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PURPOSE. Abnormal angiogenesis is a defining feature in a couple of ocular neovascular
diseases. The application of anti-VEGFA therapy has achieved certain benefits in the
clinic, accompanying side effects and poor responsiveness in many patients. The present
study investigated the role of irisin in retinal neovascularization.

METHODS. Western blot and quantitative PCR were used to determine irisin expression in
the oxygen-induced retinopathy mice model. The pathological angiogenesis and inflam-
mation index were examined after irisin administration. Primary retinal astrocytes were
cultured and analyzed for VEGFA expression in vitro. Astrocyte-conditioned medium was
collected for transwell assay and tube formation assay in human microvascular endothe-
lial cells-1.

RESULTS. Irisin was downregulated in the oxygen-induced retinopathy mice retinae. Addi-
tional irisin attenuated pathological angiogenesis, inflammation, and apoptosis in vivo.
In vitro, irisin decreased astrocyte VEGFA production, and the conditioned medium
suppressed human microvascular endothelial cells-1 migration. Last, irisin inhibited
hypoxia-inducible factor-2α, nuclear factor-κB, and pNF-κB (Phospho-Nuclear Factor-κB)
expression.

CONCLUSIONS. Irisin mitigates retinal pathological angiogenesis.
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Neovascular eye diseases, including retinopathy of
prematurity, diabetic retinopathy (DR), and neovascular

AMD, are serious diseases affecting all ages.1,2 Current stud-
ies indicate that their prevalence will continue to increase
in the future. Abnormal angiogenesis is a common hall-
mark and a major cause of visual impairment in these
diseases.1,2 VEGFA plays a master part in the formation of
the aberrant vessels and has remained a hotspot since its
discovery.3,4 As a potent angiogenic factor, VEGFA stimu-
lates vascular endothelial cell proliferation and migration.5

Recent years have witnessed some positive outcomes in anti-
VEGFA therapy for neovascular retinal diseases.6,7 However,
the shortcomings, such as poor responsiveness, high cost,

and severe side effects,7 highlight the need for novel
therapies.

Astrocytes, the most abundant cells in the central nervous
system and essential components of the neurovascular unit,
play critical roles in angiogenesis and neuroinflamma-
tion.8,9 The role of astrocytes in retinal vascularization
includes two aspects. One is establishing the physical
template for vascular endothelial cell migration, and the
other is producing multiple factors that promote and guide
angiogenesis.10,11 A large body of evidence has identified
astrocytes as a significant source of VEGFA in both physi-
ological and pathological status.12,13 During inflammatory
responses, astrocytes contribute to the elevated secretion of
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proinflammatory factors and sustained microglial activa-
tion.14 Recent research supports that angiogenesis and
inflammation are closely coordinated and share multiple
signaling mediators in common.15,16 Promoting inflamma-
tion in astrocytes encourages angiogenesis.17

Irisin, identified as a myokine in muscle, was initially
known for stimulating adipocyte browning and thermoge-
nesis.18 Current findings implicate that irisin is also secreted
in the brain, heart, liver, lung, and other sites.19,20 Mean-
while, irisin has exhibited various physiological functions,
including antiapoptosis, attenuating inflammation, reducing
oxidative stress, maintaining the endothelial barrier, and
ameliorating mitochondrial dysfunction.21–23 In the central
nervous system, irisin regulates the inflammatory responses
by targeting astrocytes.24–26 Interesting new work in patients
with type 2 diabetes mellitus indicates that circulating and
vitreous irisin concentrations is corelated with retinopathy
development. PDR patients have lower irisin concentrations
compared with the controls and patients with type 2 diabetes
mellitus without DR.27–29 These findings raise the possibility
that irisin may play a role in retinal angiogenesis.

Our results demonstrate that irisin mitigates pathological
neovascularization, suppresses inflammation, and alleviates
apoptosis in the OIR mice. In vitro, irisin decreased VEGFA
production in cultured astrocytes. Mechanically, irisin
reduces the expression levels of hypoxia-inducible factor
(HIF)-2α, nuclear factor (NF)-κB, and pNF-κB (Phospho-
Nuclear Factor-κB). Our study suggests that irisin may
be a potential therapeutic strategy for neovascular retinal
diseases.

