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Abstract: Retinopathy of prematurity (ROP), a vasoproliferative vitreoretinal disorder, is the leading
cause of childhood blindness worldwide. Although angiogenic pathways have been the main
focus, cytokine-mediated inflammation is also involved in ROP etiology. Herein, we illustrate the
characteristics and actions of all cytokines involved in ROP pathogenesis. The two-phase (vaso-
obliteration followed by vasoproliferation) theory outlines the evaluation of cytokines in a time-
dependent manner. Levels of cytokines may even differ between the blood and the vitreous. Data from
animal models of oxygen-induced retinopathy are also valuable. Although conventional cryotherapy
and laser photocoagulation are well established and anti-vascular endothelial growth factor agents
are available, less destructive novel therapeutics that can precisely target the signaling pathways
are required. Linking the cytokines involved in ROP to other maternal and neonatal diseases
and conditions provides insights into the management of ROP. Suppressing disordered retinal
angiogenesis via the modulation of hypoxia-inducible factor, supplementation of insulin-like growth
factor (IGF)-1/IGF-binding protein 3 complex, erythropoietin, and its derivatives, polyunsaturated
fatty acids, and inhibition of secretogranin III have attracted the attention of researchers. Recently,
gut microbiota modulation, non-coding RNAs, and gene therapies have shown promise in regulating
ROP. These emerging therapeutics can be used to treat preterm infants with ROP.

Keywords: cytokine; inflammation; neovascularization; oxygen-induced retinopathy; preterm infant;
retinopathy of prematurity

1. Introduction

Retinopathy of prematurity (ROP) is a developmental proliferative vascular disorder
of the retina that affects 30–50% of preterm infants with very low birth weight (BW) [1].
Low BW, gestational age (GA), and postnatal exposure to unregulated high or fluctuating
oxygen levels are the most commonly recognized risk factors for ROP [1]. With the greater
survival of premature infants due to improved perinatal care, ROP has increasingly become
the leading cause of preventable childhood blindness worldwide [1].

Human retinal vascularization commences from the optic disc around the 16th week
of gestation, extends centrifugally to the peripheral retina, and finalizes at the 40th week of
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gestation [2]. The process is interrupted by preterm birth, leaving a peripheral avascular
zone whose size depends on the immaturity of the neonate [2]. The pathophysiology of ROP
has been studied not only in humans but also in many animal models of oxygen-induced
retinopathy (OIR) to identify potential treatment modalities [3]. ROP development can be
divided into two phases: vaso-obliteration (phase 1) and vasoproliferation (phase 2) [3].
During phase 1, retinal microvascular degeneration occurs because of hyperoxia-induced
damage, resulting in the peripheral avascular retina [3]. As hypoperfused tissue cannot
meet the increasing metabolic demands of the developing retina, phase 2 of the disease
is initiated. Under hypoxia, abnormal neovascularization is triggered by the release of
growth factors, leading to the misdirection of vessel growth from the retina into the vitre-
ous [3]. Consequently, fibrovascular traction may cause partial or total retinal detachment,
subsequently causing severe visual impairment [3].

Conventional treatments include ablative cryotherapy and laser photocoagulation, which
directly damage the avascular retina, thereby minimizing the secretion of the growth factors
responsible for neovascularization [4]. However, neither treatment specifically targets the
molecular pathways of pathological neovascularization. Although both treatments decrease
the risk of blindness, they result in numerous unfavorable sequelae, such as inflammation,
myopia, macular dragging, loss of peripheral visual field, and scar induction [4–7].

Recently, intravitreal anti-vascular endothelial growth factor (VEGF) administration
has shown promising results in resolving ROP, particularly in zone 1 disease [8]. However,
various issues, including neovascularization recurrence as late as 60 weeks of postmenstrual
age (PMA) [9], long-term deficits in photoreceptor integrity [10], and potential systemic
toxicity hampering organogenesis [11–14], remain a great concern for ROP treatment. Some
patients are refractory to anti-VEGF treatment [15], implying the importance of identifying
other angiogenic or anti-angiogenic cytokines involved in the pathogenesis of ROP.

Inflammation resulting from various perinatal and neonatal insults has recently been im-
plicated in the pathogenesis of ROP [1]. The actions of systemic cytokines, chemokines, growth
factors, and immune cells, such as leukocytes, monocytes, and macrophages/microglia,
may interfere with retinal vasculature development in time- and dose-dependent man-
ners [16,17]. The present review aims to illustrate the characteristics and actions of all
cytokines participating in the pathogenesis of ROP as well as the underlying signaling
pathways and cellular responses, associated perinatal insults, and novel pharmacological
agents to target these cytokine signaling pathways.

2. Cytokines: Characteristics and Actions
2.1. Interleukin (IL)-1β

IL-1β, a crucial mediator of the inflammatory response, is known for its involvement
in the development of vasoproliferative retinopathies [18]. Under ischemic conditions,
IL-1β levels are significantly elevated in recruited neutrophils, endothelial cells, and retinal
glial cells [19]. In the early stages of rat OIR, microglia-derived IL-1β sustains the activation
of microglia and induces microvascular injury by the release of semaphorin-3A from
adjacent neurons [18]. In rat models, IL-1β, along with the tumor necrosis factor-alpha
(TNF-α), also triggers retinal ganglion cell death and breakdown of the blood–retina
barrier (BRB) [20,21]. Inhibition of the IL-1β receptor leads to a marked decrease in vaso-
obliteration and subsequent pathological neovascularization in OIR [18]. IL-1β receptor
antagonists have been reported to prevent choroidal involution and other long-term outer
neuroretinal anomalies in another rat model of OIR [22]. However, vitreous IL-1β levels
have been reported to be comparable and below detectable levels in preterm infants with
ROP and their non-ROP counterparts, respectively [23].

2.2. IL-6

IL-6 is involved in infections and tissue injuries via the stimulation of the acute-phase
protein response, hematopoiesis, and immune reactions [24]. It has also been shown to
promote VEGF expression [25]. It possesses not only pro-inflammatory but also anti-
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inflammatory properties [26]. Elevated IL-6 levels have been observed in both the maternal
plasma and plasma/serum of preterm infants around birth, who later developed mild or
severe ROP [27–30]. The cord plasma IL-6 level has been reported to be an independent
marker for predicting severe ROP [31].

2.3. IL-7

IL-7 participates in host defense by regulating the development and homeostasis of T,
B, and natural killer cells [32]. In vitro, IL-7 is capable of inducing RPE-derived monocyte
chemotactic protein-1 (MCP-1) and IL-8 [33]. Its pro-inflammatory properties have been
implicated in the pathogenesis of neovascular age-related macular degeneration (AMD)
and diabetic retinopathy [34,35]. One study reported the expression of IL-7 in cord blood
associated with ROP development in preterm infants [36], and another study reported
significantly high vitreous IL-7 levels in the ROP eyes at the time of vitrectomy [23].

