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Background: Diabetic retinopathy (DR) is a vascular lesion induced by high glucose.
STEAP4 is an indispensable membrane protein, which is closely related to hyperglycemic-
induced cell inflammation and injury, while STEPT4 has not been studied in hyperglycemic-
induced retinal vascular endothelial cell injury.

Methods: The expression of STEAP4 was detected by RT-qPCR and Western blot. CCK-8
was used to detect cell survival. STEAP4 was overexpressed by cell transfection. The
expressions of cytokines TNF-a, IL-1, IL-6, ICAM-1, MDA, SOD and ROS were detected
by ELISA. Cell apoptosis was detected by flow cytometry. The expressions of proteins
associated with cell damage VEGF, KLF2, eNOS and apoptosis-related proteins Bax,
cleaved caspase3 and Bcl2 were detected by Western blot. Finally, the expressions of HIFa
and PKM2 were detected by immunofluorescence and Western blot.

Results: The expression of STEAP4 in hyperglycemic-induced retinal vascular endothelial
cells (HRCECs) decreased gradually. Overexpression of STEAP4 reduced inflammation and
apoptosis of HRCECs and improved dysfunction of them. Meanwhile, overexpression of
steap4 inhibited the expression of HIF-1a/PKM2 signal.

Conclusion: STEAP4 can be a potential therapeutic target for diabetic retinopathy by
inhibiting HIF1/PKM2 signaling to reduce hyperglycemic-induced retinal cell apoptosis.
Keywords: diabetic retinopathy, STEAP4, HIF-1o/PKM2, HG-induced retinal vascular
endothelial cells

Introduction

Diabetic retinopathy (DR) is one of the most common vascular complications of
diabetes, which is a metabolic disorder with vascular lesions induced by long-term
and sustained high glucose.! DR is the principal factor of visual dysfunction and
blindness in people aged 2065 worldwide. All over the world, the number of people
with diabetes is increasing rapidly, and the prevalence of diabetes is increasing.

The pathogenesis of DR is not yet fully understood, and the factors influencing its
occurrence and development are also complicated. Systemic factors leading to DR
include age, course of disease, blood glucose, blood lipid, etc.? Some researches hold
the belief that upon the persistent stimulation of high sugar, the retina will produce
a series of pathophysiological processes, including oxidative stress, inflammation,
glycosylation end products gathered and neurologic abnormalities, and lead to retinal
microvascular lesion and blood retinal barrier damage, thus eventually triggering

macular edema and retinal neovascularization.’
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Six-Transmembrane Epithelial Antigen of the Prostate
4 (STEAP4), also known as six-transmembrane protein of
prostate 2 (STAMP2) or TNFa- induced adipose-related pro-
teins (TIARP), is an indispensable membrane protein and
anti-inflammatory protein.* STEAP4 is located in the long
arm of chromosome 7, an area known to be susceptible to
type 2 diabetes, insulin resistance and rheumatism.>”’ In
2001, in a study on childhood obesity, STEAP4 was screened
for differential expression in adipose tissue of obese and
normal children. Obesity, as a metabolic disease caused by
multiple factors, plays an important role in the occurrence and
development of many chronic diseases, such as diabetes.®
Studies have shown that overexpression of STEAP4 can
inhibit inflammation in streptozotocin-induced diabetic mod-
els of mouse and can better regulate glucose metabolism.”
Mice interfered withSTEAP4 regulated insulin resistance,
hyperglycemia, and inflammatory.'® Inflammatory cytokines,
hormones and other cellular stress indicators regulate
the expression of STEAP4, which can protect cells from
damage and help maintain normal metabolic function.
Overexpression of STEAP4 can inhibit atherosclerosis in

diabetic mice,"!

and STEAP4 can reduce damage to renal
mesangial cells induced by high glucose or S100B."?
However, STEAP4 has not been investigated in hyperglyce-
mic-induced retinal vascular endothelial cell injury.
Therefore, the purpose of this study was to examine the
effect of STEAP4 on retinal vascular endothelial cells

exposed to HG conditions and to explore the mechanism.