METHODS

Ethical Approval
Animal welfare was taken into consideration in our experi-
ments. All procedures adhered to the policies and guidelines
established by the Military Medical University Animal Care
and Use Committee and the ARVO Animal Statement.

Animals and Experimental Design

C57BL/6J mice were purchased from the animal center of
the Daping hospital. All mice were kept in plastic cages
with a 12 h light/12 h dark cycle and had free access to
food and water. OIR was performed as previously reported.16

In brief, newborn mice were exposed to 75% oxygen from
postnatal day (P) 7 to P12. First, litters were randomly
divided into normoxia (mice kept in normal room air)
and OIR groups. Mice were sacrificed at P14 and P17 for
gene expression studies. Second, littermate OIR mice were
randomly divided into OIR + saline and OIR + irisin groups,
with normal saline (with 1% dimethylsulfoxide [DMSO]) and
irisin (Phoenix Biotechnology, Inc, San Antonio, TX, 42-112)
administration. Eyes or retinae were collected for morpho-
logical analysis, molecular biology studies, or gene expres-
sion studies at P17.

Irisin Administration

For intravitreal injections, irisin (50 nM, in 1% of DMSO-
saline) was given in a final volume of 1 μL, systemic treat-
ment with irisin (250 μg/kg, intraperitoneal injection) was
done twice a day. For cell experiments, irisin was dissolved
in PBS (1% of DMSO) and diluted in the medium to a final
concentration of 10 nM.

Whole-Mounted Retinal Immunofluorescence

Mice were perfused with normal saline under anesthetic
at P17. The eyes were enucleated and fixated with 4%
paraformaldehyde (PFA) for half an hour. After that, intact
retinae were dissected and cut into a clover shape under
the microscope. The retinae were blocked and permeabi-
lized in normal goat serum containing 3% Triton-X 100
(Sigma-Aldrich, St Louis, MO) overnight at 4°C and incu-
bated with primary antibodies for proliferating cell nuclear
antigen (PCNA) (Abcam, Cambridge, UK, ab29), CD31
(Abcam, ab281583), and glial fibrillary acidic protein (GFAP)
(CST, #3670) overnight at 4°C. Next, the secondary anti-
body (Abcam, ab150081) and IB4 (ThermoFisher Scientific,
Waltham, MA,121413) incubation were 24 hours at 4°C. Reti-
nae were washed with normal saline after every step. Finally,
retinae were mounted on slides and captured by an Olym-
pus confocal microscopy. Retinal vasculature and astrocyte
density were analyzed using AngioTool and Image J soft-
ware.16,30,31

Immunofluorescence

Eyes were enucleated and fixed overnight in 4% PFA. Next,
the eyes were dehydrated in 30% sucrose and embedded
in the optimal cutting temperature compound. Then they
were fast frozen and cut into 8-μm sagittal sections. The
sections were permeabilized and blocked with normal goat
serum containing 0.5% Triton-X-100 (Sigma-Aldrich) for 1
hour at room temperature. The sections were incubated
with primary antibodies irisin (Abcam, ab174833), Tuj 1
(Abcam, ab18207), PCNA (Abcam, ab29), GFAP (Cell Signal-
ing Technology Danvers, MA, #80788), and VEGFA (Protein-
tech, Rosemont, IL, 66828-1-lg) overnight at 4°C. After wash-
ing in PBS, the sections were incubated with secondary
antibodies for 1.5 hours and counterstained with Hoechst
(Abcam, ab228551). The sections were observed under an
Olympus confocal microscope after being sealed with the
fluorescence quenching agent. The colocalization analysis
of GFAP with VEGFA was performed employing the colo-
calization finder plugin of Image J software, as previously
described.32

TUNEL Assay

TUNEL staining was performed with a kit (Beyotime,
Jiangsu, China, C1089). Retinal sections were fixed in 4%
PFA for 30 minutes at room temperature and permeated with
cold PBS containing 0.5% Triton X-100 (Sigma-Aldrich) for
5 minutes. After that, the TUNEL reaction agent (Enzyme
Solution: Label Solution, 1:9) was added to incubate the
sections in a humidified incubator for 1 h at 37°C. Finally, the
sections were sealed after Hoechst staining. Fluorescence
images were scanned and captured with an Olympus confo-
cal microscope and analyzed with Image J.