2.4. IL-8

IL-8, the first investigated chemokine, has important effects on angiogenic activity and
the induction of ocular inflammation [37]. Its unique pro-angiogenic properties include
(1) chemotaxis via directional migration of neutrophils, basophils, and T lymphocytes,
(2) stimulation of both endothelial proliferation and capillary tube formation, (3) inhibition
of endothelial cell apoptosis, and (4) enhancement of matrix metalloproteinase (MMP)- 2,
MMP-9, and gelatinase activity [37]. In a rat OIR model, increased expression of an IL-8
homologue was noted during the peak time points of neovascularization [38]. Accordingly,
a few studies have also demonstrated the correlation between high plasma/serum IL-8
levels in preterm infants after birth and the later development of severe ROP [30,39,40].

2.5. IL-10

IL-10 can suppress the inflammatory response induced in microglial cells by inhibiting
the release of TNF-α, MIP-1α, and Regulated upon Activation, Normal T cell Expressed
and Secreted (RANTES) in vitro [41]. In an OIR mouse model, however, IL-10 was found
to promote pathological angiogenesis by guiding macrophage behavior toward a pro-
angiogenic phenotype [42].

2.6. IL-17

IL-17 is a pro-inflammatory cytokine that primarily provides protection against ex-
tracellular bacterial and fungal pathogens [43]. It also plays a crucial role in intraocular
inflammation [44]. In a mouse OIR model, blocking IL-17 decreased the retinal areas of
nonperfusion and neovascularization [45]. However, low serum IL-17 levels at birth have
been noted in preterm infants who later developed severe ROP [27].

2.7. IL-18

IL-18, a pro-inflammatory cytokine, acts as an immunoregulator with both angiogenic
and angiostatic properties [46]. In a mouse OIR model, IL-18 was found to regress retinal
pathological neovascularization rather than inhibit its development [46]. Serum IL-18 levels
have been reported to be lower in preterm infants with ROP than in those without ROP,
but the levels increased within three weeks of birth [27]. This biphasic pattern of IL-18
highlights its role as a modulator of angiogenesis with time-sensitive expression in different
phases of ROP [27].

2.8. IL-19

IL-19, a proposed anti-inflammatory cytokine, has been hypothesized to serve as
a compensatory mediator in response to inflammatory stimuli [47]. However, a recent
study found that IL-19 was able to enhance pathological neovascularization by promoting
pro-angiogenic M2 macrophage polarization in mouse OIR [48]. In vitro, IL-19 also induces
the proliferation and migration of human retinal endothelial cells [48].
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2.9. IL-1 Receptor Antagonist (IL-1Ra)

IL-1Ra levels are significantly increased in the vitreous humor and tears of preterm
infants with ROP, together with elevated levels of VEGF, complement component proteins,
and MMP-9 [49]. Wooff et al. [50] hypothesized that increased IL-1Ra expression is a
compensatory mechanism against the angiogenic effects of IL-18 and the deleterious effects
of IL-1β.

2.10. TNF-α

Predominantly originating from monocytes or macrophages, TNF-α is the primary
initiator of inflammation [51]. It enhances the production of other cytokines, such as IL-8,
basic fibroblast growth factor (bFGF), and MCP-1, in retinal microglia adjacent to vessels
in an autocrine or paracrine manner [52]. Its aforementioned functions, including trigger-
ing ganglion cell death and the breakdown of BRB, have been implicated in the hypoxic
retina [20,21]. In mouse OIR models, inhibition of TNF-α markedly improves vascular
recovery within the ischemic retina and reduces pathological neovascularization [53,54].
Some authors have demonstrated the association between elevated serum/plasma TNF-α
levels within days after birth and later development of treatment-warranted ROP [28,30].
However, TNF-α also has paradoxical anti-inflammatory properties [55,56]. Some authors
discovered low TNF-α levels in the amniotic fluid retrieved during cesarean delivery corre-
lating with the development of ROP in preterm infants [57]. Others found no difference in
TNF-α levels in umbilical cord blood between ROP and control groups [58]. These contra-
dictory results may be due to differences in the times and locations of sample collection.

2.11. Vascular Endothelial Growth Factor (VEGF)

The VEGF family is one of the key molecules involved in the pathological angiogenic
changes in the retina [3,13]. In physiological conditions, they promote embryonic vascular
development [59] and possess inner retinal neuroprotective properties [60]. However,
over-production of VEGFs can lead to devastating damage to the retina via pathological
angiogenesis, abnormal vessel sprouting, and increased vascular permeability [61]. VEGF
ligands comprise five members in humans: VEGF-A/B/C/D and placental growth factor
(PlGF). They function through three tyrosine kinase cell receptors: VEGFR1, VEGFR2, and
VEGFR3 [62]. Each type of ligand has identical interactions with different receptors, as
VEGF-A binds to VEGFR1 and 2, VEGF-B and PlGF only bind to VEGFR1, and VEGF-
C and VEGF-D primarily bind to VEGFR3 [63]. VEGF signaling via VEGFR-2 is the
major pathway in both normal and pathological angiogenesis, regulating endothelial cell
migration and survival and promoting endothelial permeability [64,65]. The biological role
of VEGFR1 is similar to that of VEGFR2; it plays crucial roles in endothelial cell migration
and differentiation, involving the vascular development and regulation of inflammatory
cells [66–68]. VEGFR1 also binds to VEGF-A. In particular, due to its higher affinity to VEGF
and lower tyrosine kinase activity than VEGFR2, it has a decoy effect on VEGF-A [66,67]
and may have a therapeutic effect in the amelioration of uncontrolled VEGFR2 activation
as well as subsequent neovascularization [61].

VEGF is downregulated in phase I ROP and upregulated by Müller glial cells in the
peripheral avascular retina in phase II ROP [69–71]. When exposed to a hypoxic environ-
ment, hypoxia-inducible factor (HIF)-1α stabilizes and promotes the expression of VEGF,
along with other pro-angiogenic factors. Other growth factors, such as erythropoietin
(EPO) [72–74], IGF-1 [75–78], TGF-β [79], and FGF [71,80], enhance VEGF signaling [61,81].
Neurons and glial cells also modulate VEGF via the suppressor of cytokine signaling 3
(SOCS3) and signal transducer and activator of transcription 3 (STAT3) signaling path-
ways [82].

In vitreous samples collected during vitrectomy, VEGF levels were higher in vascu-
larly active ROP eyes than in the non-ROP controls [83,84]. Nonetheless, published data
remained inconclusive regarding the systemic levels of VEGF in association with ROP.
Among preterm neonates who eventually developed ROP, some researchers found that
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VEGF concentrations in the early period of life in cord blood at birth and circulating blood
are significantly lower than those in their non-ROP counterparts [72,85,86], while some
observed the opposite results [87–89] and others found no difference [40,58,90].

Other studies have investigated different samples and provided new insights into ROP
biomarkers. Vinekar et al. [91] evaluated VEGF levels in tears and observed significantly
low levels of VEGF in patients who had no ROP at the initial screening test but later
developed ROP. Liang et al. [92] reported that high aqueous levels of VEGF were associated
with ROP involving the posterior zone of the retina. As anti-VEGF monoclonal antibodies
have become one of the most important treatments for ROP [93], the role of systemic VEGF
in the pathogenesis of ROP needs to be explored further.