Methods and Materials

Cell Culture

Human Retinal Capillary Endothelial Cells (HRCECs)
were purchased from Type Culture Collection of the
Chinese Academy of Science. Cells were cultured in
DMEM (Gibco; Thermo Fisher Scientific) and 10% fetal
bovine serum (FBS) (Gibco; Thermo Fisher Scientific)
with 5% CO, at 37°C.

Cell Treatments

Cells were seeded in 6-well plates with 2 x 10> cells per well
and then incubated for 12 h. When the cells were in good
condition and grew logarithmically, the cells were collected
after 12 or 24 or 48 hours of high glucose induction. The
Control group was given the same dose of normal saline and
the mannitol group (MA) was given the same dose of

mannitol.

Real-Time Quantitative Reverse
Transcription—Polymerase Chain
Receptor (qQRT-PCR)

Total RNA was extracted with TRI zol reagent (Invitrogen,
Inc.) under the guidance of the manufacturer’s instructions,
and cDNA was synthesized using a reverse transcription kit
(Invitrogen, Inc.). gqRT-PCR was performed using TagMan
probe method with the 7500 real-time PCR system (Applied
Biosystems, Foster City, CA). The expression level of target
genes expression level was normalized to GAPDH. Primer
sequences were as follows: STEAP4 forward: 5'-GCGC
CTCTCCCTCAGTTATG-3"; STEAP4 reverse: 5-GGTC
TTCTGGGGGTTTCGAC-3'. GAPDH forward: 5'-AGCCA
CATCGCTCAGACAC-3"; GAPDH reverse: 5'-GCCCAA
TACGACCAAATCC-3'. GAPDH was included as an inter-
nal control and 2—AACq method was used for statistical
analysis."?

Western Blot

Cells were washed with PBS and lysed by RIPA lysis buffer
(Thermo Fisher Scientific) and incubated for 30 min on ice.
Fifteen micrograms of protein per lane was subjected to
SDS-PAGE, and then transferred to a PVDF membrane.
The membrane was incubated with primary antibody over-
night at 4°C. The membrane was washed with PBS for
3 times the next day. After incubation with HRP-
conjugated secondary antibody (1:5000; cat. no. AA24142)
for 1 hour at room temperature. The signals were detected
using enhanced chemiluminescence reagent (GE Healthcare)
and Amersham Imager 600 (GE Healthcare Life Science).
Anti- STEAP4 (1:1000; cat. no. PA5-20,407), anti- eNOS
(1:1000; cat. no. PA1-037), anti-KLF2 (1:1000; cat. no. PA5-
40,591), anti- ICAM-1 (1:1000; cat. no. MA1-80,910), anti-
VEGF (1:1000; cat. no. MA5-13,182), anti-Bax (1:1000; cat.
no. MA5-14,003), anti-Bcl-2 (1:1000; cat. no. MA5-11,757),
anti-Cleaved-caspase3 (1:1000; cat. no. PA5-38,438), anti-
Caspase3 (1:1000; cat. no. PAS5-86,276), anti- HIF-la
(1:1000; cat. no. A700-001), anti-PKM2 (1:1000; cat. no.
PAS5-23,034) and anti-GAPDH (1:1000; cat. no. 5174S) anti-
bodies were obtained from Thermo fisher technology.

Cell Counting Kit-8 (CCK-8) Assay

Cells were seeded into 96-well plates and incubated at 37°C
in a 5% CO, humidified incubator. Cell viability was deter-
mined using the CCK-8 reagent (Dojindo Molecular
Technologies, Inc.), according to the manufacturer’s proto-
col. After 12, 24 and 48 h, 10 uL. CCK-8 solution (Dojindo
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Molecular Technologies, Inc.) was added to each well for
4 h, the optical density was measured at 450 nm using
a microplate reader.

