449, 1:500 dilu-
tion), anti-mammalian target of rapamycin (mTOR; ab32028,
1:2000 dilution), anti-p-mTOR (ab109268, 1:1000 dilution),
anti-β-actin (ab8227, 1:5000 dilution), and IgG labeled via
horseradish peroxidase (ab205718, 1:10000 dilution). The
blots were visualized using BeyoECL Plus kit (Beyotime),
and then analyzed with β-actin as reference by Quantity One
software (Bio-Rad).

Enzyme Linked Immunosorbent Assay

HRMECs (5 × 104/well) were dispersed in 24-well plates,
and incubated under hypoxic condition for 24 hours. Next,
culture supernatants were collected, and used for detecting
tumor necrosis factor alpha (TNF-α), interleukin (IL)-6 and
IL-8 levels using TNF-α, IL-6, or IL-8 ELISA kits (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tion. The absorbance was determined through a microplate
reader at 450 nm. The secretion levels of TNF-α, IL-6, or IL-8
were calculated according to the standard curve, and normal-
ized to the protein concentration and the control group.

Malondialdehyde, Reactive Oxygen Species, and
Superoxide Dismutase Assays

A cellular reactive oxygen species (ROS) assay kit (Abcam)
was used to detect ROS level. In brief, 2 × 104

HRMECs were dispersed in 96-well plates, and subjected
to hypoxia stimulation for 24 hours. Next, cells were
incubated with 10 μM DCFH-DA for 30 minutes, and
then detected by a fluorescence microplate (Molecu-
lar Devices, Sunnyvale, CA, USA) at Ex/Em = 490/525
nm. Relative ROS level was normalized to the control
group.

For malondialdehyde (MDA) and superoxide dismutase
(SOD) assays, 2 × 104 HRMECs were placed in 96-well plates,
and incubated under hypoxic condition for 24 hours. Then,
culture supernatants were collected, and MDA and SOD
levels were detected using MDA or SOD assay kit (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instruction. The absorbance was measured with a microplate
reader at 532 nm for MDA or 450 nm for SOD. Relative MDA
and SOD levels were expressed as fold change of the control
group.

Dual-Luciferase Reporter and RNA
Immunoprecipitation Assays

The binding sites between miR-138 and ROBO4 were
predicted by starBase.20 The wild-type (WT) or mutant
(MUT) sequence of ROBO4 3′UTR with miR-138 target
sites was cloned into pGL3-Basic vector (Promega, Madi-
son, WI, USA), generating the WT-ROBO4-3′UTR and
MUT-ROBO4-3′UTR luciferase reporter vectors. The WT-
ROBO4-3′UTR or MUT-ROBO4-3′UTR vector was co-
transfected with miRNA NC or miR-138 mimic in HRMECs.

FIGURE 1. HRMECs injury under hypoxic condition.HRMECs were cultured under hypoxic or control (normoxic) condition for 24 hours.
Cell viability (A), proliferation (B), cycle process (C), apoptosis (D), protein levels of PCNA, cyclinD1, Bax, and Bcl-2 (E), secretion levels of
TNF-α, IL-6, and IL-8 (F), and levels of MDA, ROS, and SOD (G) were detected using CCK-8, EdU staining, flow cytometry, Western blotting,
and ELISA. *P < 0.05.
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The luciferase activity was examined using a dual-
luciferase assay kit (Promega) after 24 hours of post-
transfection.

RNA Immunoprecipitation (RIP) assay was processed
with a Magna RIP kit (Merck Millipore). In brief, 1 × 107

HRMECs were lysed using RIP lysis buffer, and then incu-
bated with Ago2-coated magnetic beads overnight. IgG was
used as negative control. Enriched miR-138 and ROBO4
levels were detected.

Statistical Analysis

Data were displayed as mean ± standard deviation (SD) from
three independent experiments with four technical repli-
cates. Statistical analysis was processed through GraphPad
Prism 8 (GraphPad, La Jolla, CA, USA). The difference was
compared using Student’s t-test or 1-way ANOVA followed
by Tukey post hoc test. It was significant when P < 0.05.

