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Objective: To investigate the mechanism of activation of the signal transducer and

activator of transcription 3 (STAT3) signal pathway in the process of retinopathy of

prematurity (ROP).

Methods: Sixty newborn Sprague-Dawley (SD) rats were randomly separated into

the hyperoxia and air control groups (n = 30/in each group). The serum hepcidin

level on 21 d was measured using the enzyme-linked immunosorbent assay (ELISA).

The expression of HAMP and STAT3 protein in the liver was determined using

reverse transcription-polymerase chain reaction (RT-PCR) and western blotting. Retinal

neovasculature was evaluated by hematoxylin and eosin (HE) stain and fluorescein lectin.

The retinal endothelial cells were treated with 250 µmol/L cobalt chloride for 72 h and

added S3I-201. The STAT3 level was determined by western blotting.

Results: The expression of STAT3 protein increased significantly after hyperoxia

stimulation. The expression of HAMP mRNA in the hyperoxia group was significantly

higher than that of the control group. The proliferation of retinal cells was inhibited, and

the expression of STAT3 was increased. No significant difference was noted in vascular

endothelial growth factor (VEGF) mRNA. The expression of STAT3 and VEGF mRNA was

significantly reduced.

Conclusion: The activation of the STAT3 signal pathway increased hepcidin expression,

contributing to the pathogenesis of ROP. S3I-201 inhibited the expression of STAT3 and

VEGF mRNA levels. This information provides potential novel therapeutic approach to

the prevention and treatment of ROP.
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INTRODUCTION

Retinopathy of prematurity (ROP) is vascular proliferative disease of the retina, mainly affecting
premature infants with low birth weight (1, 2). Approximately 15 million premature babies are
born globally every year, which accounts for 1/10 of newborns. About 1.2 million premature babies
are born every year in China, ranking it as the second globally. The multicenter survey of 2015
on retinopathy of preterm infants indicated a 15.2% ROP incidence on the Chinese mainland.
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The incidence in premature infants under gestational age of 30
weeks was 30.6% (3). ROP is the leading cause of childhood
blindness disease in developed countries and some developing
countries (4–6).

The main pathological features of ROP are including
abnormal angiogenesis, increased vascular leakage, vascular
tortuosity, and dilatation. These features result in serious ocular
complications and even blindness. The clear pathogenesis of
ROP primarily includes an abnormal signal pathway of vascular
endothelial growth factor (VEGF), which leads to abnormality
in its secretion and proliferation of retinal vessels. Exogenous
factors such as oxidative stress, inflammation, nutritional factors,
hypoxia-inducible factor (HIF), and neuroprotective growth
factor promote ROP occurrence (6, 7). Currently, non-standard
oxygen use, low gestational age, and low birth weight have been
identified as major risk factors causing ROP (8, 9). Although
some studies have revealed that some drugs such as anti-vascular
endothelial growth factor and antioxidants can control ROP
progression; however, the administration timing is unknown
(10, 11). Subsequently, a meta-analysis of Fang JL et al. indicated
a lack of high-quality evidence that effective drug interventions
can prevent the ROP occurrence (12). Nonetheless, oxygen
administration and retinal immaturity leads to retinal vascular
hyperplasia. Therefore, screening, early diagnosis, and treatment
through photocoagulation or vitreous injection of bevacizumab
could be used in ROP (13).

Janus tyrosine kinase (JAK) /signal transducer and
activator of transcription (STAT) signal pathway is a signal
transduction pathway closely related to neovascularization.
STAT is phosphorylated by JAK kinases in response to cytokine
activation such as growth hormone and IL-6 family cytokines. Its
transmission process is relatively simple compared to other signal
pathways, mainly composed of three components such as JAK,
tyrosine kinase-related receptor, and STAT (14, 15). It is crucial
to specifically target pathological neovascularization rather than
targeting normal blood vessels when proliferative retinal diseases
are taken into consideration, such as malignant tumors.

VEGF is an important cytokine of retinal vascular
proliferation in ROP. Hyperoxia can increase the production
of reactive oxygen species (ROS), nitric oxide synthase (NOS),
expression of inflammatory cytokines and VEGF, and retinal
angiogenesis, but its specific regulatory mechanism is uncertain.
Researchers use STAT3 antisense oligodeoxynucleotides and
dominant-negative STAT3 proteins to block STAT3 signal
transduction. These can down-regulate VEGF expression,
suggesting that STAT3 can bind to the VEGF promoter and
directly regulate its gene (16–19). If there is a mutation in the
STAT3 binding site in the VEGF promoter, it can cause the loss
of the VEGF promoter activity and subsequently inhibit VEGF
expression (18, 20).

