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Abstract: Retinopathy of prematurity (ROP) is a severe eye disease leading to blindness. Abnormal
vessel formation is the pathological hallmark of neovascular ROP. In forming vessels, vascular en-
dothelial growth factor (VEGF) is an important stimulator. The current anti-ROP therapy has focused
on bevacizumab, a monoclonal antibody against VEGF, and pazopanib, a tyrosine kinase inhibitor
on the VEGEF receptor (VEGFR). Several lines of evidence have proposed that natural compounds
may be more effective and safer for anti-VEGF function. Resveratrol, a common natural compound,
binds to VEGF and blocks its interaction with VEGFR, thereafter suppressing angiogenesis. Here,
we evaluate the efficacy of intravitreal injection, or topical instillation (eye drops), of resveratrol into
the eyes of mice suffering from oxygen-induced retinopathy;, i.e., developing ROP. The treatment
of resveratrol significantly relieved the degree of vascular distortion, permeability and hyperplasia;
the efficacy could be revealed by both methods of resveratrol application. In parallel, the treatments
of resveratrol inhibited the retinal expressions of VEGF, VEGFR and CD31. Moreover, the applied
resveratrol significantly relieved the damage caused by oxygen radicals through upregulating the
level of superoxide dismutase (SOD) and downregulating the level of malondialdehyde (MDA) in
the retina. Taken together, the potential therapeutic benefit of resveratrol in pro-angiogenic diseases,
including retinopathy, can be considered.

Keywords: resveratrol; retinopathy of prematurity; age-related macular degeneration; anti-VEGF;
natural product

1. Introduction

Angiogenesis is the process of new blood vessels deriving from an existing vascular
network, playing a major role in the progression and development of various diseases,
including tumours and inflammation. Therefore, it is under precise control [1,2]. Pathologic
angiogenesis occurs in retinopathy of prematurity (ROP) or diabetic retinopathy, and it
is a key factor leading to blindness [3,4]. In a healthy retina, the growth of blood vessels
should be under strict control [5-7]; however, under abnormal conditions, e.g., hypoxia,
infection or chemical burns, angiogenesis can be induced [8-10]. The formation of new
blood vessel(s) in the retina is named as neovascularization. Abnormal neovascularization

Int. . Mol. Sci. 2022, 23, 6455. https://doi.org/10.3390/ijms23126455

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23126455
https://doi.org/10.3390/ijms23126455
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-6137-3877
https://orcid.org/0000-0002-1188-9023
https://doi.org/10.3390/ijms23126455
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23126455?type=check_update&version=1

Int. J. Mol. Sci. 2022, 23, 6455

2 of 14

leads to severe vision impairment, and this is a key common pathway to all impairments.
Functionally, angiogenesis plays a role in supplying blood flow to various cells during
eye development. Thus, this should have great benefits in terms of understanding the
pathophysiology of angiogenesis and identifying possible targets of angiogenic regulation
in eye diseases.

The proliferation and migration of vascular endothelial cells is essential in creating
new blood vessels. Vascular endothelial growth factor (VEGF) is a key factor contributing
to endothelial cell proliferation and angiogenesis [11,12]. The essential role of VEGF in
angiogenesis and embryonic vasculogenesis has been supported by the inactivation of
a single VEGF allele in mice leading to embryonic death [1]. Thus, a major direction of
present research in anti-angiogenic therapy is focusing on VEGFE. VEGF exerts its effects by
binding to transmembrane endothelial cell receptors with several high-affinity receptors,
especially VEGF receptor 1 (VEGFR-1) (Flt-1) and VEGF receptor 2 (VEGFR-2) (KDR/Flk-1).
The binding of VEGF with its receptor leads to phosphorylation of intracellular receptors,
in turn inducing the relevant downstream signalling [13]. VEGF has been shown to be
closely related to retinal neovascularization in animal models and in humans [14,15]. The
amounts of VEGF and VEGEFR in diseased retina are higher than that of normal or avascular
abnormal retina. In parallel, anti-VEGF therapy, e.g., Avastin (bevacizumab), has been very
successful in treating colon cancer [16], which could regulate the neovascularization [7,17].