Astrocyte Culture

Astrocytes in the retina were isolated from neonatal pups of
C57BL/6J mice following the previous protocol.33 The astro-
cyte cultures were seeded in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco,Waltham, MA) containing 10% fetal
bovine serum (Gibco) and maintained in a 95% humidified
incubator at 37°C with 5% CO2.

Astrocyte Treatments and Preparation of
Astrocyte-Conditioned Medium (ACM)

Astrocytes were incubated with irisin (10 nM) for 24 hours at
80% confluence in the presence or absence of 250 μM CoCl2
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TABLE. Primer Sequences for the Target Genes

Gene Forward Primer 5′-3′ Reverse Primer 5′-3′

IL-1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
MCP-1 ACTGAAGCCAGCTCTCTCTTCCTC TTCCTTCTTGGGGTCAGCACAGAC
TNF-α TGCCTATGTCTCAGCCTCTTC GGTCTGGGCCATAGAACTGA
β-Actin TGTGACGTTGACATCCGTAAA GTACTTGCGCTCAGGAGGAG
irisin GGACTCTTGGAAAACACCACTG TCCACACAGA TGA TCTCACCAC
VEGFA ATGCGGATCAAACCTCACCAAA TTCTGGCTTTGTTCTGTCTTTCTTT

MCP-1, monocyte chemoattractant protein-1.

(Sigma-Aldrich, in DMEM). The naïve control (NC) received
the same volume of PBS (1% DMSO). For integrin inhibitor
treatment, cells were treated with100 ng/mL RGD peptide
(MCE, HY-P1740, in DMEM) in the presence or absence of
irisin (10 nM) upon exposure to 250 μM CoCl2. After the
treatments, the conditioned medium was collected for the
following ELISA test and HMECs-1 incubation. Cold PBS
was added to the astrocytes. RLS or radioimmunoprecipi-
tation assay buffer for lysis were added after PBS aspiration
for quantitative PCR (qPCR) and Western blot analysis. The
astrocytes conditioned medium was 1:1 mixed with fresh
medium for the transwell migration assay and tube forma-
tion assay in HMECs-1.

ELISA

Free VEGFA in astrocyte conditioned medium was measured
by a VEGFA ELISA Kit (Cloud-Clone Corp, Houston, TX,
SEA143Mu) according to the manufacturers’ instructions. All
samples were collected on ice and centrifuged at 1000g for 5
minutes at 4°C to remove the cell debris. The optical density
value was measured at 450 nm wavelength.

Transwell Migration Assay

HMECs-1 (American Type Culture Collection, Manassas, VA;
CRL-3243) were seeded in DMEM supplemented with 5%
fetal bovine serum in the upper chamber of transwell insets
(Corning, Corning, New York) (8-μm pore) in 24 plates. ACM
or fresh medium was placed in the bottom chamber. After
24 hours in culture, the membranes were washed with PBS
and fixed with 4% PFA. After wiping cells off the upper side
of the membrane with a cotton swab, the membranes were
detached, stained with violet crystalline, and mounted on
slides. Randomly selected fields were captured by an optical
microscopy and analyzed with Image J software.

Tube Formation Assay

Matrigel (BD Biosciences, Franklin Lakes, NJ) was coated
on 24-well culture plates and polymerized for 30 minutes at
37°C. HMECs-1 (2 × 104 cells) were seeded on the surface
of the Matrigel and treated with ACM or fresh medium for
6 hours. For VEGFA supplementation, approximately 140
pg/mL VEGFA (Abcam, ab185265) was added in the ACM.
The formed tubes were observed and photographed. Tube
formation was quantified in randomly selected fields with
angiogenesis analyze plugin of Image J software.