2.12. EPO

EPO, an oxygen-regulated growth factor, plays an important role in the regulation
of hematopoiesis [94]. Its additional functions, such as neuroprotection [95,96], anti-
apoptosis [97,98], anti-oxidation [99], angiogenesis promotion [100], and BRB mainte-
nance [101], have also been discussed recently. Mainly modulated by HIF-2, EPO receptor
(EPOR) signaling can also be enhanced by VEGF-A [102], along with the activation of nitric
oxide synthase (NOS) in the pathological angiogenesis of ROP [72–74].

In ROP, EPO is regarded as a double-edged sword for its pro-angiogenic effect, which
could be beneficial in the first phase of ROP when vaso-obliteration occurs due to hyperoxia,
but is harmful in the second phase by aggravating abnormal neovascularization [103,104].
In mouse OIR models, hypoactive EPOR signaling contributes to retinal vascular loss
under hyperoxia [73,74,103,104]. In addition, the administration of exogenous EPO could
be beneficial in reducing the avascular retinal area [73], especially at an earlier period of
life [103,104]. The additional benefit of EPO in preventing photoreceptor cell death has also
been discovered [105,106].

Sato et al. [84] reported that among patients who had already developed stage 4 ROP,
the vitreous level of EPO was significantly higher in eyes with vascular-active ROP. Many
authors have investigated the correlation between ROP occurrence and EPO blood concen-
trations in the early stage of life in preterm infants but yielded conflicting results: some
reported lower EPO levels in association with ROP occurrence [107,108], some reported
higher levels in an extremely premature group (GA<28 weeks) [109], while others re-
ported no association [72,110]. Further studies are required to elucidate the true correlation
between ROP and blood EPO levels in a time-dependent manner.

2.13. Insulin-Like Growth Factor-1 (IGF-1)

IGF-1 is a crucial factor for the normal growth of many tissues and organs [111], and its
plasma level rises with fetal GA, particularly during the third trimester of pregnancy [112].
During the normal development of human eyes, its contribution to retinal vascularization
has been frequently reported [113–115]. Importantly, high IGF-1 concentration is essential to
maximize the pro-angiogenic effect of VEGF and to trigger downstream signaling pathways
mediated by mitogen-activated protein kinase (MAPK) and Akt, promoting endothelial
cell proliferation and integrity maintenance [75–77].

IGF-1 also plays a role in stimulating VEGF synthesis [78]. Therefore, preterm in-
fants with low serum levels of IGF-1 in early life are at risk of poor retinal blood vessel
growth and a larger area of the avascular retina [116,117]. Accordingly, most studies
have found lower blood IGF-1 levels correlating to ROP development and increased ROP
severity [28,72,87,116–120]. Exogenous IGF-1 administration even prevented OIR in mouse
models [121]. However, based on animal studies, IGF-1 may also contribute to patho-
logical uncontrolled neovascularization in the proliferative stage of ROP [122,123]. In
mouse models, suppression of retinal neovascularization has been reported following the
administration of an IGF-1 antagonist [124].
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2.14. Insulin-Like Growth Factor-Binding Proteins (IGFBPs)

IGFBPs are important regulators and serum carriers of IGFs [125]. In addition, IGF-
BPs possess IGF-independent properties that are involved in cell proliferation, survival,
development, growth, and angiogenesis [78]. Among the IGFBPs family, IGFBP-3 has been
discussed the most in terms of its association with ROP. In mouse OIR models, IGFBP-3
acts independently of IGF-1, preserving retinal vessels under oxygen-induced damage,
facilitating vessel regrowth, and decreasing retinal neovascularization tuft formation [126].

Some authors have reported a significant correlation between higher blood levels
of IGFBP-3 and a lower risk of severe ROP in preterm infants [117,127], indicating that
IGFBP-3 deficiency may be involved in the pathogenetic process of proliferative ROP.
In one study, increased amniotic fluid IGFBP-2 levels correlated with the occurrence of
severe ROP [128]. However, others reported no association between ROP development and
maternal plasma levels of IGFBP-2 and IGFBP-3 [29], or with cord plasma levels of IGFBP-1
and IGFBP-2 [31].

2.15. Transforming Growth Factor (TGF)-β

TGF-β is known for its role in immune modulation, cell growth regulation, and vascu-
lar responses [129]. Its potential effects on ocular structures and retinal vessel development
have been confirmed in several studies [129–133]. TGF-β has a bipolar effect in different
environments, as it can both trigger and inhibit angiogenesis [134]. It promotes endothelial
cell proliferation and migration at low concentrations but exhibits an inhibitory effect
at high concentrations [129]. In normal physiological conditions, TGF-β and its interac-
tion with VEGF play crucial roles in retinal vessel development and maintaining pericyte
integrity [79,129,135]. TGF- β also upregulates the expression of VEGFR-1, protecting
retinal vessels from hyperoxia-induced degeneration and inhibiting abnormal neovascu-
larization [79]. However, in OIR models, the bFGF-activated TGF-β1/smad2/3 signaling
pathway is over-expressed and induces pathological angiogenesis and damage to pho-
toreceptors [133,135]. In short, both the over-expression and under-expression of TGF-β
should be avoided to optimize normal retinal vessel development. Sood et al [27]. reported
a significantly lower serum level of TGF-β in preterm infants with type 1 or 2 ROP on
postnatal days 7 to 21, suggesting that the lack of vessel protection by TGF-β can lead to
oxygen-induced damage.

2.16. FGF

FGF is essential for embryonic development in terms of angiogenesis, cell proliferation,
and migration [136]. Under hypoxia, FGF2 (or bFGF) derived from RPE elicits its angiogenic
effects via both VEGF-dependent and VEGF-independent pathways [133,137,138]. Its
signaling directly through the FGF receptor can cause pathologic angiogenesis via STAT3
activation [80]. FGF2 also potentially binds to VEGFR2, triggering downstream VEGF
signaling [80]. In addition, it regulates vascularization by activating the TGF-β1 and p-
smad2/3 pathways [133]. However, the role of FGF in the pathogenesis of ROP has not
been clearly understood. One study reported that FGF2 was not the main characteristic
for the development of neovascularization [139]. Instead, it has a neuroprotective effect in
photoreceptor cells, helps preserve visual responses, and prevents retinal degeneration in
the OIR model [139]. Other studies have shown increased FGF2 expression in the vitreous
of infants with ROP at the time of vitrectomy [23] and in the rat OIR model during the
neovascularization phase [140]. Holm et al. [39] reported a correlation between elevated
serum FGF2 levels in the first three postnatal weeks and the risk of pre-threshold ROP, but
Yu et al. [36] found no significant difference in serum FGF2 levels at birth between patients
with ROP and non-ROP controls.

2.17. Angiopoietin (Ang)

Ang-1 and Ang-2 are growth factors that work in concert with VEGF and contribute to
physiological and pathological neovascularization [141]. Both Ang-1 and Ang-2 function
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through the Tie2 receptor tyrosine kinase, although they exert agonizing (Ang-1) and
antagonizing (Ang-2) effects, respectively [142]. Tie2 is phosphorylated upon activation
by Ang-1, fires the downstream Akt and ERK cellular pathways, and stabilizes vascular
integrity [143]. In the meantime, the expression of NOS maintains endothelial cell survival,
and the downregulation of nuclear factor-kappa B (NF-κB) alleviates inflammation [144].
Ang-2 induced by both hypoxia and VEGF competes against Ang-1, dephosphorylates
Tie2, and initiates neovascularization [145]. The balance between vitreous Ang-1 and
Ang-2 levels has been proven to be crucial in retinal vessel development [141]. In patients
with ROP, a higher concentration of Ang-2 was observed in the vitreous [141] and the
fibroproliferative membranes removed from eyes with stage 5 ROP [146]. Inhibition of
Tie2 and VEGF together appeared to be more effective in treating retinal pathological
angiogenesis than VEGF inhibition alone [147,148]. However, there is a lack of data
regarding systemic Ang levels in patients with ROP.