Cell Transfection

Cells were seeded in 6-well plates with 2 x 10° cells per
well and then incubated for 24 h. Full length transcript
of STEAP4 was polymerase chain reaction (PCR)
amplified from cDNA using PrimeSTAR HS DNA poly-
merase (Takara, Inc.). The PCR amplified product was
inserted into the Kpn I and BamH 1 sites of pcDNA
termed pcDNA/STEAPA4.
STEAP4 promoter region containing the p50 binding

(Invitrogen, Inc.) vector,
sites was PCR amplified from genomic DNA using
PrimeSTAR HS DNA polymerase (Takara, Inc.) and
inserted into the Kpn I and Hind III sites of the lucifer-
ase reporter pGL3-Basic (Promega, Madison, WI) vec-
termed pGL3-STEPA4-promoter. A
overexpression of NC was used as negative control for

tor, scrambled
overexpression of STEAP4. And then the overexpres-
sion of STEAP4 and control were transfected into cells
at a concentration of 20 nM with Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocols.

Reactive Oxygen Species (ROS) Assay
ROS levels of cells were detected using a fluorescent
probe, 2',7'-dichlorodihydrofluorescein (DCHF) (Sigma),
which could be rapidly oxidized into the highly fluorescent
2'7"-dichlorofluorescein (DCF) in the presence of intracel-
lular reactive oxygen species (ROS). Fluorescence was
monitored with a laser scanning confocal microscope
(Leica, Germany) at 488 nm. The amount of ROS was
quantified as the relative fluorescence intensity of DCF per
cell in the scan area.

Enzyme Linked Immunosorbent Assay
(ELISA) for Factors

The expressions of interleukin (IL)-6, tumor necrosis
factor (TNF)-a, IL-1B, ICAM-1, MDA and SOD were
evaluated using ELISA. The cell supernatant was centri-
fuged for 5-10 minutes at 4°C (5000g). The levels of
TNF-a, IL-1B, IL-6, ICAM-1, MDA and SOD were
detected by ELISA kit
Camarillo, CA, USA). All operations were carried out

(BioSource International,

in strict accordance with ELISA kit instructions.

Flow Cytometry Analysis

Cells were collected and washed in PBS for 3 times, and
then the cells were re-suspended in a 200 pL binding
buffer, followed by staining with 5 uL PI (BestBio) for
10 min in the dark. Next, cells were stained with Annexin
V-FITC (BestBio) for 10 min in the dark at room tempera-
ture. At last, the cell cycle distribution was analyzed via
flow cytometry with FlowJo software (BD Bioscience).

Immunofluorescence

Cells on a sheet of glass were fixed with 4% paraformal-
dehyde (PFA) for 30 min and then washed with PBS twice.
Next, cells were permeated with PBS containing 0.1%
Triton X-100 for 5min. The cells were incubated with
5% skim milk powder to block non-specific staining.
After 12h of incubation with primary antibody at 4°C,
the cells were washed three times with PBS. Later on, the
samples were incubated with 10% goat serum at room
temperature for 1h. And then cells were further stained
with fluorophore (Alex488 and Alexa 530)-conjugated
secondary antibodies. After staining, the cells were coun-
terstained with DAPI. The sealed slides were analysed
using a Leica TCS-SP microscope with companion
software.

Statistical Analysis

Statistical data analysis was performed with SPSS 22.0
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5.0
(GraphPad Software, Inc.). All experimental results are
expressed as mean =+ standard deviation. And data were
analyzed using either ANOVA followed by a Tukey’s post
hoc test for comparison of multiple groups or an indepen-
dent Student’s #-test for comparison of two groups. P<0.05
was considered to indicate statistically significant differ-
ences. Data were obtained from at least three individual
experiments.

Results
The Expression of STEAP4 in

HG-Induced HRCECs Gradually

Decreased

The sugar-induced concentration of the normal group was
5.5mmol/L, the mannitol induced concentration was 30mol/
L and the HG-induced concentration was 30mol/L. After
induction for 12h, 24h and 48h, the expression of STEAP4
was detected by RT-qPCR and Western blot. The results are
shown in Figure 1A and B, compared with the normal and
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Figure | The expression of STEAP4 in HG-induced HRCECs gradually decreased. The expression of STEAP4 was detected by RT-qPCR (A) and Western blot (B), n=3. (C)
CCK-8 assay was used to detect the cell viability, n=5, *p<0.01, #p<0.001 vs normal; *p<0.01, ##p<0.001 vsMA.