Protein Extraction and Western Blot Analysis

Retinae and astrocytes from different groups were harvested
at other times accordingly. Protein was extracted by radioim-
munoprecipitation assay containing protease inhibitors.
After centrifuging at 10,000g for 15 minutes at 4°C, the
supernatants were collected. A BCA kit (Beyotime, P0010)
was used to measure the concentrations. The proteins with

loading buffer were heated to 100°C for 10 minutes. Equal
amounts of protein were resolved on SDS-PAGE Gel under
120 V and transferred to polyvinylidene difluoride filter
membrane (Millipore, Bedford, MA). Blocked with 5% BSA
in TBS-Tween 20 for 1 h at room temperature, the polyvinyli-
dene difluoride filter membranes were incubated with irisin
(Abcam, ab174833), PCNA (Abcam, ab29), VEGFA (Abcam,
ab46154), caspase 3 (Bioss, Woburn, MA, bsm-33284M), HIF-
2α (CST, #57921), NF-κB (CST, #8242), p-NFκB (CST, #3033),
β-actin (CST, #3700), and glyceraldehyde-3-phosphate dehy-
drogenase (CST, #5174) antibodies in antibody dilution solu-
tion overnight at 4°C. On the following day, after washing
three times, the polyvinylidene difluoride filter membranes
were incubated with the secondary antibody (CST, 7076/7)
for 1.5 hours and visualized by an enhanced chemilumines-
cence system (Millipore).

qPCR

RNA was extracted using the universal RNA extraction kit
(Accurate Biology, AG21022, Hunan, China) and converted
to cDNA by using Evo M-MLVRT Premix for qPCR (Accu-
rate Biology, AG11701). qPCR was conducted according to
the manufacturer’s protocol, using the SYBR Green RT-PCR
Master mix. β-Actin was used as an internal control to
normalize the target gene expressions. The 2−��CT method
was used to calculate the gene expression. The PCR primers
are listed in Table. The condition for the reaction was 95°C
for 45 seconds, 60°C for 30 seconds to denaturation, and
72°C for 45 seconds for 40 cycles to extension. All experi-
ments were performed in triplicate.

Statistical Analysis

All data were expressed as mean ± standard error of the
mean. A P value of less than 0.05 was considered statistically
significant. The Student t test was used when two groups
were compared. One-way ANOVA followed by Tukey multi-
ple comparisons was used when three or more groups were
compared. Statistical analyses were performed with Graph-
Pad Prism (GraphPad Software Inc, San Diego, CA).

RESULTS

Irisin Is Downregulated in the Oxygen-induced
Retinopathy (OIR) Mice Model

OIR is a popular model for studying pathological angiogene-
sis in the retina, because it can mimic the cardinal features of
retinopathy of prematurity and proliferative DR.34 The estab-
lishment of the OIR model was illustrated in Figure 1A. To
investigate the potential role of irisin in retinal neovascu-
larization, we measured the levels of irisin in the OIR mice
at first. qPCR revealed that the OIR retinae had a decrease
in the irisin mRNA expression at P14 and P17, and the
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FIGURE 1. Irisin is decreased in the retinae of the OIR mice. (A) Diagrammatic illustration of the OIR mice model. (B) A qPCR analysis of
irisin mRNA expression in normoxic and OIR retinae at P14 and P17. Data were normalized to gene expression of the normoxia group, and
β-actin was used as an internal control (n = 3-4). (C) Western blot analysis and quantification of irisin in normoxic and OIR retinae at P14
(n = 4). (D) Representative immunofluorescence images of irisin (red) and GFAP (green) in P14 normoxic and OIR mice retina cryosections.
Scale bar, 100 μm.*P < 0.05. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; NFL, nerve fiber layer; ONL, outer
nuclear layer.