RESULTS

Hypoxia Induces HRMECs Injury

The retinal microvascular endothelial cell injury model was
established by culturing HRMECs under hypoxic condition
for 24 hours. After hypoxia stimulation, HRMECs viabil-
ity was significantly decreased (Fig. 1A)). Furthermore,
hypoxia stimulation clearly decreased HRMECs proliferation
by reducing EdU-positive cell number (Fig. 1B). In addi-
tion, hypoxia treatment led to cell cycle arrest at G0/G1
phase and higher apoptosis in HRMECs (Figs. 1C, 1D). More-
over, related proteins were detected in HRMECs. Results
showed PCNA, cyclin D1, and Bcl-2 levels were markedly
decreased, but Bax expression was enhanced after hypoxia
treatment (Fig. 1E). Additionally, pro-inflammatory cytokines
(TNF-α, IL-6, and IL-8) levels were markedly elevated in
HRMECs after hypoxia treatment (Fig. 1F). Besides, hypoxia
challenge obviously promoted MDA and ROS levels, while
inhibited SOD level in HRMECs (Fig. 1G). These results

FIGURE 2. Effect of SAL on HRMECs injury under hypoxic condition. (A) HRMECs viability was measured by CCK-8 after stimulation
with hypoxia or SAL for 24 hours. HRMECs were stimulated with 20 μg/mL SAL for 24 hours before hypoxic treatment for 24 hours. Cell
proliferation (B), cycle process (C), apoptosis (D), protein levels of PCNA, cyclinD1, Bax, and Bcl-2 (E), secretion levels of TNF-α, IL-6, and
IL-8 (F), and levels of MDA, ROS, and SOD (G) were examined using EdU staining, flow cytometry, Western blotting, and ELISA. *P < 0.05.
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FIGURE 3. Effect of miR-138 on role of SAL in HRMECs injury under hypoxic condition. (A) MiR-138 abundance was measured using
qRT-PCR in HRMECs after stimulation with hypoxia or SAL for 24 hours. (B) MiR-138 level was examined by qRT-PCR in miRNA NC or
miR-138 mimic-transfected HRMECs. HRMECs were transfected with miRNA NC or miR-138 mimic before stimulation with hypoxia or SAL for
24 hours. Cell viability (C), proliferation (D), cycle process (E), apoptosis (F), protein levels of PCNA, cyclinD1, Bax, and Bcl-2 (G), secretion
levels of TNF-α, IL-6, and IL-8 (H), and levels of MDA, ROS, and SOD (I) were measured using CCK-8, EdU staining, flow cytometry, Western
blotting, and ELISA. *P < 0.05.

suggested the establishment of hypoxic injury model of
HRMECs.

SAL Attenuates Hypoxia-Induced HRMECs Injury

To explore the function of SAL on hypoxia-induced injury,
HRMECs were incubated with SAL for 24 hours before

hypoxia stimulation for 24 hours. SAL showed little effect
on HRMECs viability, while it could rescue cell viability
under hypoxic condition (Fig. 2A). The 20 μg/mL SAL
with highest effect was chosen for subsequent experi-
ments. EdU staining assay exhibited SAL treatment protected
against hypoxia-induced proliferation inhibition in HRMECs
(Fig. 2B). Furthermore, SAL mitigated hypoxia-induced cycle
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FIGURE 4. Target of miR-138 on ROBO4. (A) The target sites of miR-138 on ROBO4. (B) Luciferase activity was examined in HRMECs
transfected with WT-ROBO4-3′UTR or MUT-ROBO4-3′UTR and miRNA NC or miR-138 mimic. (C) MiR-138 and ROBO4 levels were measured
after RIP. (D) ROBO4 level was measured by Western blotting in HRMECs after stimulation with hypoxia. (E) ROBO4 expression was detected
using Western blotting in HRMECs after stimulation with SAL for 24 hours under hypoxic condition. (F) ROBO4 expression was examined
via Western blotting in pc-NC or pc-ROBO4-transfected HRMECs. (G) ROBO4 level was examined through Western blotting in HRMECs
transfected with miRNA NC, miR-138 mimic, miR-138 mimic + pc-NC, or pc-ROBO4. *P < 0.05.