MA group, the expression of STEAP4 was significantly
decreased in the HG-induced group. Moreover, the expres-
sion of STEAP4 in HRCECs gradually decreased with the
time of high glucose stimulation, which was time-
dependent. Then, CCK-8 was used to further detect the
effect of HG on cell survival. We found that compared
with HG induction for 24h, there was no significant change
in survival after HG induction for 48h (Figure 1C).
Therefore, high glucose induction at the concentration of
30mol/L and induction time of 48h were selected as the

following experimental induction conditions.

Overexpression of STEAP4 Attenuated

the Inflammatory and Oxidative Stress
Induced by HG

The overexpressed plasmid of STEAP4 was constructed and
transfected into HRCECs induced by HG and the expression
of STEAP4 detected by Western blot significantly increased
(Figure 2). Compared with the control and MA group, the
expression levels of TNF-a, IL-1B, IL-6, ICAM-1 in the
HG-induced group were obviously increased. Compared
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with Overexpression-NC+HG group, TNF-q, IL-1p, IL-6,
ICAM-1 decreased in Overexpression-STEAP4+HG group
(Figure 3A). Subsequently, we detected the expression levels
of ROS, MDA and SOD and found that compared with the
control and MA group, the ROS and MDA expressions in
the HG-induced group significantly increased. Compared
with Overexpression-NC+HG, the ROS and MDA expres-
sions of Overexpression-STEAP4+HG decreased, while the
SOD expression showed the opposite trend (Figure 3B
and C). These results suggest that overexpression of
STEAP4 attenuates HG-induced inflammatory and oxidative
stress responses in HRCECs.

Overexpression of STEAP4 Ameliorated

HG-Induced Endothelial Dysfunction

To further test the effect of STAPT4 on HG-induced cell
damage, we detected the expression of the proteins related
to cell damage, including VEGF, KLF2, eNOS and ICAM-1
after the overexpression of STEAP4. As shown in Figure 4,
compared with the control and MA group, the expression of
KLF2 and eNOS in the HG-induced group decreased, while
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Figure 2 Overexpression of STEAP4 attenuated the inflammatory and oxidative stress induced by HG. The expression of STEAP4 was detected by Western blot after cell
transfection. The transfected cells were high glucose-induced HRCECs. n=3 ***P<0.001 vs OV-NC

Abbreviations: Ov-NC, overexpression-NC; Ov-STEAP4< overexpression-STEAP4;

HG, high glucose.
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Figure 3 Overexpression of STEAP4 attenuated the inflammatory and oxidative stress induced by HG. (A) The expression of inflammatory factors TNF-a, IL-18, IL-6,
ICAM-| was detected by ELISA. (B). ROS kit, MDA kit and SOD kit were used to detect the expression of ROS, MDA and SOD. (C). ROS fluorescence kit was used to
detect ROS levels. n=5, **p<0.001 vs Control; "#p<0.01 vs MA; 22p<0.001 vs Ov-NC+HG.

Abbreviations: Ov-NC, overexpression-NC; Ov-STEAP4, overexpression-STEAP4; HG, high glucose.

the expression of VEGF and ICAM-1 increased. Compared
with Overexpression-NC +HG group, Overexpression-
STEAP4+HG group showed significantly increased expres-
sion of KLF2 and eNOS, while decreased expression of
VEGF and ICAM-1. Meanwhile, the expression of VEGF
was detected by immunofluorescence, and the results were
consistent with those obtained by Western blot (Figure 5).
These results indicated that overexpression of STAEAP4
ameliorated HG-induced dysfunction of HRCECs.

Overexpression of STEAP4 Decreased
Apoptosis of HRCECs Induced by HG

Subsequently, apoptosis was measured and we found that
compared with the control and MA group, the rate of apoptosis
increased significantly in the HG-induced group (Figure 6A
and B), accompanied by increased expression of apoptotic
proteins Bax, cleaved caspase3 and decreased expression of
Bcel2 (Figure 7). Compared with Overexpression-NC+HG
group, the Overexpression-STEAP4+HG group showed sig-
nificantly decreased apoptosis, decreased expression of Bax
and cleaved caspase3, and increased expression of Bcl2. The

results showed that STEAP4 could reduce apoptosis of
HRCEC:s induced by HG.