FIGURE 2. Supplementation of irisin alleviates aberrant angiogenesis in OIR mice. (A) Irisin or saline was administered to the OIR mice via
vitreous injection at P13, and retinae were analyzed at P17. (B) IB4 staining of whole-mount retinae from OIR + saline and OIR + irisin mice
at P17. The yellow area indicates the avascular area in the insets, and the white area indicates the neovascular area. (C) Quantification of the
avascular area and neovascular area at P17 in OIR + saline and OIR + irisin mice retinae, related to (B). (D and E) Representative images
of CD31 (green) in superficial, intermittent, and deep retinal layers in OIR + saline and OIR + irisin mice retinae at P17, with quantification
of the vessel length and branching points of superficial, intermediate, and deep vascular network (n = 7–8). (F) Western blot analysis and
quantification of PCNA protein in the retinae of OIR + saline and OIR + irisin mice. (G and H) Representative images and the corresponding
quantification of PCNA+/IB4+ cells in OIR + saline and OIR + irisin mice (n = 3–4). *P < 0.05.
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FIGURE 3. VEGFA is downregulated by irisin administration in OIR mice. (A) Western blot analysis and quantification of VEGFA in OIR +
saline and OIR + irisin retinae at P17 (n = 7). (B) Representative images of retinal cryosection staining with VEGFA (green) and GFAP (red)
in OIR + saline and OIR + irisin mice at P17. (C) Fluorescence signal intensities of VEGFA and GFAP costaining quantified from OIR +
saline and OIR + irisin group, related to (B) (n = 4–5). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; NFL,
nerve fiber layer; ONL, outer nuclear layer.

decrease was more evident at P14 (Fig. 1B). Hence, we exam-
ined the protein expression of irisin at P14, and the results
confirmed that irisin was significantly decreased in the OIR
group (Fig. 1C). Immunofluorescence further ascertained the
existence of irisin, mainly in the nerve fiber layer, inner
plexiform layer, and RPE layer (Fig. 1D). Because there was
a negative relationship between irisin and VEGFA in clin-
ical patients with DR,35 we also examined the expression
of VEGFA at P14. Western blot indicated that VEGFA was
increased in the OIR group (Supplementary Fig. S1). These
results offer a rationale for further exploring the function of
irisin in retinal neovascularization.

Irisin Mitigates Pathological Neovascularization
in OIR Mice

To explore the effects of irisin in pathological angiogene-
sis, we administered it to the OIR mice via either intrav-
itreal (Fig. 2A) or intraperitoneal injection (Supplementary
Fig. S2). Wholemount immunostaining with IB4 showed
that both neovascular area (OIR + saline group, 10.4 ±
1.05%; OIR + irisin group, 7.03 ± 1.19%; a 32.4% decrease)

and avascular area (OIR + saline group, 9.89 ± 0.88%;
OIR + irisin group, 6.3 ± 0.86%; a 36.2% decrease) were
significantly decreased after irisin administration (Figs. 2B,
2C). Also, the vessel lengths and the number of branching
points in each layer were measured. Results showed that
irisin slightly decreased the vessel lengths and the number
of branching points in the superficial plexus compared
with the OIR + saline group (Figs. 2D, 2E). To confirm
these results, we performed a Western blot analysis and
wholemount staining to detect the expression of PCNA, a
vascular endothelial cell proliferative marker.16 The results
displayed that irisin decreased the expression of PCNA
protein (Fig. 2F). Meanwhile, PCNA/IB4 positive cells in the
neovascular area decreased by 33% in the OIR + irisin group
compared with the OIR + saline group (Figs. 2G, 2H).

Irisin Reduces VEGFA Expression in the OIR Mice
Model

Owing to the pivotal role of VEGFA in angiogenesis and the
inverse correlation between irisin and VEGFA, we further
analyzed the expression of VEGFA in the retinae after
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FIGURE 4. Irisin impairs hypoxia induced VEGFA production in astrocytes in vitro. (A) Schematic illustration of astrocytic preparations for
ELISA, Western blot, and qPCR. Astrocytes were exposed to 250 μM CoCl2 in the absence or presence of irisin (10 nM) and/or RGD peptide
(100 ng/mL) for 24 hours. The NC group was treated with the same volume of the solvent PBS (1% DMSO). (B) Free VEGFA concentrations in
conditioned media from primary astrocytes were determined by ELISA. (C) A qPCR analysis of VEGFA mRNA expression in astrocytes from
NC, irisin, CoCl2 and CoCl2 + irisin groups. (D) Western blot analysis and quantification of VEGFA and HIF-2α protein level in astrocytes
from CoCl2, CoCl2 + irisin, CoCl2 + irisin + RGD, and CoCl2 + RGD groups (n = 4). *P < 0.05.

intravitreal injection of irisin. Western blot showed that
VEGFA expression was reduced nearly by one-half in the
OIR + irisin group (Fig. 3A). However, VEGFA signifi-
cantly increased in the OIR mice compared with those
kept in room air simultaneously (Supplementary Fig. S3).
Because astrocytes have been proved to be a major source
of VEGFA during hypoxia, we conducted double immunoflu-
orescent staining of GFAP and VEGFA. Colocalization anal-
ysis revealed that the intensity of GFAP and VEGFA costain-
ing was mitigated by irisin in OIR mice (Figs. 3B, 3C). These
results further suggest that irisin may exert its antiangiogenic
effect by targeting astrocytes.