2.18. Platelet-Derived Growth Factor (PDGF)

The PDGF family is a regulator of retinal angiogenesis. However, each isoform has a
niche for vessel formation. In ocular tissues, PDGF-BB is the predominant isoform [149].
PDGF-B helps to recruit pericytes and vascular smooth muscles [150]. PDGF deficiency
in rat OIR causes pericyte degeneration, resulting in abnormally dilated vessels with
hemorrhages and, most importantly, elevated VEGF/VEGFR-2 expression with subsequent
angiogenesis [151]. PDGF-CC, another isoform, intensifies MMP-2 and MMP-9 expression
and augments monocyte migration [152]. Inhibition of PDGF-CC or PDGF-DD reduced
both choroidal and retinal neovascularization in animal models [153,154]. In one human
study, preterm infants with low platelet counts and low serum levels of PDGF-BB at
32 weeks of PMA were at risk of severe ROP [85]. Some researchers found that the
combination of anti-VEGF therapy with anti-PDGF resulted in better final vision compared
to anti-VEGF therapy alone in other proliferative retinopathy [155]. Still, such a therapy is
yet to be tested in ROP.

2.19. Endoglin

Endoglin is a transforming growth factor-beta (TGF-β) auxiliary co-receptor that is
highly expressed in the angiogenic endothelial cells of embryos, inflamed tissues, and
tumors [156]. Soluble endoglin (sEng, circulating form) displays anti-angiogenic activity
by downregulating TGF-β signaling [157,158]. Higher vitreous sEng levels were detected
in patients with proliferative diabetic retinopathy, implicating its role in impairing normal
retinal vascular development [159]. Accordingly, elevated amniotic fluid sEng levels were
found to be significantly related to the development of ROP requiring treatment [128].

2.20. Endostatin

Endostatin is an anti-angiogenic protein that inhibits endothelial cell proliferation,
migration, invasion, capillary tube formation, and retinal VEGF secretion [160]. In a mouse
OIR model, the level of endostatin-like protein varied reciprocally to the VEGF level and
presumably took part in the regression of vessels [161]. Elevated endostatin levels in
amniotic fluid have been shown to be correlated with the development of severe ROP in
preterm infants [128] possibly highlighting its role in microvascular degeneration during
phase 1 ROP. Some authors have shown that the retinal administration of endostatin is
effective in preventing pathologic retinal neovascularization in an OIR model [162].

2.21. Endocan

Endocan or endothelial cell-specific molecule-1, a soluble proteoglycan mainly pro-
duced by vascular endothelial cells, actively mediates cell adhesion, migration, proliferation,
and neovascularization [163]. It is essential for the pathogenesis of vascular disorders,
inflammation, and endothelial dysfunction [164]. In mouse OIR models, retinal endocan
levels are significantly upregulated at critical time points [165]. In vitro, under hypoxic con-
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ditions, human retinal microvascular endothelial cells show increased endocan expression,
promoting tube formation and vessel sprouting [165]. Some authors have even considered
serum endocan as a marker for predicting severe ROP [87].

2.22. Neurotrophins

Neurotrophins are a family of growth factors that promote the survival, development,
and function of neurons in the central and peripheral nervous systems [166,167]. Brain-
derived neurotrophic factor (BDNF), one of the neurotrophins, is important in both the
functional and structural development of the inner retina through BDNF/TrkB signal-
ing [168,169]. In mouse OIR models, the hyperoxia-exposed group had significantly lower
BDNF expression than the control group reared in room air [170]. BDNF exerted a protec-
tive effect by stabilizing the retinal vasculature [170]. The lack of BDNF expression causes
endothelial cell apoptosis and damages cell–cell connections [170]. A consistent result was
demonstrated as lower levels of serum circulating BDNF, along with neurotrophin 4, were
observed in ROP infants compared to their non-ROP counterparts [27,85,171,172]. Several
studies focused on the genetic contributions of BDNF to the development of ROP [173–175].
Certain polymorphisms of BDNF gene polymorphisms have been shown to be associated
with severe ROP [175]. Although the role of neurotrophins in ROP development is not fully
understood, there may be a connection between neurovascular interactions in the retina
and the pathogenesis of ROP.

2.23. Stromal-Derived Factor 1α (SDF-1α)

SDF-1α, a chemokine mediated by HIF-1, is up-regulated in ischemic tissues [176,177].
The expression of SDF-1α and its membrane receptor on endothelial cells, CXCR4, are
both enhanced by VEGF and bFGF [178]. SDF1/CXCR4 signaling triggers VEGF secretion
by endothelial cells, promoting endothelial progenitor cell trafficking, cell migration, and
angiogenesis [177,179,180]. Sonmez et al. [83] revealed elevated vitreous SDF-1α levels
in eyes with vascularly active stage 4 ROP. In OIR models, increased immunolabelling of
SDF-1 in endothelial cells and strong expression of CXCR4 in Müller cells have also been
demonstrated [181], and inhibition of SDF-1α was presumed to be associated with reduced
pathological neovascularization [182,183].

2.24. RANTES

RANTES is a chemokine that contributes to innate immunity and is particularly
important in the neonatal period [184]. Although mainly expressed by T lymphocytes and
monocytes [185], RANTES is also secreted by retinal endothelial and pigment epithelial
cells to initiate inflammation [186,187]. Sood et al. [27] discovered that RANTES blood
levels on postnatal days 7-21 were lower with increasing ROP severity. On the contrary,
vitreous RANTES levels were significantly elevated in both vascularly active and inactive
ROP eyes than in non-ROP controls at the time of vitrectomy [23]. This discrepancy may be
explained by the different stages of ROP at which the samples were retrieved. However,
the exact underlying mechanism requires further investigation.

2.25. MCP-1

MCP-1 is a chemokine mainly produced by microglia, which further induces the
migration and aggregation of microglia and/or circulating monocytes through the BRB
in ischemic retinas [188,189]. MCP-1 enhances neovascularization by acting as a direct an-
giogenic factor itself [190], or by recruiting pro-angiogenic macrophages [191]. Cord blood
MCP-1 levels were higher in neonates who developed ROP than in their non-ROP counter-
parts [36]. On postnatal day 3, prolonged supplemental oxygen exposure was associated
with higher blood MCP-1 concentrations in extremely low BW neonates (<1000 g) [192].
However, in one study, vitreous MCP-1 levels did not differ significantly among vas-
cularly active ROP eyes, vascularly inactive ROP eyes, and control eyes at the time of
vitrectomy [23].
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2.26. Macrophage Inflammatory Protein-1 (MIP-1)

MIP-1, a microglia-derived chemokine similar to MCP-1, is involved in post-ischemic
inflammation as a chemoattractant for macrophages in the hypoxic retina [188]. In mouse
OIR models, MIP-1β was found to be the most upregulated gene under hypoxia [193]
and potentially gave rise to the physiological revascularization of the avascular retinal
area [194]. Yu et al. [36] found that preterm infants with ROP displayed significantly higher
cord blood MIP-1β levels than their healthy counterparts. MIP-1β, along with MCP-1,
was negatively correlated with GA and BW in neonates with ROP [36]. In another study,
however, neither MIP-1α nor MIP-1β vitreous levels differed significantly between eyes
with and without ROP [23].