Overexpression of STEAP4 Inhibited the
Activity of HIF-10/PKM2 Signal Pathway

To investigate the mechanism by which STEAP4 reverses
HG-induced cell damage and apoptosis, we detected the
expression of related proteins in the HIF-1a/PKM2 signaling
pathway. As shown in Figure 8, we found that the HIF-1o/
PKM?2 expression level in the HG-induced group was signifi-
cantly increased compared with that in the control and MA
group. Compared with Overexpression-NC+HG group, the
expression level of HIF-1o/PKM2 in Overexpression-
STEAP4+HG group was obviously decreased. From this, we
preliminarily concluded that STAPT4 reverses cell injury and
apoptosis induced by HG through the HIF-1a/PKM2 signaling
pathway.

Discussion
The damage of retinal vascular endothelial cell is an early
marker of DR, and increased blood glucose is the main
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Figure 4 Overexpression of STEAP4 ameliorated HG-induced endothelial dysfunction. The expression of VEGF, KLF2, eNOS and ICAM-| was detected by Western blot.

n=3, #p<0.001 vs Control; "#p<0.001 vs MA; 244p<0.001 vs Ov-NC+HG.

Abbreviations: Ov-NC, overexpression-NC; Ov-STEAP4, overexpression-STEAP4; HG, high glucose.
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Figure 5 Overexpression of STEAP4 ameliorated HG-induced endothelial dysfunction. The expression of VEGF was detected by immunofluorescence. n=3.

cause of DR. Diabetic patients show high blood glucose,
which can induce retinal endothelial cell apoptosis. Studies
have shown that retinal barrier destruction is caused by
increased permeability of human retinal endothelial cells

induced by high glucose.'* Duan et al also demonstrated

that high glucose can induce inflammation, apoptosis and
endothelial cell injury of vascular endothelial cells.'” In
this study, high glucose concentration of 30mol/L was
used to induce HRCECs, and we found that cell inflam-

mation and oxidative stress response occurred, while high
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Figure 7 Overexpression of STEAP4 decreased apoptosis of HRCECs induced by HG. The expression of Bcl2, Bax, Cleaved caspase3, Caspase 3 was detected by Western
blot. n=3, ¥p<0.01, ¥*p<0.001 vs Control; *p<0.01, ##p<0.001 vs MA, 2p<0.05, 22p<0.01, 2*2p<0.001 vs Ov-NC+HG.
Abbreviations: Ov-NC, overexpression-NC; Ov-STEAP4, overexpression-STEAP4; HG, high glucose.

glucose could induce apoptosis and functional impairment
of HRCEC:s. In our experiment, it was found that after HG
induction, the cells developed inflammatory and oxidative
stress responses, and endothelial cells suffered from func-
tional damage.

STEAP4, as a six-fold transmembrane protein, has
been demonstrated to be located on cell membranes, endo-
In 2007,
Moreno-Navarrete et al found that TNF-induced adipose-
related protein (TIARP) induced by STEAP4 is a negative
regulator of inflammation and insulin resistance. With

somal membranes, and Golgi membrane.

normal diet, STEAP4 knockout mice could spontaneously
form metabolic diseases, mainly manifested as insulin
resistance, abnormal glucose tolerance and fatty liver.
Whereas, insulin resistance plays a key role in the devel-
opment of obesity-related diseases such as type 2 diabetes.
At the same time, STEAP4 gene is located in 7q21.12,
which is known to be susceptible to type 2 diabetes and
insulin resistance. Decreased expression of STEAP4 can
lead to dysfunction of visceral adipose tissue in obese
diseases, mainly type 2 diabetes.'® Mice with low expres-
sion of STEAP4-regulated insulin resistance, hyperglyce-
mia, and inflammation.'® In addition, overexpression of

STEAP4 inhibited atherosclerosis in diabetic mice.""
STEAP4 can reduce the damage of renal mesangial cells
induced by high glucose or S100B.'? Therefore, it is
reasonable to speculate that STEAP4 gene plays an impor-
tant role in retinal endothelial cell injury induced by high
glucose. And our results confirmed our speculation. We
found that the expression of STEAP4 gene was signifi-
cantly increased in HG-induced HRCECs. Subsequently,
after overexpression of STEAP4, we found that the
expression level of cell inflammation and oxidative stress
was increased, the level of was increased, and cell function
was injured and apoptosis occurred.