In addition, iron transport balance and other pathways may
perhaps play a key role in the occurrence and development
of ROP. Blood transfusion and increased iron load are the
high-risk factors of ROP. Hepcidin (encoded by HAMP) is
the Fe-dependent inhibitor protein of rat liver microsomal
3-hydroxy-3-methylglutaryl-CoA (HMGCoA) reductase, which
interacts with Fe (21). HMGCoA reductase activity was inhibited

by the addition of FeSO4 and the cytosolic protein hepcidin
(22). Occasionally, hepcidin is the key factor that regulates
iron balance, and the JAK/STAT3 signal pathway regulates
its expression.

Taken together, we hypothesized that hyperoxia could activate
the STAT3 pathway, stimulate the expression of the key factor
of iron balance, and then promote VEGF expression. STAT3
pathway inhibitor S3I-201 can block this effect and prevent ROP.
In this study, we intended to outline the effects of hyperoxia
on the STAT3 signal pathway activation, hepcidin, and VEGF
expression, which aimed to further enrich the pathogenesis of
ROP by providing a new way for its prevention and treatment.

MATERIALS AND METHODS

Ethical Consideration
The study was conducted in accordance with Guangdong
Medical Laboratory Animal Center, PR China (SCXK 2013-0002)
and approved by the ethics committee of Guangdong Women
and Children Hospital (#201701081).

Specimen Collection
Sixty newborn Sprague-Dawley (SD) rats from Guangdong
Medical Laboratory Animal Center were randomly divided into
the ROP model group (n = 30) and control group (n = 30).
The ROP model group was fed alternately with high oxygen
concentration (50% ±2) and low oxygen concentration (10%
±2) every day and returned to the air 14 days after birth. The
air group was kept in the air all the time, and both groups
were fed until 20 days. On the 21 days after birth, the rats
were anesthetized with 10% chloral hydrate. After decapitation,
the blood samples were incubated at room temperature for
30min. The blood samples were centrifuged at the speed of 3,600
r/min in a centrifuge. The supernatant was stored in −20◦C
refrigerator for further use. The right lobe of the liver was
cryopreserved in an ultra-low temperature refrigerator at−80◦C.
The number of retinal vessels was observed through hematoxylin
and eosin (HE) staining, and the retina of rats were obtained
under an anatomical microscope. The retinal vessels were labeled
with fluorescein lectin to comprehend the ischemic retinal area,
vascular branches, and the neovascularization plexus.

Quantitative Real-Time Polymerase Chain
Reaction
Using Trizol reagent (#15596-026, Life Technologies, USA) to
extract mRNA, DNA reverse transcription (#K1622, Thermo
Scientific, USA) from liver tissue, according to the kit’s

TABLE 1 | Primer sequences were used for qPCR in this study.

Name Forward primer (5′
−3′) Reverse primer (5′– 3′)

hVEGF AAGGAGGAGGGCAGAAT AAGATGTCCACCAGGGTC

rHAMP CTGCCTGTCTCCTGCTTC TTGGTGTCTCGCTTCCTT

hGAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT

rGAPDH GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT
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instructions, primers were designed and synthesized based on
the target gene sequence (Table 1). RT-PCR measured the target
gene expression under the following conditions: 35 cycles, 92◦C
30 s, 58◦C 45 s, and 72◦C 35 s. The data were collected, and
all the typical CT values were calculated. The samples based
on quantitative fluorescence analysis were drawn with GAPDH
as the internal reference. The standard curve was drawn for
semi-quantitative analysis.

Enzyme-Linked Immunosorbent Assay
According to the manufacturer’s instructions, the levels of
hepcidin in the serum were detected using an enzyme-
linked immunosorbent assay kit (#EK0412, Boster Biological
Technology, China). Briefly, 50 µl enzyme-labeled reagents were
added to the 96-well-plate, except the blank control. After
mixing, the orifice plates were incubated at 37◦C for 30min,
followed by the addition of reaction substrates A and B (50
µl each time), and then dark incubation at 37◦C for 10min.
The absorbance value of 450 nm wavelength was measured
by a microplate reader (ThermoFisher, USA) after adding
quenching solution for 15min. The regression method is used
to study the optical density (OD) value to deduce the sample
concentration further.