2.27. Eotaxin

Eotaxin is a chemokine secreted by a variety of cells, including macrophages, eosinophils,
endothelial cells, and fibroblasts. It primarily attracts eosinophils, mediates inflammation,
and promotes angiogenesis via the receptor CCR3 [195,196]. Its expression in the vitreous,
neurosensory retina, or choroid has been implicated in the pathogenesis of AMD [196], pro-
liferative diabetic retinopathy, and choroidal neovascularization [197]. Likewise, vitreous
eotaxin concentrations were significantly higher in ROP eyes than in non-ROP controls [23].
Nonetheless, a study revealed lower plasma eotaxin levels in the early neonatal period of
premature infants being associated with clinically significant ROP [198], possibly reflecting
phase 1 disease characterized by retinal vaso-obliteration. The biphasic pattern of eotaxin
was also observed in a mouse OIR model, and the anti-CCR3 antibody was proven to be
efficacious in suppressing pathological neovascularization [199].

2.28. Interferon (IFN)-γ

IFN-γ, secreted mainly by T lymphocytes and natural killer cells, is a potent macrophage
activator [200]. IFN-γ exhibits pro-inflammatory, antiviral, anti-proliferative, pro-apoptotic,
and antitumor properties [201,202]. In vivo, IFN-γ impedes the proliferation, migration,
and tube formation of endothelial cells via STAT1 signaling, even under VEGFA-treated
conditions [203]. In a mouse OIR model, IFN-γ displays prominent anti-angiogenic ef-
fects [203]. Although IFN-γ levels in cord blood and vitreous were found to be comparable
in neonates with and without ROP [23,58], one study observed that IFN-γ levels in the
aqueous were significantly higher in threshold ROP eyes than in pre-threshold ROP eyes
before intravitreal anti-VEGF treatment and non-ROP eyes at the time of congenital cataract
extraction [204]. Whether this elevation represents advanced inflammation in ROP eyes or a
compensatory effect against pathological neovascularization warrants further investigation.

2.29. Granulocyte Colony-Stimulating Factor (G-CSF)

G-CSF is a regulator of hematopoiesis and immunity [205]. In addition to its effect on
neutrophil stimulation, it also triggers angiogenesis in ischemic tissue [206] and participates
in the synthesis of IGF-1 [207]. Its neuroprotective effect against ischemic injury in the inner
retinal layer has been documented in several studies [208–210]. The mechanism involves
the STAT3 and PI3K/AKT pathways and shows potential therapeutic effects on retinal
ischemic disorders [208–210].

A significant increase in vitreous G-CSF levels was noted in infants with ROP com-
pared to their non-ROP counterparts [23,49]. Nonetheless, the serum G-CSF levels at
birth did not differ significantly between patients with ROP and non-ROP controls [36].
In OIR models, the administration of G-CSF showed a significant benefit in reducing
oxygen-induced retinal vascular obliteration and protecting the retina from hyperoxia-
induced apoptosis and both structural and functional damage [211]. Practically, however,
its therapeutic effect requires further investigation. In humans, one study revealed an
insignificantly lower incidence of threshold ROP in infants administered G-CSF than in
those not treated [212].
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The characteristics and actions of all the above-mentioned cytokines in ROP are sum-
marized in Table 1. Evidence is often limited by the small sample size, non-replicability, or
conflicting results of different studies, possibly attributed to the varying basic characteris-
tics (i.e., degree of prematurity, ethnicity) of study samples, protocols of perinatal care, and
timing and source of sample retrieval in different institutions. Although BRB breakdown
occurs in ROP pathology [213], the display of cytokines frequently differs in the blood and
te vitreous. A specific cytokine may exert both pro- and anti-inflammatory and pro- and
anti-angiogenic properties, depending on the dosage, timing, duration, and target tissue.
All of these factors should be considered when interpreting the results of these studies.

Table 1. Systemic cytokines associated with Retinopathy of Prematurity.

Cytokines Study
Subjects

Expression in
OIR/ROP Samples Characteristics and Actions Ref.

Angiopoietin-2 Mice
Human ↑ (retina, vitreous)

1. Competes against
angiopoietin-1,
dephosphorylates Tie2 receptor,
and initiates neovascularization

2. Works in concert with VEGF

[141,146–148]

Endocan Mice
Human ↑ (retina, blood) 1. Promotes endothelial cell tube

formation and vessel sprouting
[87,165]

Endostatin MiceHuman ↑ (amniotic fluid)

1. Inhibits endothelial cell
proliferation, migration,
or invasion

2. Inhibits capillary tube formation
3. Inhibits retinal VEGF secretion

[128,161]

Eotaxin Mice
Human

↓ then ↑ (retina)
↑ (vitreous)
↓ (blood)

1. Attracts eosinophils and
mediates inflammation

2. Promotes angiogenesis via the
receptor CCR3

[23,198,199]

EPO Mice
Human

↓ then ↑ (retina)
↑ (vitreous)
↓ or ↑ (blood)

1. Regulates hematopoiesis
2. Displays neuroprotective,

anti-apoptotic, and
anti-oxidative properties

3. Modulated by HIF-2
4. Signals through EPO receptor to

promote angiogenesis

[72–74,84,103,104,107–110]

FGF
Mice
Rats

Human
↑ (vitreous, blood)

1. Elicits angiogenic effect via both
VEGF-dependent and
VEGF-independent pathways

2. Activates STAT3
signaling pathway

3. Potentially binds to VEGFR2
4. Displays neuroprotective effect

in photoreceptor cells

[23,36,39,140]

G-CSF Mice
Human ↑ (retina, vitreous)

1. Regulates hemopoiesis
and immunity

2. Reduces oxygen-induced retinal
vascular obliteration, and
triggers angiogenesis in
ischemic tissue

3. Displays neuroprotective
properties

4. Takes part in synthesis of IGF-1

[23,49,211,212]
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Table 1. Cont.

Cytokines Study
Subjects

Expression in
OIR/ROP Samples Characteristics and Actions Ref.