Retinopathy of prematurity (ROP), also known as retrolental fibroplasia, is a vaso-
proliferative disorder of the retina and a major cause of blindness. The pathologies are
triggered by limiting retinal oxygenation: the hypoxia induces overexpression of growth
factors, including VEGEF, and thereafter abnormal blood vessel growth [18]. Both preventive
and therapeutic medications have been proposed in fighting against ROP, e.g., vitamin
E [19], supplemental essential polyunsaturated fatty acids [20], angiopoietin-1 [21] and
erythropoietin [22]. Nevertheless, the understanding of pathologies of therapeutic agents is
limited [23]. The clinical application of VEGF-neutralizing antibody has been a promising
approach against ROP [18,23,24]. However, the antibody application demonstrated vari-
ous issues, e.g., high cost, frequent and invasive injection, and side effects in ocular and
systemic tissues [25,26]. Another treatment of ROP is via laser, which has been considered
the most promising standard as it can attenuate excessive VEGF secretion and regression
of new blood vessels by ablating the retinal vessels. However, laser therapy may trigger
severe complications, such as myopic shift and defects in the peripheral visual field, as well
as failures in severe ROP, including insufficient pupil dilatation and poor visualization of
the retina [27,28]. Thus, the development of a variety of natural compounds in reducing
retinal angiogenesis is needed.

Polydatin [29] and resveratrol [30] have been identified for binding to VEGF from a
Chinese medicinal herb, Polygoni Cuspidati Rhizoma et Radix [31]. The binding inter-
actions of resveratrol and/or polydatin to VEGF attenuated VEGF-mediated angiogenic
activities, i.e., decreased the amount of VEGF able to interact with its receptors. Under
this notion, we explored the potential application of resveratrol for retinal neovasculariza-
tion in an in vivo angiogenetic mice model of retinal development. Moreover, the role of
resveratrol in relieving the damage caused by oxygen radicals was also evaluated.

2. Results
2.1. Resveratrol Regulates Retinal Vascular Permeability

To investigate the role of resveratrol in retinal vascular permeability in mice, an ROP
mice model was developed. The efficacy of resveratrol on vascular permeability was
determined separately by intravitreal injection or topical instillation. Avastin was selected
as a positive control as it is known to inhibit vascular permeability [32]. Neonatal mice
were exposed to oxygen (75 £ 2%) in a hyperoxic chamber and then returned to normal
air. In control mice, vascular morphology was unchanged, and no blood leakage was
observed. In ROP mice, obvious vascular distortion was revealed, and hyperoxia induced
vascular permeability by increasing vascular density and area (Figure 1A,B). Compared
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with the control group, the vascular density was increased by ~140% in the hyperoxia-
treated model group, and the vascular area was enlarged by over 10-fold. These robust
changes demonstrated the establishment of the retinal ROP mouse model. The vascular
permeability was restored in drug-treated mice by application of Avastin and resveratrol.
Applied Avastin markedly decreased the hyperoxia-induced vascular density by ~100%,
serving as a positive control (Figure 1A,B). The treatment of resveratrol attenuated vascular
permeability in a dose-dependent manner. As shown in Figure 1A,B, resveratrol application
by intravitreal injection at a high dose demonstrated the maximal suppressive effects on
vascular density, down from ~240% to ~175%; resveratrol application by eye drops at a
high dose demonstrated maximal inhibitory effects on vascular density down to ~200%.
The vascular density of mice treated with resveratrol by intravitreal injection was lower
than that in groups treated with resveratrol by topical instillation. The suppressive effects
of vascular density in groups that were resveratrol-treated by intravitreal injection at low
and middle doses were 40% and 65%, respectively. In groups that were resveratrol-treated
by topical instillation at low and middle doses these values were 20% and 40%, respectively
(Figure 1A,B).
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Figure 1. Resveratrol reduces vascular permeability in retinal ROP model. The groupings were:
the control group, model group, Avastin group (20 mg/kg), resveratrol low-dosage group (intravitreal
injection, 5 mg/kg; Res.-L.-Inj.), resveratrol middle-dosage group (intravitreal injection, 25 mg/kg;
Res.-M.-Inj.), resveratrol high-dose group (intravitreal injection, 50 mg/kg; Res.-H.-Inj.), resveratrol
low-dosage group (eye drop, 5 mg/kg; Res.-L.-drop), resveratrol middle-dosage group (eye drop,
25 mg/kg/day; Res.-M.-drop), resveratrol high-dose group (eye drop, 50 mg/kg/day; Res.-H.-
drop). (A) Red fluorescence represents the blood vessels. (B) Image-Pro Plus 6.0 software was
used for quantification of retinal vascular density (left) and area (right). The data are expressed of
the percentage of control or the fold of change of control (x basal), in mean = SEM, where n = 6;
##H# p < 0.001 vs. the control group; * p < 0.05; ** p < 0.01; *** p <0.001 vs. the model group. Bar = 25 um.