Western Blotting
The IL-6R, STAT3 protein expressed levels in the liver were
detected by western blot. Proteins were extracted with RIPA
lysis buffer (#P0013B, Beyotime, China). Protein content was
determined by Coomassie brilliant blue method and stored
in a 20◦C refrigerator for further tests. The protein was
then separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and the isolated protein was
transferred into polyvinylidene fluoride (PVDF) membrane by
semi-dry method (100mA 1.5 h). At room temperature, 5%
skimmed milk powder was used to remove the non-specific
background for 2 h. Afterward, anti-STAT3monoclonal antibody
(1:2,000, #9139S, Cell Signaling Technology, USA), IL-6Rα

antibody (1:1,000, # sc-373708, Santa Cruz Biotechnology, USA)
was added and incubated overnight at 4◦C. On the next day, the
PBST membrane was cleaned and incubated with HRP labeled
1purl 2000 sheep anti-rabbit second antibody for 30min. The
Supersignal West Femto/PicoHRP sensitive chemiluminescence
substrate was selected to develop the nitrocellulose membrane
and β-actin (1:5,000, #A5441, Sigma, USA) was used as a control.

The above experiments were repeated at least three times, and the
odyssey machine scanned the film as well as collected the image.
The Image-J software analyzes the gray value of the target strip.

Eyeball and Retina Detection
The retina was obtained by the anatomical microscope (Leica
LAS EZ, Germany). Five hundred microliters of lectin GS-IB4
(Invitrogen, USA) was added to the retina to mark retinal vessels.
The retina was flattened through four incisions and placed on
a glass slide. The composition of the ischemic retinal region,
the number of branches of ducts, and the clock time of the
neovascularization plexus were compared with Adobe Photoshop
CS6 and ImageJ software.

Rat Retinal Cells Acquisition and
Processing
The retinal tissue was cut into pieces, digested with 25 g/L
trypsin lmL, centrifuged with 1,000 r/min (centrifugal radius
3 cm) for 5min supernatant was discarded. The cell suspension
was prepared by blowing an 8mL cell culture medium and
then inoculated into a petri dish. When the cells were fused
into monolayer cells, they were gently blown and moved to
the centrifuge tube. 1000 r/min (centrifugal radius 3 cm) was
centrifuged for 5min, and the supernatant was discarded. Added
DMEM/F12 culture medium containing fetal bovine serum,
carefully blow well, added an equal amount to two 35mm Petri
dishes. Afterward, added 1ml of DMEM/F12 culture medium
containing 100 g/L fetal bovine serum to each petri dish and put
it into the incubator. Embryonic retinal vascular endothelial cells

FIGURE 2 | The retinal vessels in the air group and the hyperoxia group under

the fluorescence microscope. (A) Air group, and (B) hyperoxia group.

FIGURE 1 | The number of retinal vessels in the hyperoxia group increased. HE staining showed retinal vessels in the air group (A) and hyperoxia group (B) (200X).

The red arrow represents the retinal hyperplastic capillary plexus.
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FIGURE 3 | The expression of STAT3, IL-6R, and HAMP mRNA. (A) Western blot result showing the expression of STAT3 and IL-6R in the hyperoxia and air groups.

(B) PCR result showing the expression of HAMP mRNA in the hyperoxia and air groups. Air group: K6, K11, K15; Hyperoxia group: S4, S12, S14 (*p < 0.05).

FIGURE 4 | Western blot showing the expression of STAT3 in retinal cells

treated with 250 µmol/L CoCl2 and S3I-201.

FIGURE 5 | PCR result showed VEGF mRNA expression in retinal cells treated

with 250 µmol/L CoCl2 and S3I-201 (***p < 0.05).

were grouped and were added to the complete culture medium
and then treated with 250 µmol/L CoCl2 (#C8661-100G, Sigma,
USA) for 72 h.

Histological Analysis and
Immunofluorescent Staining
For the histological analysis, the retinal tissues were dehydrated,
embedded in paraffin wax, and serially sectioned. The sections
were de-waxed in xylene, rehydrated, and stained with HE.

The sections were photographed using a fluorescent microscope
(Zeiss Axio Imager2, Germany). The sections were finally
photographed by the Zeiss microscope.

Data Analysis and Statistics
Data were expressed as the mean ±standard deviation (SD) and
analyzed by SPSS V16.0 (SPSSInc., USA) software. The mean
value between two groups was compared by Student’s two-tailed
t-test. ∗P < 0.05 was considered statistically significant.

RESULTS

The Observation of Retinal Vessels Using
HE Stains and Immunofluorescence
The results showed that the number of retinal vessels in the
hyperoxia group was significantly higher than that in the air
group (Figure 1, P < 0.05). In the hyperoxia group, the retinal
vessels were tortuous. In some regional blood vessels, they were
both tortuous and dilated. However, leakage from the vascular
fluorescence group was more serious, which were shown in
Figure 2.