IFN-γ Mice
Human ↑ (aqueous)

1. Activates macrophages
2. Exhibits proinflammatory,

anti-viral, anti-proliferative,
pro-apoptotic, and
antitumor properties

3. Impedes the proliferation,
migration, and tube formation of
endothelial cells via STAT1
signaling, even under
VEGFA-treated condition

[23,58,203,204]

IGF-1 Mice
Human

↓ then ↑ (retina)
↓ ( blood)

1. Promotes VEGF synthesis and
maximizes its
pro-angiogenic effect

2. Promotes endothelial cell
proliferation and
integrity maintenance

[28,72,87,116–121,124]

IGFBP-3 Mice
Human

↓ then ↑ (retina)
↓ (blood)

1. Serves as regulators and serum
carriers of IGFs

2. Preserves retinal vessels under
oxygen-induced damage

3. Facilitates vessel regrowth
4. Decreases retinal

neovascularization
tufts formation

[29,31,117,126–128]

IL-1β Rats
Human ↑ (retina, choroid)

1. Sustains activation of
retinal microglia

2. Induces microvascular injury
through release of
semaphorin-3A from
adjacent neurons

3. Induces BRB breakdown
4. Induces retinal ganglion

cell death
5. Induces choroidal involution

and outer neuroretinal
anomalies

[18,20–23]

IL-1Ra Human ↑ (vitreous, tears)
1. Prevents IL-18 angiogenic effects
2. Prevents IL-1β-induced

cell death
[49]

IL-6 Human ↑ (blood)

1. Induces acute-phase
protein response

2. Displays both pro-inflammatory
and anti-inflammatory
properties

[27–31]

IL-7 Human ↑ (vitreous, blood)

1. Regulates the development and
homeostasis of T cells, B cells,
and natural killer cells

2. Induces RPE-derived MCP-1
and IL-8

[23,36]
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Table 1. Cont.

Cytokines Study
Subjects

Expression in
OIR/ROP Samples Characteristics and Actions Ref.

IL-8 Rats
Human ↑ (retina, blood)

1. Promotes directional migration
of neutrophils, basophils, and
T lymphocytes

2. Stimulates endothelial
proliferation and capillary
tube formation

3. Inhibits endothelial
cell apoptosis

4. Enhances MMP-2, 9 and
gelatinase activity

[30,38–40]

IL-10 Mice ↑ (retina)

1. Inhibits the release of TNF-α,
MIP-1α, and RANTES
in microglia

2. Guides macrophage behavior to
a pro-angiogenic phenotype
under hypoxia

[42]

IL-17 Mice
Human

↑ (retina)
↓ (blood)

1. Induction of immune response
against bacteria and fungus

[27,45]

IL-18 Mice
Human ↓ then ↑ (blood)

1. Displays immunoregulatory
activity with both angiogenic
and angiostatic properties

2. Regresses retinal pathological
neovascularization, rather than
inhibiting its development

[27,46]

IL-19 Mice ↑ (retina)

1. Induces proliferation and
migration of human retinal
endothelial cells

2. Promotes pro-angiogenic M2
macrophage polarization

[48]

MCP-1 Human ↑ (blood)

1. Induces migration and
aggregation of
monocytes/microglia

2. Displays pro-angiogenic
properties

3. Recruits pro-angiogenic
macrophages

[23,36,192]

MIP-1 Mice
Human ↑ (retina, blood)

1. Induces migration and
aggregation of
monocytes/microglia

2. Promotes revascularization of
the avascular retinal area

[36,193,194]

Neurotrophins
(BDNF, NT-4)

Mice
Human ↓ (retina, blood)

1. Links the nervous and immune
system (positive feedback
autocrine loops)

2. Promotes retinal ganglion cell
survival after injury

[27,85,170]

PDGF Rats
Human ↓ (retina, blood)

1. PDGF-B helps recruit pericytes
and vascular smooth muscles,
stablizing vessels

2. PDGF-CC intensifies MMP-2
and MMP-9 expression and
augments monocyte migration

[85,151]
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Table 1. Cont.

Cytokines Study
Subjects

Expression in
OIR/ROP Samples Characteristics and Actions Ref.

RANTES Human ↑ (vitreous)
↓ (blood)

1. Contributes to innate immunity
2. Recruits leukocytes to

initiate inflammation
[23,27]

SDF-1α Rats
Human ↑ (retina, vitreous)

1. Triggers VEGF secretion by
endothelial cells

2. Promotes endothelial progenitor
cell trafficking and
cell migration

[83,181–183]

Soluble endoglin Human ↑ (amniotic fluid)

1. Displays anti-angiogenic activity
by downregulating
TGF-β signaling

2. Impairs retinal vascular growth

[128]

TGF-β Rats
Human

↑ (retina)
↓ (blood)

1. Displays both pro-angiogenesis
and anti-angiogenesis properties
depending on its concentration

2. Regulates cell growth,
differentiation, migration, and
extracellular matrix production

3. Up-regulates the expression
of VEGFR-1

[27,133,135]

TNF-α
Mice
Rats

Human

↑ (retina, blood)
↓ (amniotic fluid)

1. Displays both pro-inflammatory
and anti-inflammatory properties

2. Induces BRB breakdown
3. Induces retinal ganglion

cell death

[20,21,28,30,53,54,57,58]

VEGF
Mice
Rats

Human

↑ (vitreous, aqueous)
↓ (tears)

↓ or ↑ (blood)

1. Activated by HIF-1α, and works
in concert with other
angiogenic mediators

2. Regulates endothelial cells
migration and survival

3. Promotes abnormal
vessel sprouting

4. Increases vascular permeability
5. Displays inner retinal

neuroprotective properties

[3,13,40,58,61,69,70,72–74,82–92]

↑: upregulation; ↓: downregulation. Abbreviations: OIR: oxygen-induced retinopathy; ROP: retinopathy of
prematurity; IL: interleukin; BRB: blood–retina barrier; RPE: retinal pigment epithelium; MCP-1: monocyte chemo-
tactic protein-1; MMP: matrix metalloproteinases; TNF: tumor necrosis factor; MIP-1: macrophage inflammatory
protein-1; VEGF: vascular endothelial growth factor; HIF: hypoxia-inducible factor; CCR: C-C chemokine receptor
type 3; EPO: erythropoietin; IGF-1: insulin-like growth factor 1; IGFBP-3: insulin-like growth factor binding
protein 3; TGF-β: transforming growth factor beta; VEGFR: vascular endothelial growth factor receptor; FGF:
fibroblast growth factor; STAT3: signal transducer and activator of transcription 3; PDGF: platelet-derived growth
factor; BDNF: brain-derived neurotrophic factor; NT-4: neurotrophin-4; RANTES: regulated upon activation,
normal T cell expressed and secreted; IFN-γ: interferon-γ; G-CSF: granulocyte colony-stimulating factor.