Drug treatment exerted inhibitory effects on vascular area enlarged by hyperoxia
(Figure 1A,B). Avastin significantly reduced the enlarged vascular area by ~10-fold. The sup-
pressive rates of resveratrol on vascular area were significantly increased, dose-dependently,
in comparison with the model group (Figure 1A,B). The treatment of resveratrol by intrav-
itreal injection at a high dose demonstrated the highest rate of inhibition (from ~10-fold
to ~4-fold) among the drug-treated groups, and resveratrol treatment at low and middle
doses via same method of administration decreased vascular area by ~3-fold and ~5-fold,
respectively (Figure 1A,B). The inhibitory rates of vascular area in the groups that were
resveratrol-treated by eye drops at middle and high doses were ~2-fold to ~6-fold, respec-
tively. The application of resveratrol by eye drops at a low dose inhibited vascular density
and area slightly, but not at a significant standard.
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2.2. Resveratrol Relieves Vascular Hyperplasia in ROP Mice

During ROP model establishment, retinal vessels are developed due to being exposed
to hyperoxia. Upon returning to normal room air, relative hypoxia contributes to abnormal
neovascular tufts in the retina. These tufts abnormally protrude from the surface of retina
into the retinal vitreous, causing vascular hyperplasia [33]. Here, the role of resveratrol
in formation of vascular hyperplasia in the ROP model was determined by retinal H&E
staining. The hyperoxia induced the degree of vascular hyperplasia up to ~9-fold in model
mice (Figure 2). The application of resveratrol at various doses, given by intravitreal
injection and eye drops, significantly suppressed vascular hyperplasia in dose-dependent
manners. The maximal suppression was demonstrated after a high dose of resveratrol
given by intravitreal injection, reducing the vascular hyperplasia down to ~3-fold that of
the control (Figure 2). The application of resveratrol by intravitreal injection at middle and
low doses reduced vascular hyperplasia to ~7-fold and ~4-fold, respectively. Resveratrol
application at a high dose, given by eye drops, exerted a decrease in vascular hyperplasia by
~4-fold that of the control, while the low and middle doses decreased vascular hyperplasia
to ~8.5-fold and ~8-fold (Figure 2). The drug administration via intravitreal injection
demonstrated better effects than that by topical instillation, which could be due to better
penetration into the retina by direct injection. Avastin, serving as a positive control, was
shown to reduce vascular hyperplasia to control levels.
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Figure 2. Resveratrol decreases the degree of vascular hyperplasia in retinal ROP model. Retinal
tissues from drug-treated mice were collected, as in Figure 1. Tissues were processed with hematoxylin
and eosin (H&E) staining. Blue or purple blue colour represents the nucleus, pink colour represents
the cytoplasm, and bright red colour represents the red blood cells (left). * shows the part of vascular
hyperplasia. Image] software was used for the quantification of microvessel density (right). Zen
and Image | software were used to quantify images of vascular hyperplasia regions (right panel).
IPL (inner plexiform layer), INL (inner nuclear layer), OPL (outer plexiform layer), ONL (outer
nuclear layer) and OS (outer segment) are shown. The results are expressed as the fold of change
to the control (x basal), where the control group (no drug) was set as 1, Mean £ SEM, where 1 = 6;
##H# p < 0.001 vs. the control group; * p < 0.05; *** p < 0.001 vs. the model group. Bar = 25 pm.

2.3. Resveratrol Inhibits Expression of VEGF, VEGFR2 and CD31

To determine whether resveratrol treatment affects angiogenic biomarkers in ROP
pathogenesis, the expression of VEGF and VEGFR-2 in the retinal tissues was analysed by
immunohistochemistry. The hyperoxia in the mouse model induced the expression of VEGF
by increasing its density in retinal tissues; the induction of VEGF expression density was up
to ~5-fold (Figure 3A). However, Avastin treatment significantly suppressed VEGF density
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almost back to the control level. The density of hyperoxia-induced VEGF was reduced by
the applied resveratrol in dose-dependent manners (Figure 3A). Resveratrol treatment via
intravitreal injection and eye drops, both at high doses, decreased the density of VEGF
by ~2-fold and ~1.5-fold, respectively; the applications of resveratrol, both at middle
doses, weakened VEGF density down to ~3.2-fold (intravitreal injection) and ~4.2-fold (eye
drops) (Figure 3A). In both intravitreal injection and eye drops, resveratrol showed similar
inhibitory effects on VEGF density. All resveratrol-treated groups displayed significant
suppressive effects in terms of hyperoxia-induced VEGF density (Figure 3A).
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Figure 3. Resveratrol inhibits hyperoxia-induced expressions of VEGF and VEGFR?2 in retinal
ROP model. (A) Retinal tissues from drug-treated mice were collected, as in Figure 1. Tissues were
immuno-stained with the VEGF antibody and stained by DAB dye. The positive area is brown or
yellowish brown (left). * shows the expressed part of the target protein. Image-Pro Plus version 6.0
software was used for the quantification of VEGF density (right). (B) Retinal tissues were immuno-
stained with the VEGFR2 antibody and stained by DAB dye. The positive area is brown or yellowish
brown (left). * shows the expressed part of the target protein. Image-Pro Plus version 6.0 software
was used for the quantification of VEGFR2 density (right). Results are expressed as the fold of
change to the control (x basal), where the control group (no drug) was set as 1, Mean + SEM, where
n = 6; ##H p < 0.001 vs. the control group; * p < 0.05; ** p < 0.01; ** p < 0.001 vs. the model group.
Bar =25 um.
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The density of VEGFR?2 in retinal tissue was determined. On the basis of comparisons
with the control group, the density of VEGFR2 expression in model group with no drug
treatment was significantly increased by ~7-fold after hyperoxia (Figure 3B). Similarly,
Avastin exerted suppressive effects on the hyperoxia-triggered VEGFR2 density from ~7-
fold to ~2-fold, serving as a positive control. The application of resveratrol significantly
reduced the density of VEGFR?2 in a dose-dependent manner, and the maximal reduction
was ~3.5-fold that of the control via intravitreal injection at a high dose. Meanwhile,
resveratrol application by intravitreal injection at low and middle doses markedly decreased
the VEGFR2 density down to ~4-fold and ~3.5-fold, respectively (Figure 3B). In addition,
the density of VEGFR2 was decreased by resveratrol treatment through eye drops; the
VEGEFR?2 densities at low, middle and high doses were reduced to ~6.5-, ~6- and ~- fold,
respectively (Figure 3B).