arrest and apoptosis production (Figs. 2C, 2D). Addition-
ally, SAL introduction reversed the regulation of hypoxia on
levels of PCNA, cyclin D1, Bcl-2, and Bax (Fig. 2E). More-
over, SAL incubation attenuated hypoxia-mediated secretion
of TNF-α, IL-6, and IL-8 (Fig. 2F). In addition, SAL exposure
weakened hypoxia-induced oxidative stress by decreasing
MDA and ROS levels and increasing SOD level (Fig. 2G).
These results showed SAL prevented hypoxia-induced injury
in HRMECs.

MiR-138 Upregulation Relieves the Effect of SAL
in Hypoxia-Induced HRMECs Injury

To probe whether miR-138 was associated with the func-
tion of SAL, its expression change was detected in HRMECs
after stimulation with SAL and hypoxia for 24 hours. MiR-138
abundance was significantly increased by hypoxia treatment,
whereas introduction of SAL weakened this effect (Fig. 3A).
In order to explore the role of miR-138 in SAL-mediated
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FIGURE 5. Effect of miR-138/ROBO4 axis on role of SAL in HRMECs injury under hypoxic condition. HRMECs were transfected with
miRNA NC, miR-138 mimic, miR-138 mimic + pc-NC, or pc-ROBO4 before stimulation with hypoxia or SAL for 24 hours. Cell viability (A),
proliferation (B), cycle process (C), apoptosis (D), expression of PCNA, cyclinD1, Bax, and Bcl-2 (E), secretion levels of TNF-α, IL-6, and IL-8
(F), and levels of MDA, ROS, and SOD (G) were detected with CCK-8, EdU staining, flow cytometry, Western blotting, and ELISA. *P < 0.05.

regulation on hypoxia-induced injury, HRMECs were trans-
fected with miRNA NC or miR-138 mimic before stimula-
tion with SAL and hypoxia for 24 hours. The transfection
of miR-138 mimic obviously elevated miR-138 abundance in
HRMECs (Fig. 3B). Furthermore, miR-138 mimic weakened
SAL-mediated promotion of cell viability and proliferation
(Figs. 3C, 3D). In addition, miR-138 overexpression reversed
SAL-mediated suppression of cycle arrest and apoptosis in
hypoxia-treated HRMECs (Figs. 3E, 3F). Moreover, miR-138
upregulation partly abolished the regulatory effect of SAL
on expression of PCNA, cyclin D1, Bcl-2 and Bax (Fig. 3G).
Additionally, miR-138 addition weakened SAL-modulated
inhibition of TNF-α, IL-6, and IL-8 levels under hypoxic
condition (Fig. 3H). Besides, miR-138 upregulation reversed

SAL-mediated reduction of MDA and ROS, and elevation of
SOD in hypoxia-stimulated HRMECs (Fig. 3I). These results
indicated SAL mitigated hypoxia-induced injury in HRMECs
by decreasing miR-138.

MiR-138 Targets ROBO4 in HRMECs

To analyze the downstream network of miR-138, the targets
were predicted by starBase, which showed ROBO4 as a
candidate. Predicted target sites of miR-138 on ROBO4 were
shown in Figure 4A. In order to validate this prediction,
we constructed the WT-ROBO4-3′UTR and MUT-ROBO4
3′UTR luciferase reporter vectors. MiR-138 mimic obvi-
ously declined the luciferase activity of WT-ROBO4-3′UTR,
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FIGURE 6. Influence of miR-138 on the PI3K/AKT/mTOR pathway. HRMECs were transfected with miRNA NC or miR-138 mimic before
stimulation with hypoxia or SAL for 24 hours. PI3K and p-PI3K levels (A), AKT and p-AKT levels (B), mTOR and p-mTOR levels (C) were
detected using Western blotting. *P < 0.05.