Irisin Inhibits VEGFA Production in Cultured
Astrocytes upon Hypoxia Stimulus

Later, we carried out in vitro experiments to exclusively
observe the effect of irisin on astrocytes. Primarily cultured
astrocytes were treated with CoCl2 (a chemical hypoxic
agent) to simulate hypoxia insult.36 ELISA, qPCR, and West-
ern blot analyses were conducted to detect VEGFA secre-
tion and expression in the astrocytes (Fig. 4A). ELISA results
revealed that the concentration of VEGFA in the medium
was higher in the CoCl2 group than in the NC group. Irisin
decreased the VEGFA concentration in astrocytes with or
without CoCl2 (Fig. 4B). Likewise, the mRNA levels of VEGFA
were decreased by irisin in the presence or absence of CoCl2
(Fig. 4C). RGD peptide, an integrin receptor inhibitor,37

inhibits the effect of irisin on astrocyte VEGFA secretion
and expression in CoCl2 treated astrocytes. We also detected
the protein expression of HIF-2α, an important regulator of
VEGFA. Results indicated that HIF-2α was downregulated
by irisin, whereas RGD cotreatment reversed this inhibitory
effect (Fig. 4D).

Conditioned Medium From Irisin-pretreated
Astrocytes Suppresses HMECs-1 Migration

To further clarify the linkage between irisin and astrocyte
in retinal angiogenesis, we collected ACM from the NC,
irisin, CoCl2, and CoCl2 + irisin groups in Figure 4 to incu-
bate HMECs-1. Fresh media corresponding with these four
groups were set up to exclude the direct effect of irisin
on HMECs-1 (Fig. 5A). When HMECs-1 were cultured in
fresh medium, we found no significant difference in the
number of migrated cells between the NC and the irisin
groups. However, the number of migrated HMECs-1 in the
irisin ACM group (90.00 ± 5.80) was significantly decreased
compared with the NC ACM group (120.00 ± 1.29) (Figs. 5B,
5C). Similarly, there was no significant difference in tube
formation between the CoCl2 and the CoCl2 + irisin groups
when HMECs-1 were cultured in fresh medium. However,
the vessel length per field in the CoCl2 + irisin ACM group
is 70% of the CoCl2 ACM group. In addition, VEGFA supple-
mentation (the difference between CoCl2 and CoCl2 + irisin
ACM) to the CoCl2 + irisin ACM partly restored irisin’s
inhibitory effect on HMECs-1 tube formation (Figs. 5D, 5E).

Irisin Decreases HIF-2α Expression in the Retinae
of OIR Mice

Western blot analysis indicated that HIF-2α was decreased
by irisin administration in OIR mice (Fig. 6A). Except for
VEGFA secretion, another critical role for astrocytes is estab-
lishing the physical scaffold for vessel migration. The dele-
tion of astrocytes results in aberrant angiogenesis, and the
density of astrocytes has been observed to decrease in
OIR and DM mice retinae.38–40 Here, we showed that the
astrocyte density was increased in the OIR + irisin group
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FIGURE 5. Effects of ACM from different groups on HMECs-1 migration and tube formation. (A) Schematic illustration of cell experiments.
(B) Representative images of HMECs-1 transwell assay in fresh medium or ACM. Both fresh medium and ACM include the NC and irisin
groups. (C) The quantification of migrated cells in HMECs-1, related to (B) (n = 3). *P < 0.05. (D) Representative images of tube formation
in HMECs-1 in fresh medium or ACM. Fresh medium was divided into CoCl2 and CoCl2 + irisin groups. ACM included four groups: CoCl2
ACM, CoCl2 + irisin ACM (CoCl2 + irisin), ACM + VEGFA, and CoCl2 ACM + VEGFA. (E) The quantification of tube formation in HMECs-1,
related to (D) (n = 3–4). *P < 0.05.