Hypoxia-inducible factor-1o. (HIF-10) is an important
regulator of oxygen balance that plays a significant role in
glycolysis and angiogenesis.'” As one of the important
rate-limiting enzyme in energy metabolism, Pyruvate
kinase M2 (PKM2) also plays an important role in the
glycolytic pathway. PKM2 promotes the activation of
related gene of glucose metabolism in cancer cells.'®!?
In our experiments, the expressions of HIF-1o and PKM?2
in cells significantly increased in hyperglycemic-induced
HRCEC:s. The results showed that glycolysis pathway was
affected after hyperglycemia induction, which resulted in

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13

submit your manuscript

2579

Dove


http://www.dovepress.com
http://www.dovepress.com

Liu et al Dove

A e .

c_ 4 N

23 o3

HIFAQ | v e allils @D o 28 a e

e o>

a8 g3

3 3

PKM2 [ s e i @ = [ 2 5 g5

use X E

Tg a5

3 1

GAPDH ([quus D aND GED =B | £ 35 ZE

. : :
AN
&“o @Y’ RS &0 XO
o' O (Y
9 SR
o' &
2 N
o o
Control MA Ov-NC+HG Ov-STEAP4 +HG

B
DAPI

.y
HIF-1a
Merge 19
. &

Figure 8 Overexpression of STEAP4 inhibited the activity of HIF-1a/PKM2 signal pathway. (A) The expression of PKM2, HIF-10 was detected by Western blot. (B) The
expression of HIF-1a was detected by immunofluorescence. n=3, ¥p<0.001 vs Control; "#p<0.001 vs MA; 42p<0.001 vs Ov-NC+HG.
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the stimulation of HIF-1a and PKM2 expression. PKM2 is  the expression of HIF-lo and PKM2 in HepG2 and
both the target gene of HIF-1a and the regulatory protein ~ HL7702 cells, and down-regulation of HIF-1a can inhibit
of HIF-1a. It has been reported that insulin can increase the expression of PKM2 and insulin-induced glucose
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Figure 9 STEAP4 reduced HG-induced injury and apoptosis of HRCECs by inhibiting HIF-10/PKM2 signaling pathway.
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consumption.”’ PKM2-HIF-1a target genes are involved in
glucose metabolism, resulting in an increase of glucose
uptake and lactate secretion in cancer cells.”’ Therefore,
we concluded that HIF-10/PKM2 signaling pathways play
an important role in the development of diabetes; however,
the specific role of HIF-1o/PKM2 in diabetic retinopathy
caused by diabetes has not been studied. In addition, after
reading through the literature, we found that HIF-lo/
PKM2 can be a potential therapeutic target of disease.
Xue -fu-Zhu-Yu decoction downgrades the expression of
HIF-1a and VEGF by inhibiting PKM2 and so prevent
retinal ischemia in rats, which suggested that HIF-1lo/
PKM2 signaling pathway plays a role in the retina-
related diseases.”” And in obese individuals, the expres-
sion of HIF-la increased due to hypoxia and pro-
inflammatory stimulation, leading to increased expression
of visceral STEAP4 increase.>® Then, there is a question:
whether STEAP4/HIF-10/PKM2 plays a role in retinal
endothelial cell injury induced by high glucose? In this
article, we found that after induction of HRCECs by HG,
the expression of HIF-1a and PKM2 rise sharply, with cell
apoptosis and damage increase. However, after STEAP4
was overexpressed, the expressions of HIF-1a and PKM2
decreased significantly, and the apoptosis and damage of
the cells decreased, from which we concluded that
STEAP4 reduced HG-induced injury and apoptosis of
HRCECs by inhibiting HIF-1a/PKM?2 signaling pathway
(Please see Figure 9 for the detailed information.).

In conclusion, STEAP4 reduced HG-induced injury
and apoptosis of HRCECs by inhibiting HIF-1a/PKM?2
signaling pathway and STEAP4/HIF-10/PKM2 can be
a therapeutic target for DR.
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