3. Inflammatory Pathways and Cellular Responses

The inflammatory and angiogenic pathways involved in the two phases of ROP
development are shown in Figure 1. Preterm neonates encounter oxidative stress from all
sources, such as light exposure, infection, ischemia/reperfusion-induced inflammation,
long-term parenteral nutrition, blood transfusions, increased levels of non-protein-bound
iron, and most importantly, high supplemental oxygen [4]. Their immature antioxidant
systems and long-chain polyunsaturated fatty acid (LC-PUFA)-rich retinas make them
susceptible to oxidative damage [214]. Oxidative and inflammatory pathways share some
common signaling molecules. Under hyperoxia (phase I ROP), pro-angiogenic factors,
including VEGF, IGF-1, and EPO, are suppressed, leading to retinal vaso-obliteration [215].
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Tissue injury caused by the overproduction of reactive oxygen species (ROS) results in the
activation of immune cells, mainly microglial cells, which are resident macrophages in
the retina [216]. IL-1β, TNF-α, and IL-6, the primary cytokines at play in the initial stage
of inflammation, further cause deleterious effects in the retina [20] and aggravate retinal
microvascular degeneration [18].
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Figure 1. Common inflammatory and angiogenic mediators involved in the pathogenesis of retinopathy
of prematurity (ROP) and the associated maternal and neonatal conditions. During phase I, oxidative
stress suppresses pro-angiogenic factors. Hyperoxia-induced damage triggers over-activated inflamma-
tion, resulting in vaso-obliteration. During phase II, the hypoxic environment upregulates pro-angiogenic
factors by hypoxia-inducible factor (HIF) and promotes both pro-inflammatory and anti-inflammatory
cytokines. Anti-inflammatory cytokines may also display some pro-inflammatory properties. The
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subsequently upregulated metalloproteinase degrades the extracellular matrix, stimulates endothe-
lial cell migration, and further recruits more growth factors, eventually causing vasoproliferation
extending from the retina into the vitreous. The common onset timing of several maternal and
neonatal conditions associated with the alternation of systemic cytokines is described below. These
factors may contribute to ROP pathogenesis. Sepsis, thrombocytopenia, and blood transfusions
are illustrated throughout the timeline since they can occur at any time. ↑: upregulation; ↓: down-
regulation. Abbreviations: ROP: retinopathy of prematurity; ROS: reactive oxygen species; VEGF:
vascular endothelial growth factor; IGF-1: insulin-like growth factor-1; IGFBP: insulin-like growth
factor-binding protein; EPO: erythropoietin; IL: Interleukin; TGF-ß: transforming growth factor-ß;
TNF-α: tumor necrosis factor-α; ICAM-1: intercellular adhesion molecule-1; MCP-1: monocyte
chemotactic protein-1; MIP-1: macrophage inflammatory protein-1; ω-3 PUFA: ω-3 polyunsaturated
fatty acids; HIF: hypoxia-inducible factor; bFGF: basic fibroblast growth factor; Ang-2: angiopoietin-2;
IFN-γ: interferon-γ; G-CSF: granulocyte colony-stimulating factor; IL-1Ra: interleukin-1 receptor
antagonist; SDF-1α: stromal cell-derived factor-1α; MMP: matrix metalloproteinase; sFlt-1: soluble
fms-like tyrosine kinase-1; PIGF: placental growth factor; BDNF: brain-derived neurotrophic factor;
PDGF: platelet-derived growth factor.

Subsequently, inadequate perfusion of the developing retina leads to the development
of phase 2 disease [217]. HIF, a redox-sensitive transcription factor, is stabilized under low-
oxygen conditions due to the inhibition of its hydrolytic enzymes, the prolyl hydroxylase
domain (PHD) proteins [218]. HIF induces growth factors involved in angiogenesis, such
as VEGF, EPO, PDGF, and Ang2, and enhances endothelial cell proliferation, migration,
and tube formation [219–221]. In ischemic retinal tissue, ROS generated through NADPH
oxidase [222] further causes the release of various aforementioned cytokines in the retina
via upregulation of the pro-inflammatory signaling pathways mediated by NF-κB, protein
kinase C, and MAPK [223]. Chemokines, such as IL-8 and MCP-1, mediate the recruitment
of more immune cells [37]. Some anti-inflammatory cytokines, such as IL-10 and IL-19,
have been reported to display pro-inflammatory properties [42]. Inflammatory cytokines,
growth factors, and ROS stimulate the secretion of MMP-2 and MMP-9 by RPE, which
degrades the extracellular matrix, induces endothelial cell migration, and recruits more
growth factors [224,225]. Inflammation superimposes overactive VEGF signaling which
eventually disorients endothelial cell divisions and allows vessel growth to extend into the
vitreous rather than staying within the retina [226–228].

4. Correlation with Other Maternal or Neonatal Diseases

The alteration of systemic cytokines resulting from all kinds of perinatal and neonatal
inflammation potentially contributes to the pathogenesis of ROP (Figure 1) [27]. For this
purpose, understanding the role of systemic cytokines in both maternal and neonatal
diseases may provide insights into the pathophysiology of ROP.

4.1. Pre-Eclampsia

Preeclampsia is a pregnancy-specific disease presenting with maternal hypertension
and various organ failures and is associated with multiple neonatal morbidities [229].
The pathogenesis of preeclampsia involves soluble fms-like tyrosine kinase-1 (sFlt-1),
also known as VEGFR1 [230], which attenuates VEGFR2 and has anti-angiogenic proper-
ties [61]. Clinical studies have reported increased serum sFlt-1 concentrations in newborns
exposed to preeclampsia within the first three days of life [230,231]. However, whether
pregnancy-induced hypertension and pre-eclampsia are risk factors for ROP remains in-
conclusive [1]. One recent meta-analysis reported no significant association between ROP
and preeclampsia, but a high heterogeneity among the included studies was shown [232].
Some researchers demonstrated larger retinal avascular areas and more severe ROP at
first screening in preterm infants born to hypertensive mothers, but no association was
revealed between gestational hypertension and the worst severity of ROP in further exam-
inations [233]. On the contrary, others showed a reduced risk of ROP in preterm infants



J. Pers. Med. 2023, 13, 291 16 of 40

born to pre-eclampsia mothers [234,235] possibly due to the anti-angiogenic effect of sFLt-
1 [234]. Further studies are required to elucidate the true correlation between pre-eclampsia
and ROP.

4.2. Maternal Diabetes Mellitus (DM)

Some researchers have reported maternal DM as a risk factor for ROP develop-
ment [236–238], while others claimed no relationship [239–241]. One recent meta-analysis
showed no association between maternal DM and ROP [242], but the heterogeneity among
studies in terms of baseline subject characteristics and diabetes management may be over-
looked. Concentrations of growth factors, such as IGFBP1 and IGFBP2, in cord blood were
found to be significantly lower in neonates born to women with gestational DM than in
controls [243]. However, other growth factors, such as IGF-1, IGFBP3, Ang-2, VEGF, and
PlGF, did not differ significantly [243,244].

4.3. Chorioamnionitis

A recent meta-analysis concluded that maternal chorioamnionitis increased the risk of
ROP in preterm neonates [245]. Infants exposed to chorioamnionitis more frequently de-
velop postnatal infections and inflammation, and the resultant oxidative stress makes them
vulnerable to ROP [246,247]. Both maternal inflammatory response and the subsequent
fetal inflammatory response syndrome promote systemic pro-inflammatory cytokines
in neonates, including TNF-α, IL-1, IL-6, and IL-8, especially within the first 72 hours
of life [30,31,246,248–252]. In addition, maternal systemic inflammation also causes de-
creased fetal IGF-1 [246]. The display of these cytokines, attributed to ROP development,
is mentioned.

4.4. Respiratory Distress Syndrome (RDS)

RDS in preterm infants typically progresses over the first two–three days of life and
resolves by one week of age with an increased production of endogenous surfactant [253].
Preterm infants with RDS often require mechanical ventilation and supplemental oxygen,
both of which are widely recognized risk factors for ROP [1,254–259]. In addition, the
alternation in cytokines of neonates with RDS compared to non-RDS counterparts may also
take part. Higher IL-6, IL-10, and lower IL-12 levels in cord blood [260] and lower plasma
VEGF levels during the first week of life [261] have been observed in infants with RDS.