FIGURE 6. HIF-2α expression is reduced in the OIR mice retinae after irisin administration. (A) Western blot and quantification of HIF-2α
in the retinae of OIR + saline and OIR + irisin mice at P17 (n = 3–4). (B and C) Whole-mount immunostaining with GFAP and IB4 in the
avascular and neovascular areas in OIR + saline and OIR + irisin retinae. (D) Quantification of the astrocyte density in the avascular and
neovascular areas, related to (B) and (C) (n = 3–4). *P < 0.05.
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FIGURE 7. Irisin prevents cell apoptosis in the OIR retinae. (A) Representative images of TUNEL staining in the retinae of normoxia + saline,
normoxia + irisin, OIR + saline, and OIR + irisin mice. (B) The quantitative analysis of TUNEL-positive cells related to A. (C) Western blot
analysis and quantification of active caspase 3 expression in normoxia + saline, normoxia + irisin, OIR + saline, and OIR + irisin retinae at
P17. (D) qPCR analysis of TNF-α, IL-1β, and monocyte chemoattractant protein-1 (MCP-1) mRNA in normoxia + saline, normoxia + irisin,
OIR + saline, and OIR + irisin retinae at P17. Data were normalized to the normoxia + saline and OIR + saline groups. β-Actin was used
as an internal control. (E) Western blot analysis and quantification of NF-κB and pNF-κB protein in the retinae from normoxia + saline,
normoxia + irisin, OIR + saline, and OIR + irisin mice upon P17 (n = 3–4). *P < 0.05. GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer.

compared to the OIR + saline group, with a 1.3-fold increase
in the avascular area and a 1.25-fold increase in the neovas-
cular area (Figs. 6B, 6C). Overall retinal images are shown
in Supplementary Figure S4. The results suggested that irisin
maintained the quantity of astrocytes.

Irisin Alleviates Apoptosis and Inflammation in
the OIR Mice Retinae

Previous studies have demonstrated the beneficial role of
irisin in inhibiting apoptosis in many disease models.41

We also found that the number of TUNEL-positive cells in
the retinae was markedly decreased in the OIR + irisin
mice compared with the OIR + saline group, with a 42%
decrease in the central region and 53% in the midperipheral
region. However, irisin made little difference in apoptosis
in normoxic mice (Figs. 7A, 7B). Consistently, the expres-
sion of active caspase-3, a classical apoptosis-related protein,
was lower in the OIR + irisin group (Fig. 7C). Prior studies
have witnessed that irisin could act as an anti-inflammatory
agent. We further analyzed the effects of irisin on the expres-
sion of angiogenesis and inflammation-associated cytokines.

A decreasing trend was found in the expression of TNF-α,
IL-1β, and monocyte chemoattractant protein-1 after irisin
treatment in the OIR mice (Fig. 7D). NF-κB, an important
regulator in angiogenesis, inflammation, and neuron apop-
tosis, was also examined in our study. The results indicated
that both NF-κB and p-NFκB were decreased by irisin admin-
istration in OIR, but not in normoxic mice (Figs. 7E).

DISCUSSION

Neovascular retinal diseases represent a leading cause of
blindness globally. The mounting prevalence renders explor-
ing new therapies a matter of urgency. Our present study
provided the first evidence that irisin was downregulated
in the OIR mice model. Additional irisin mitigated retinal
pathological angiogenesis in the OIR mice and decreased
VEGFA production in cultured astrocytes. Moreover, irisin
suppressed inflammation and neuron apoptosis in the OIR
retinae. Mechanistically, irisin decreased the expression of
HIF-2α, NF-κB, and pNF-κB.