Immunohistochemistry for CD31 in retina was selected for determination, as CD31 is
commonly regarded as a key endothelial cell marker. Compared with the control group,
the hyperoxia-triggered group without drug treatment displayed a high vascular density
of CD31 expression, increased by ~4-fold; however, the Avastin-treated group showed a
significantly lower density of CD31, which decreased to almost the control level (Figure 4).
Resveratrol exerted inhibitory effects on CD31 density in a dose-dependent manner, and
with the same dose, the density of CD31 when treated with resveratrol via intravitreal
injection was lower than in groups treated with resveratrol via eye drops (Figure 4). The
treatment of resveratrol via intravitreal injection decreased the hyperoxia-induced CD31
density down to ~3.5-fold, ~3-fold and ~2-fold at low, middle and high doses, respec-
tively. Similarly, the densities of CD31 expression in the groups treated with resveratrol
by eye drops were reduced to ~4-fold, ~3.5-fold and ~3.0-fold at low, middle and high
doses, respectively (Figure 4). However, low-dose resveratrol given via eye drops did not
significantly suppress CD31 expression.
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Figure 4. Resveratrol suppresses hyperoxia-induced expressions of CD31 in retinal ROP model.
Retinal tissues were immuno-stained with the CD31 antibody and stained by DAB dye. The positive
area is brown or yellowish brown (left). * shows the expressed part of the target protein. Image-
Pro Plus version 6.0 software was used for the quantification of CD31 density (right). Results are
expressed as the fold of change to control (x basal), where the control group (no drug) was setas 1,
Mean + SEM, where n = 6; ### p < 0.001 vs. the control group; * p < 0.05; *** p < 0.001 vs. the model
group. Bar =25 pm.
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2.4. Resveratrol Relieves Oxidative Stress

Oxidative stress has been demonstrated to be closely related with multiorgan failure.
In the retinal area, oxidative stress is caused by the imbalance between production of pro-
oxidants and detoxication of the harmful effects exerted by anti-oxidants. Nitric oxide, free
radicals, hydrogen peroxide (H,O,) and superoxide anion contribute to this process [34].
SOD is not only a scavenging enzyme of superoxide anion, but also is the main producing
enzyme of HyO,. SOD plays important roles in the oxidative stress system. Thus, the effects
of resveratrol on the antioxidant system were determined by measuring SOD activity. In
comparison with the control group, the hyperoxia decreased SOD activity by ~90% in the
model group (Figure 5A). Compared with the model group, the treatment with a high
dose of resveratrol, either by intravitreal injection or eye drops, could obviously relieve the
activity of SOD in a dose-dependent manner, with maximal effects of upregulating SOD
activity to ~40 to ~60% of the control (Figure 5A). At low and middle doses, resveratrol
treatment by intravitreal injection significantly relieved the SOD activity to ~20% and ~35%,
respectively. Application of resveratrol via eye drops, at low and middle doses, exerted
potentiating effects on SOD activity by ~5% and ~30%, respectively (Figure 5A). As a
positive control, compared with model group, Avastin application significantly relieved
SOD activity to ~80% that of the control.
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Figure 5. Resveratrol releases oxidative stress by enhancing SOD activity and decreasing MDA
activity. (A) The quantification of SOD activity and (B) the quantification of MDA activity in the
collected blood. The data are expressed as the percentage of control or the fold of change of control
(x basal), in mean + SEM, where n = 6; ### p < 0.001 vs. the control group; * p < 0.05; ** p < 0.01;
*** p < 0.001 vs. the model group.