although this effect was lost in MUT-ROBO4 3′UTR group
(Fig. 4B). Furthermore, RIP assay displayed miR-138 and
ROBO4 could be enriched in same complex (Fig. 4C). Addi-
tionally, ROBO4 protein level was markedly reduced in
HRMECs after hypoxia stimulation (Fig. 4D). Moreover, in
the hypoxia-stimulated cells, ROBO4 protein expression was
obviously enhanced by SAL treatment (Fig. 4E). In addi-
tion, the effect of miR-138 on ROBO4 level was evaluated in
HRMECs. ROBO4 abundance was evidently elevate by addi-
tion of pc-ROBO4 (Fig. 4F). Besides, ROBO4 protein expres-
sion was evidently decreased via miR-138 mimic, which was
rescued by pc-ROBO4 (Fig. 4G). These data suggested miR-
138 could target ROBO4 in HRMECs.

ROBO4 Reverses the Role of miR-138 in
SAL-mediated Regulation on Hypoxia-Induced
HRMECs Injury

To study whether ROBO4 was required for miR-138 to take
part in SAL-mediated regulation on hypoxia-induced injury,
HRMECs were transfected with miRNA NC, miR-138 mimic,
miR-138 mimic + pc-NC, or pc-ROBO4 before stimulation
with SAL and hypoxia for 24 hours. ROBO4 overexpres-
sion attenuated miR-138-mediated suppression of cell viabil-
ity and proliferation in HRMECs treated with SAL under
hypoxic condition (Figs. 5A, 5B). Furthermore, addition of
pc-ROBO4 weakened miR-138-mediated promotion of cycle
arrest and apoptosis in SAL-treated HRMECs under hypoxic
condition (Figs. 5C, 5D). Additionally, ROBO4 restoration

reversed miR-138-mediated reduction of PCNA, cyclin D1,
and Bcl-2, and increase of Bax in SAL-treated HRMECs under
hypoxic condition (Fig. 5E). Moreover, ROBO4 upregulation
mitigated miR-138-mediated promotion of TNF-α, IL-6 and
IL-8 secretion (Fig. 5F). In addition, ROBO4 overexpression
relieved miR-138-mediated increase of MDA and ROS levels,
and decrease of SOD level (Fig. 5G). These data showed miR-
138 regulated hypoxia-induced injury in HRMECs through
ROBO4.

SAL Attenuates Hypoxia-Induced Inactivation of
the PI3K/AKT/mTOR Pathway by Regulating
miR-138

To explore whether the PI3K/AKT/mTOR pathway was
involved in the function of SAL, related protein levels
were examined in HRMECs transfected with miRNA NC
or miR-138 mimic before treatment with hypoxia and SAL
for 24 hours. As shown in Figure 6A to C, the phos-
phorylation levels of PI3K, AKT, and mTOR were obvi-
ously reduced by hypoxia treatment, and SAL incubation
attenuated this effect. Moreover, the influence of SAL on
the two signaling was reversed by miR-138 mimic (Figs.
6A–C). These results indicated SAL promoted the activa-
tion of the PI3K/AKT/mTOR pathway via decreasing miR-
138 in hypoxia-treated HRMECs. Collectively, SAL prevented
hypoxia-induced HRMECs injury through activating the
PI3K/AKT/mTOR pathway through a miR-138/ROBO4 axis
(Fig. 7).
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FIGURE 7. The schematic diagram of this study. SAL attenuated
hypoxia-induced HRMECs injury by regulating miR-138/ROBO4
axis.