Notably, the expression of irisin seems to be downregu-
lated in the OIR retinae. Previous studies showed that circu-
lating and vitreous irisin concentrations were significantly
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lower in patients with proliferative DR than in the control
group and patients with type 2 diabetes without DR.27–29

These results suggest that there might be an irisin deficiency
in retinal pathological angiogenesis. To investigate the role
of irisin, we set out to supplement exogenous irisin in the
OIR mice. We found that irisin markedly decreased the avas-
cular and neovascular areas in the OIR retinae. Of note is
that VEGFA, which should have been upregulated in the
OIR mice, was significantly decreased by irisin. The nega-
tive relationship between irisin and VEGFA in the OIR mice
is consistent with a former clinical report.35

Angiogenesis in the retina is a complex process coor-
dinated by various cells, of which astrocytes play a vital
part. Astrocytes are a primary source of VEGFA in reti-
nal pathological angiogenesis.12,13 An immunofluorescence
analysis revealed that irisin notably inhibited astrocyte-
derived VEGFA. Consistent with this observation, the lengths
and branching points in the superficial layer of retinal
vessels decreased significantly. Thus, we speculated that
the effect of irisin on pathological angiogenesis might be
closely associated with astrocytes. Retinal astrocytes were
isolated to investigate the role of irisin in VEGFA production.
We found that irisin markedly decreased VEGFA concentra-
tion in the medium and VEGFA mRNA and protein expres-
sion levels in CoCl2-treated astrocytes. Accordingly, condi-
tioned medium from CoCl2 + irisin pretreated astrocytes
suppressed HMECs-1 tube formation, whereas supplement-
ing the missing VEGFA abrogated the inhibitory effects.
These data further validated that VEGFA reduction in astro-
cytes might be responsible for the role of irisin in patholog-
ical angiogenesis.

HIF-2α, a member of the HIF family, plays a vital role
in regulating cellular responses to hypoxia.42 As an essen-
tial regulator of VEGFA,43,44 HIF-2α was decreased by irisin
in CoCl2-treated astrocytes. However, blocking the irisin
receptor with RGD peptide inhibited irisin-induced HIF-
2α and VEGFA downregulation. In addition, HIF-2α was
also decreased after irisin administration in the OIR mice
retinae. These in vitro and in vivo results indicated that
irisin might regulate the expression of VEGFA via HIF-
2α. Remarkably, current research showed that HIF-2α defi-
ciency greatly accelerated retinal astrocyte differentiation.45

As described, astrocytes provide the scaffold for vascular
endothelial migration during retinal vascularization. The
astrocytes in contact with the new vessels are mostly imma-
ture and own great proliferative capacity. Subsequently, the
astrocytes differentiate and express their maturation marker
GFAP.10,46 It has been verified that degeneration of astro-
cytes in the OIR model leads to disruption of the astrocytic
template and pathological angiogenesis eventually.38,40 Our
results showed that irisin inhibited the loss of GFAP-positive
astrocytes in the OIR retinae. These findings indicate that
irisin might inhibit pathological angiogenesis by targeting
HIF-2α.

Previously, irisin exhibited antiapoptotic and anti-
inflammatory properties in a couple of diseases.41 Simi-
larly, in the current study, irisin exerted an inhibitory role
on apoptosis, as demonstrated by reduced TUNEL positive
cells and active caspase 3 expression. Nevertheless, neutral-
izing VEGFA has been reported to cause neuron damage.47

Thus, irisin may be a better choice for neovascular retinal
diseases. A growing body of evidence supports the idea
that angiogenesis and inflammation are closely connected.
Hong et al.48 indicated that inflammation could impair reti-
nal angiogenesis in neonatal rats. TNF-α, IL-1β, and mono-
cyte chemoattractant protein-1 mRNA, genes that participate

in angiogenesis and inflammation,16 showed a remarkable
decrease in the OIR mice after irisin injection. Furthermore,
irisin decreased the expression of NF-κB and pNF-κB, which
are classical regulators in angiogenesis, inflammation, and
neuron apoptosis.16,49

In conclusion, our study implied for the first time that
irisin mitigated retinal neovascularization and preserved
neuroglial survival. Still, the present study has intrinsic limi-
tations. First, the origination of irisin is not investigated.
Second, further work is needed to elaborate and confirm the
detailed mechanism of irisin in OIR. For example, whether
irisin could exert an antiangiogenic effect under the adminis-
tration of an NF-κB agonist or HIF-2α inhibitor. Furthermore,
Guo et al.50 reported that irisin protects the blood–brain
barrier from ischemic injury by decreasing the expression
of MMP-9. Whether irisin could preserve the blood–retinal
barrier has not been explored.
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