MDA is one of the final products of lipid peroxidation with high toxicity. MDA is a
sensitive marker of oxidative stress, and is easily detectable in the retina. MDA may act as
a potential mutagenic factor as it interacts with DNA and proteins [34]. Compared with
control group, the hyperoxia treatment induced MDA activity up to ~9-fold in the model
group, while Avastin treatment, serving as a positive control, significantly decreased MDA
activity to ~2-fold that of the control (Figure 5B). The groups that were resveratrol-treated
by intravitreal injection and eye drops displayed obviously reduced MDA activity to ~6-
fold after a high dose (Figure 5B). At a middle dose, resveratrol treatment via intravitreal
injection and eye drops significantly reduced MDA activity by ~4-fold and ~4.5-fold,
respectively. Resveratrol via intravitreal injection at a low dose demonstrated similar
inhibitory effects on MDA activity to that via eye drops, with a reduction of ~3.5-fold.

3. Discussion

Angiogenesis is controlled precisely, as abnormal angiogenesis contributes a lot to dis-
ease aggravation. VEGF is the key stimulating factor to induce angiogenesis by promoting
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growth of vascular endothelial cells [35], which promotes proliferation and migration of
endothelial cells, developing complicated vascular networks. In the eye, VEGF contributes
significantly to the progression of age-related macular degeneration (AMD), ROP, prolifera-
tive diabetic retinopathy and other neovascular disorders. In developing eye diseases, e.g.,
AMD and ROP, the level of VEGF is elevated, which suggests that inhibition of the VEGEF-
mediated angiogenesis could be a possible therapeutic approach for these eye diseases [36].
Indeed, anti-VEGF agents have been employed to suppress this VEGF-dependent vessel
proliferation [37]. Targeting VEGF and its related signalling may be of great benefit in
angiogenic modulation, alleviating disease symptoms [38]. According to the anti-VEGF
agent, bevacizumab is a neutralizing antibody targeting VEGF protein; this antibody has
been approved by Food and Drug Administration (FDA) for its application in metastatic
colorectal cancer treatment, as well as in angiogenesis of various cancers [12,39,40]. With
extensive clinical trials, the suppressive effects of bevacizumab on angiogenesis and vas-
cular leakage have been proved to be effective in treating ocular diseases by intravitreal
injection, such as AMD, ROP and diabetic retinopathy [41,42]. In addition, aptamers [43],
peptides [44] and soluble decoy receptors [45] have been used clinically as anti-VEGF
agents. Though these peptide-based drugs possess many advantages, such as low toxicity
and high specificity, limited routes of administration and high costs have hindered their
wide usage. Thus, the agents targeting VEGF with easy administration, e.g., resveratrol,
with low-cost manufacturing, long-term administration and easy topical instillation, are of
great benefit and should be developed.

Angiogenesis plays a major role in eye disease development: the morphological and
functional changes in blood vessels are inducers of these angiogenic eye diseases. This
also is a key pathological change in patients suffering from AMD, diabetic retinopathy and
ROP [46]. VEGEF is essential for the development of neural tissues and organs. During ROP
treatment in preterm infants, organogenesis is still undergoing. In the eye, VEGF is essential
for the development of a normal neural retina, as VEGF is highly expressed in these ocular
diseases [47]. ROP is a major ocular complication and develops via hypoxia-triggered
excessive VEGF expression and limited retinal oxygenation, thus leading to abnormal vaso-
proliferation [18]. The pathologies of ROP development are not fully known; drugs for
preventive and therapeutic treatments of ROP have limited application so far [23]. However,
anti-VEGEF therapy for the treatment of various kinds of ocular diseases, including ROP,
has been shown to have positive results [18,23]. Thus, the inhibitors targeting VEGF may
be of high therapeutic benefit.

Traditional Chinese medicine (TCM) is a great source for medicine development for
the treatment of various diseases, and additionally, the application of botanical dietary sup-
plements is very attractive and promising. However, the identification of active compounds
from herbal mixtures hinders the internationalization of TCM, as well as their possible
therapeutic purposes. In our previous reports, we have identified a number of phytochemi-
cals with anti-angiogenic effects, e.g., polydatin [29], resveratrol [30], and kaempferol [48].
These compounds exerted functionality via binding with VEGF at the heparin binding
site, or at the receptor activation site of the molecule, to block the binding of VEGEF to its
receptor. In addition, the synergistic effects of a combination of ginkgetin and resvera-
trol in angiogenic modulation were also proposed [49]. In view of VEGF playing role in
angiogenesis-related diseases, e.g., macular degeneration, psoriasis and tumour prolifera-
tion, the aforementioned natural compounds that attenuated VEGF-induced angiogenesis
could be promising regarding the development of relevant drugs for angiogenesis-related
disease treatment. Inspired by the previous studies, we proceeded our exploration in
testing resveratrol for inhibition of retinal angiogenesis during the development of ROP
in mice.