The Expression of STAT3, IL-6R, and HAMP
mRNA
There was a significant increase in the expression of STAT3
protein after stimulating hyperoxia. However, IL-6R expression
was similar in the two groups. Additionally, the expression of
HAMP in the hyperoxia group was significantly higher than that
in the air group (Figure 3, P < 0.05).

The Expression of STAT3 in Retinal Cells
and VEGF mRNA
After 250 µmol/L CoCl2 treatment, the expression of STAT3
increased, whereas during treatment with S3I-201, its expression
decreased (Figure 4). Additionally, after treatment with 250
µmol/L CoCl2 for 72 h, the expression of VEGFmRNA in retinal
cells decreased, and the addition of S3I-201 also decreased its
expression (Figure 5).

Taken together, our data showed that the activation
of STAT3 increased the expression of hepcidin
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protein, thereby showing the role in ROP treatment.
In addition, the S3I-201 inhibitor could inhibit the
expression of STAT3 and VEGF mRNA, potentially
preventing ROP.

DISCUSSION

In this study, we showed that the expression of STAT3 protein
and HAMP mRNA increased significantly after hyperoxia
stimulation or treated by cobalt chloride, indicating the
potential role of STAT3 signal pathway activation and hepcidin
expression in the pathogenesis of ROP. And the treatment
of STAT3 pathway inhibitor S3I-201 decreased STAT3 and
VEGF mRNA expression, showing that when there is a
mutation or blockage on the STAT3 gene, VEGF expression will
decrease accordingly.

It should be noted that excess iron caused by multiple blood
transfusions and STAT3 signal transduction pathway activation
play essential roles in the occurrence and development of
ROP (23). And VEGF expression decreases accordingly when
the STAT3 gene is blocked (24). A study by Leske et al.
(25) revealed that VEGF mRNA expression in the retinopathy
group of premature mice was significantly increased when
neovascularization was maximized. In rats, the early stage of
ROP shows that hyperoxia inhibits VEGF mRNA expression,
reduces VEGF production, inhibits the development of normal
retinal vessels, and degenerates the original vessels. This causes
apoptosis of endothelial cells and leads to vascular occlusion (26–
28). During the late stage of ROP, the relative hypoxia of the retina
is aggravated, and a significant increase in VEGF expression
in the retina occurs, thereby promoting the formation and
proliferation of pathological neovascularization. In this study,
the expression of STAT3 in retinal cells treated with cobalt
chloride increased, but VEGFmRNA expression did not increase.
The reason could be that VEGF is regulated by multiple signal
transduction pathways and is timely-related to the pathological
stage of ROP.

Hepcidin, regulated by the JAK/STAT3 signal pathway, is
a 25 amino acids antimicrobial polypeptide transcripted by
HAMP and secreted into blood circulation by the liver. It can
regulate iron absorption in the intestines and its release in
macrophages. It also plays a negative role in the absorption
of iron in the intestinal tract and reduces excess iron in the
body (29). Another study indicated that the binding of the
STAT protein to the receptor is phosphorylated by kinase JAK
(30). The activated STAT protein enters the nucleus in the
form of a dimer binding to the target gene, regulates gene
transcription, and induces expression of various downstream
target genes related to biological behaviors such as cell
differentiation, apoptosis, and angiogenesis (31). Nonetheless,
in the hypoxic human retinal microvascular endothelial cells
(HRMECs) model induced by cobalt chloride, we found that
the expression of STAT3 and HAMP mRNA increased. In
contrast, the expression of STAT3 decreased after adding an

S3I-201 inhibitor. This confirmed the biological function of
hepcidin and S3I-201, an inhibitor of the STAT3 pathway,
and further clarified that the STAT3 signal pathway positively
regulates the expression of hepcidin during the pathogenesis
of ROP.

A highlight of this study is that when the iron is in
abundance, iron modulin increases, and the iron absorption
may be barred by the loss of the function of the iron transport
membrane transporter. Hence, the iron in the blood decreases,
and the iron balance is reached. Therefore, we conclude that
the increased expression of STAT3 induced by hyperoxia can be
compensatory for the body. This aims to alleviate further the
phenomenon of iron overload caused by hyperoxia. Thus, playing
a role of self-protection and avoiding the further aggravation
of ROP.

Given the findings from the present study, iron-
regulating pathway might be considered a potential
vascular-targeting, anti-proliferation treatment strategy
for retinopathy. These findings may contributing to a
new generation of targeted therapeutic drugs to treat and
prevent ROP. However, its specific mechanism still requires
further studies.
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