DISCUSSION

The hypoxia-induced retinal microvascular endothelial cell
damage is associated with retinal damage in ischemic
retinopathies.1,3,4 In this research, we established the
ischemic retinopathies model using hypoxia-stimulated
HRMECs, and found hypoxia induced cell injury by decreas-
ing cell proliferation, and promoting cycle arrest, apopto-
sis, inflammatory reaction, and oxidative stress, which was
consistent with previous reports.3,4 Moreover, we confirmed
SAL exerted the protective function on hypoxia-induced
injury through modulating the miR-138/ROBO4 axis.

Previous studies suggested SAL played a protective
role in hypoxia-induced injury in neural stem cells, liver
cells or cardiomyocytes.9,10,21 Moreover, SAL had anti-
inflammatory, anti-oxidative, and anti-apoptotic roles in
endothelial cells.22–24 In addition, SAL could attenuate reti-
nal pigment epithelial cell damage under hydroperoxide or
high glucose condition.11,12 Hence, we hypothesized SAL
might have a protective function on retinal microvascular
endothelial cells under hypoxia condition. Consistent to this
hypothesis, our study found SAL weakened hypoxia-induced
HRMECs injury, indicating the potential therapeutic effect of
SAL on ischemic retinopathies.

Next, we wanted to explore a potential mechanism.
Former reports reported that SAL could have resulted in
miRNA expression change, like miR-210, miR-138, and miR-
21.9,12,21 Here, we confirmed that SAL could decrease miR-
138 expression in hypoxia-induced HRMECs, which was
similar to that in high glucose-treated retinal pigment epithe-
lial cells.12 Wang et al. suggested that miR-138 promoted
cardiac ischemia injury by inactivation of the SIRT1/PGC-
1α pathway.25 Moreover, Sen et al. reported miR-138 expres-
sion was enhanced in hypoxia-induced endothelial cells, and
contributed to endothelial cell dysfunction.15 These stud-
ies suggested miR-138 might contribute to hypoxia-induced
injury. Similar to these reports,12,15,25 we confirmed that miR-
138 could increase hypoxia-induced HRMECs injury by abol-
ishing the protective function of SAL, which also indicated
SAL repressed hypoxia-induced HRMECs injury via decreas-
ing miR-138.

The retinopathies are related to vascular permeability
and neovascularization, and ROBO4 is an important protein
involving in these processes.16 Moreover, ROBO4 could
attenuate inflammatory injury in endothelial cells by regu-
lating TNF receptor-associated factor 7 (TRAF7).26 Addition-
ally, ROBO4 might have diverse roles in retinal microvascu-
lar endothelial cells under different stimulations like hyper-
glycemia or hypoxia.18 In this study, we found ROBO4
expression was declined by hypoxia, which was consistent
with a previous study.18 Furthermore, we found ROBO4

expression was upregulated by SAL through miR-138. Func-
tional analysis confirmed the protective role of ROBO4 in
hypoxia-induced HRMECs injury, and indicated SAL could
exert its activity through the miR-138/ROBO4 axis.

The AKT pathway is required for vascular growth,
and it is inactivated under hypoxia in retinal endothe-
lial cells.27 Moreover, the activation of the PI3K/AKT
signaling contributes to the survival of retinal microvas-
cular endothelial cells.28,29 Furthermore, SAL could atten-
uate hypoxia-induced neuronal injury by activating the
PI3K/AKT/mTOR signaling.9 In addition, SAL mitigated reti-
nal pigment epithelial cell damage by increasing the activa-
tion of the PI3K/AKT pathway.11,12 Similarly, our study found
SAL might prevent hypoxia-induced HRMECs injury via acti-
vating the PI3K/AKT/mTOR pathway by miR-138, which was
also in agreement with that in retinal pigment epithelial cell
damage.12

In conclusion, SAL protected against hypoxia-induced
HRMECs dysfunction, possibly by the miR-138/ROBO4
axis. This indicated a new insight in retinal microvascular
endothelial cell damage, and provided a novel mechanism
for understanding the pharmacological activity of SAL in
ischemic retinopathies.
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