Resveratrol is a rather safe phytochemical, commonly found in many natural and edi-
ble plants, e.g., grapes, pines and peanuts. The application of resveratrol for the prevention
and treatment of various metabolic disorders has been proposed [50], and this compound
has been demonstrated to have inhibitory activities on VEGF-mediated angiogenesis [30].
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Here, we hypothesized that resveratrol exerted suppressive effects on retinal angiogenesis
and could be used to treat eye diseases. In the early progression of ROP, the breakdown
of the blood-retinal barrier appears to be caused by developing macular oedema and
increasing vascular permeability, and therefore visual impairment is induced [51]. Here,
resveratrol was shown to exert inhibitory effects in retinal angiogenesis either by intravitreal
injection or topical instillation. This notion is fully supported by (i) restoration of vascular
distortion; and (ii) enhancement of vascular permeability. In addition, resveratrol further
significantly inhibited pathologic retinal angiogenesis in an ROP model by either intravit-
real injection or topical instillation, which decreased the extent of vascular hyperplasia and
the formation of abnormal vascular tufts. Moreover, the application of resveratrol obviously
attenuated the expressions of VEGF, VEGFR2 and CD31, suggesting the suppressive effects
of resveratrol in VEGF signalling and retinal angiogenesis. In general, resveratrol given
by intravitreal injection demonstrated better effects in inhibiting retinal angiogenesis than
when given by topical instillation, which may be attributed to the fact that resveratrol given
by intravitreal injection can more easily be circulated in the blood. This notion however
needs further investigation.

ROS is formed in mitochondria, playing a key role in retinal vaso-obliteration of
ROP [52]. SOD is of vital importance in the antioxidant defence of photoreceptors, and re-
duces oxidative damage in the retina by catalysing ROS, including H,O,, peroxynitrite and
superoxide anion [53]. MDA appears to be a promising target for diagnosis and treatment
of ROP, because it has been shown to be involved mainly in the cascade of oxidative stress
damage. Indeed, oxidative stress has been proposed to be a major molecular mechanism
contributing to ROP pathogenesis [34]. Thus, SOD and MDA are drug targets in the pre-
vention of retinal damage and irreversible vision disorders. The current results showed
that resveratrol given by intravitreal injection and topical instillation could significantly
relieve the damage caused by oxygen radicals through upregulating the level of SOD
and downregulating the level of MDA. These could be parameters considered for ROP
treatment.

4. Materials and Methods
4.1. Reagents and Animals

Resveratrol was purchased from Chengdu Institute of Biology (Chengdu, China), and
the purity was >98%, detected by HPLC with diode-array detection. Avastin (bevacizumab),
a recombinant humanized monoclonal antibody against VEGF blocking angiogenesis, was
purchased from Genentech (San Francisco, CA, USA). The following antibodies (VEGEF;
VEGEFR?2 (Tyr1175) (19A10): VEGFR2 and CD31 (cluster of differentiation 31)), were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). Hematoxylin, eosin and Evans
blue were bought from Sigma-Aldrich (St. Louis, MO, USA). Superoxide dismutase (SOD)
activity and lipid peroxidation assay kits were purchased from Abcam (Cambridge, UK).
Other reagents were of analytical purity. The mouse protocol was approved by Hangzhou
Hibio Experimental Animal Ethics Committee (Permit Number: HB1808021) under the
guidelines of the “Principles of Laboratory Animal Care” (NIH publication No. 80-23, re-
vised 1996) and Institutional Animal Care and Use Committees protocol (HBFM3.68-2015)
(Figure S1).

4.2. Oxygen-Induced Retinopathy

ROP is characterized by abnormal retinal neovascularization, which is similar to
the vascular proliferation in wet age-related macular degeneration (AMD). An oxygen-
induced retinopathy mouse model was developed, referring to a previous report [33].
For ROP model establishment, C57BL/6 suckling mice (7 days old) were exposed to a
hypoxic/hyperoxic chamber for 5 days. The oxygen partial pressure was at normal pres-
sure. The oxygen concentration was set at (75 = 2)% in an oxygen chamber. During this
period, an oxygen meter was used to monitor the oxygen concentration in the container
4-6 times a day. Food, water and cushion material were changed regularly every day.
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After 5 days, the suckling mice were returned to a normal air environment for 5 days. The
mice were randomly divided into 9 groups: control group, model group, Avastin group
(20 mg/kg), resveratrol low-dosage group (intravitreal injection, 5 mg/kg), resveratrol
middle-dosage group (intravitreal injection, 25 mg/kg), resveratrol high-dose group (intrav-
itreal injection, 50 mg/kg), resveratrol low-dosage group (eye drop, 5 mg/kg), resveratrol
middle-dosage group (eye drop, 25 mg/kg/day), and resveratrol high-dose group (eye
drop, 50 mg/kg/day). Here, the ‘model group’ is referring to the oxygen-induced retinopa-
thy mouse model without any drug treatment. Each group consisted of ten suckling mice.
Avastin was dissolved in saline and administered through intravitreal injection twice a
day. Resveratrol was dissolved in a PEG-400 and sunflower oil mixture. Resveratrol was
administrated by intravitreal injection or topical instillation (eye drops) at the indicated
concentrations after being diluted by normal saline. Drug treatment lasted for 5 days, and
resveratrol was administered twice a day. The body weight of mice was measured every
day throughout the period of treatment. All animals were fed a normal diet with free access
to water in specific pathogen-free animal facility. Samples were taken from 17 days after
birth for follow-up tests.

4.3. Collection of Eyes and Serum

Both eyes from mice in each group were enucleated and placed on ice. Ice-cold
phosphate-buffered saline (PBS) was used to rinse the eyes. The pH value of PBS was set
to 7.4. The vitreous fluid was processed [54]. Vitreous fluid was first aspirated by using a
0.5 mL insulin syringe and then placed on ice in sterile Eppendorf tubes. Vitreous fluid
was collected for each group without contamination by blood. Retinas were firstly excised
and placed in sterile polypropylene tubes on ice. Snap freezing was finally performed
to freeze retinas. Each sample containing vitreous fluid or retina was collected. Retinas
were pooled to obtain enough samples for measurement of retinal vascular permeability,
immunohistochemistry and antioxidant activity assays. Retinas were assessed using Evans
blue, diaminobenzidine (DAB) and hematoxylin and eosin (H&E) staining. After decapita-
tion, blood samples from each mouse were separately collected into sterile Eppendorf tubes.
Blood samples were placed on ice and allowed to clot for half an hour before processing.
For serum collection, the tubes were centrifuged at 2000x g for 20 min. Serum and vitreous
samples were kept in —20 °C, and retinal samples were stored in —80 °C until use.

4.4. Measurement of Retinal Vascular Permeability

Evans blue dye is commonly used as nonradioactive intravascular tracer. Evans
blue dye rapidly binds to plasma albumin after intravenous injection, and thus remains
within the vasculature. Evans blue may leak out into the surrounding tissues if plasma
extravasation occurs. Therefore, the quantity of Evans blue can be used as a marker for
plasma extravasation [55]. Evans blue extravasation technique was applied to assess retinal
vascular permeability. Mice were anesthetized using ketamine (50 mg/kg) and xylazine
hydrochloride (100 mg/kg). Then, a PE-50 polyethylene catheter (Beckton Dickinson,
Sparks, MD, USA) was inserted into the right femoral vein. Evans blue (45 mg/mL in
saline) was injected intravenously over 10 s. The mice turned visibly blue immediately
after infusion of Evans blue, demonstrating the success uptake and distribution of the dye.
The circulation of Evans blue lasted for two hours. To wash out intravascular dye, saline
was infused through the left ventricle and the retina was dissected out after enucleation. To
compare retinal vascular permeability between stained and non-stained areas, Evans blue
was extracted by incubating each retina in 1 mL formamide for eighteen hours at 70-75 °C.
Pictures were taken under an Olympus BX43 microscope (Olympus, Center Valley, PA,
USA) with excitation wavelength set at 620 nm and emission wavelength set at 680 nm.
Images of the retinas were presented at 20 x magnification. To measure the leakage area,
images were imported into Image-Pro Plus 6.0 software for grey value analysis. After
elimination of the strong light area in the blood vessel, the area with grey values between
230 and 255 was determined as the leakage area. The visual field and seepage areas were
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derived. The ratio of visual field area and seepage area represented the percentage of
leakage area [56].

4.5. Retinal Hematoxylin and Eosin Staining

Retinal sections were immersed in ethanol solutions for dehydration. The concentra-
tions of ethanol used here were 80, 95 and 100%. Next, sections were embedded in paraffin
for 5 h and solidified, then paraffin-embedded tissues were then kept in —20 °C until
frozen. Then, the frozen paraformaldehyde/paraffin-embedded samples were sectioned
into 4 pm-thick slices, and the sliced tissues were mounted on microscope slides. During
sectioning, the eyes were oriented with the cornea in parallel to the optic nerve, and the
optic nerve was visible in the sections. Following 5 min of PBS washing three times, slides
were de-paraffinized using xylene and hydrated using successive alcohol (100, 90, and 70%)
and distilled water. The slides were washed 3 times by PBS. Three x 5 min PBST washes
were performed on the sections. The slides were incubated with haematoxylin for 15 min
at room temperature and washed using distilled water for 1 min. Slides were immersed in
1% hydrochloric acid—alcohol complex solution until sections turned blue. The slides were
incubated with eosin for 5 min and distilled water was used to wash off the floating colour.
After dying, hydration was performed by sequential immersion of slides in xylene and
successive alcohol solutions (80, 95, and 100%). Finally, slides were sealed by using neutral
gum. Images were taken under a light BX43 microscope (Olympus). Data were generated
using Zen and Image | software to analyse images of vascular hyperplasia regions in inner
plexiform layer (IPL), inner nuclear layer (INL) and outer plexiform layer (OPL). These
data supported the comparison between the central and peripheral retina.

4.6. Immunohistochemistry

Mouse retina tissue was fixed in 4% paraformaldehyde solution for 24 h. After fixation,
tissues were taken out from the fixative and tripped into an appropriate shape. Next, tis-
sues were successively dehydrated using 80% ethanol, 90% ethanol, 95% ethanol and 100%
ethanol and embedded in paraffin for 5 h. After they solidified, the paraffin-embedded
tissues were kept at —20 °C. The paraformaldehyde/paraffin-embedded samples were
sectioned into 4 pm-thick slices. Sliced tissues were mounted on microscope slides. Slides
were de-paraffinized using xylene and hydrated by graded alcohol. Slides were washed
3 times with PBS. To block and inactivate endogenous peroxidase, slides were processed by
applying 3% H,O,, and blocked for half an hour at 37 °C. Antigen retrieval was undertaken
by heating for 10 min in 0.01 M sodium citrate buffer. The pH value of sodium citrate
buffer was set at 6.0. Tissue sections were incubated with primary antibody at a 1:1000
dilution at 4 °C overnight. After washing in 1x PBS three times, the samples were incu-
bated with anti-rabbit secondary antibody at a 1:500 dilution for 2 h at room temperature.
Diaminobezidin (DAB) dye reaction followed, and the reaction progress was observed
under a microscope. After washing in deionized water, hematoxylin counterstaining was
performed. After drying and sealing, the sections were observed under a light BX43 micro-
scope (Olympus). Images were quantified by Image-Pro Plus version 6.0 software (Media
Cybernetics, Rockville, MD, USA).

4.7. Antioxidant Activity

Blood from mice was collected by using EDTA. The blood mixture was centrifuged
at 1000x g for 10 min at 4 °C. After centrifuging, the serum layer was transferred to a
new tube without disturbing the buffer layer. The serum was stored at —80 °C until
further analysis. SOD and malondialdehyde (MDA) activities in the homogenates were
determined using commercially available SOD and MDA assay kits, following the manu-
facturer’s protocol (Abcam, Cambridge, UK). The activity of SOD was measured by using
2,4 iodophenyl 3,4 nitrophenol 5 phenyltetrazolium chloride, as SOD exerts inhibitory
effects on INT/formazan dye with wavelength set at 505 nm [57]. Serum MDA activity was
determined by applying the colorimetric method, as previously described [58]. As one of
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the aldehyde products of lipid peroxidation, MDA reacted with thiobarbituric acid (TBA),
and the MDA-TBA adduct was produced. The absorbance of the MDA-TBA adduct was
determined by spectrophotometry with a wavelength of 532 nm.

4.8. Other Assays

Protein concentration was measured by the Bradford method with a kit from Bio-Rad
(Hercules, CA, USA).

4.9. Statistical Analysis

One-way analysis of variance (ANOVA) was performed for statistical analysis to de-
termine differences among groups. A Bonferroni multiple comparisons test was performed
by applying the SPSS 16.0 software. Significance was set at p < 0.05, and data were reported
as the mean =+ standard error of the mean (SEM).

5. Conclusions

This study explores the potential application of resveratrol in treating angiogenic-
related eye diseases, e.g., ROP and AMD. The clinical usage of resveratrol has major
advantages regarding cost, safety and convenient application via eye drops. Besides the
blocking of VEGF function, resveratrol can prevent oxygen radical damage. Moreover,
resveratrol-containing eye drops can even be used without the presence of eye problems,
and therefore could be developed as a preventive measure.
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