4.5. Patent Ductus Arteriosus (PDA)

PDA refers to the failure of the ductus arteriosus to close completely 1–2 days after
birth [262]. Prenatal and postnatal infections and the resultant inflammation process have
been proposed to contribute greatly to PDA [263]. Accordingly, elevated levels of cytokines,
such as IL-6, IL-8, IL-10, IL-12, growth/differentiation factor 15, MCP-1, and MIP-1α,
in cord blood have been reported to be related to the development and persistence of
PDA [264,265]. Many studies demonstrated PDA as an independent risk factor for ROP
development [266–270]. Inflammation is supposedly a confounding factor contributing
to both PDA and ROP development. Some researchers have claimed that the use of non-
steroidal anti-inflammatory drugs, such as indomethacin, to manage PDA gives rise to
increased VEGF levels in the eyes and subsequent retinal neovascularization [271,272],
while others disagree [273]. Mitsiakos et al. [270] also indicated the potential etiology of
alterations in retinal perfusion resulting from open ductus arteriosus. Further studies are
required to elucidate the association between PDA and ROP.

4.6. Intraventricular Hemorrhage (IVH)

IVH is a serious complication in preterm infants, and its association with ROP has been
demonstrated in various studies [254,274–279]. IVH usually occurs within the first week
of life, causing poor development of neurons and glial cells [280]. While the pathogenesis
of IVH is considered to be multifactorial, the destruction of germinal matrix vessels is an
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important mechanism [281]. The subsequent inflammatory response caused by the hem-
orrhage results in further damage to the adjacent tissue [282,283]. In addition to the local
elevation of pro-inflammatory mediator levels in the cerebrospinal fluid (CSF) [283,284] and
periventricular tissue [285], systemic changes, including elevated IL-1β, IL-6, TNF-α, and
EPO levels in cord blood [286–288], and elevated IL-6, IL-8, and MCP-1 levels in circulating
blood were observed [289,290]. Variants of polymorphic genes regulating the expression of
cytokines, such as IL-1β and TNF-α, were also reported in patients suffering from severe
IVH [291].

VEGF and TGF-β, which are crucial for the development of ROP, also participate in the
pathogenesis of IVH. Locally high VEGF and Ang-2 levels in the germinal matrix facilitate
angiogenesis, and the combination of low TGF-β expression and glial fibrillary acidic
protein deficiency leads to fragile vessels in the germinal matrix [281]. Shimi et al. [292]
evaluated both blood and CSF levels of VEGF on the 1st and 3rd days of life and reported
significantly higher levels in patients who later developed IVH. However, the cytokines
that play a role in both IVH and ROP require further investigation.

4.7. Bronchopulmonary Dysplasia (BPD)

Clinically, BPD is defined as the need for supplemental oxygen either at 4 weeks post-
natal age or 36 weeks PMA [293], although lung injury commences soon after birth [294].
BPD is characterized by chronic lung disease mainly due to prolonged application of me-
chanical ventilation and oxygen toxicity after birth [294] and is identified as an independent
risk factor for ROP [27,279,295]. In spite of the contribution from exposure to a high-oxygen
environment, cytokines level alternation in BPD patients was described in several studies
and may also play a role in the pathogenesis of ROP. Higher blood levels of IL-6 and IL-8
within the first month of life are associated with BPD and increased severity [261,296].
Increased serum levels of TNF-α in the postnatal 4th week were also shown to be a risk
factor for BPD [296]. Other studies have proposed impaired angiogenesis as a mechanism
of BPD, and endostatin and PlGF levels were elevated in the cord plasma of patients with
BPD [297,298].

4.8. Anemia and Red Blood Cell (RBC) Transfusion

Preterm infants with low hemoglobin (Hb) levels are considered to be at risk for
ROP [299,300]. As Hb delivers oxygen throughout the whole body, a decreased concen-
tration of circulating hemoglobin represents the general hypoxia status and potentially
increases VEGF secretion [301]. Several studies have also pointed out the association
between ROP development and transfusion of RBCs, especially in the early postnatal
period, when phase 1 of ROP occurs [302–304]. The risk of ROP is even higher as the
frequency and volume of transfusions increase [305]. The proposed hypothesis of etiology
included (1) transfusion of adult RBCs, which is mainly composed of HbA that releases
more oxygen than HbF, the primary type of Hb in infants, to the retinal tissue and causes
hyperoxia-induced damage [302,305]; (2) accumulation of free iron leading to oxidative
stress [302,306]; and (3) alteration in cytokine profiles after blood transfusion [307–309]. In
patients receiving a massive RBC transfusion, higher blood IL-1β, IL-6, IL-8, IL-17A, and
TNF-α levels were detected later in life [307–309].

4.9. Thrombocytopenia and Platelet Transfusion

Platelets are responsible for the storage, transport, and release of abundant growth fac-
tors, such as IGF-1, IGFBP3, VEGF-A, PDGF, and BDNF, from their α-granules [85,310,311].
In rodent models, platelets showed a significant anti-angiogenic effect on retinal endothelial
cells by reducing VEGF-A production [312]. The correlation between thrombocytopenia
and severe ROP has been hypothesized and proven in several studies [85], especially dur-
ing the first week of life [313,314]. Contrary to the theoretical protective effect of platelets,
transfusion of platelets was reported to be an aggravating factor for ROP development
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due to the contained pro-inflammatory cytokines and their interactions with immune
cells [302,305,315].

4.10. Fresh-Frozen Plasma Transfusion

Dani et al. [316] reported that among infants with a GA < 29 weeks, those who received
two or more transfusions of fresh-frozen plasma in the first week of life had a lower risk
of developing ROP. High concentrations of IGF-1 and IGFBP are thought to contribute to
this result.

4.11. Necrotizing Enterocolitis (NEC)

NEC is a devastating inflammatory bowel disease induced by innate immune re-
sponses against the gut microbiota [317]. It typically occurs in the second to the third week
of life after starting oral intake [317]. Published data have consistently revealed a corre-
lation between NEC and ROP development [1,318,319]. On postnatal day 1, significantly
lower circulating TGF-β1 and IL-2 and increased IL-8 levels were found in neonates who
later developed NEC compared to the non-NEC controls [320,321]. Later on, significantly
higher levels of other cytokines, such as IL-1β, IL-6, IL-10, IL-1Ra, MCP-1, and MIP-1β,
were also reported in these infants [321–323]. During the first 3 weeks of life, systemic
IL-1β, IL-2, IL-6, and IL-10 levels showed a decreasing trend over time, whereas IL-18,
MIP-1β, and TGF-β1 levels increased with postnatal age [321]. The alternation in these
cytokine levels may be potential biomarkers for NEC diagnosis and may take part in the
development of ROP.

4.12. Sepsis and Fetal Inflammatory Response Syndrome

Sepsis, which may develop at any time in the neonatal period, is a well-known
independent risk factor for ROP [236,279,324,325]. The resultant hemodynamic instability
causes fluctuation in blood oxygen saturation, which might lead to retinal ischemia [326].
In addition, sepsis, along with fetal inflammatory response syndrome, causes systemic
elevation of the levels of various pro-inflammatory cytokines, including IL1-β, IL-6, IL-10,
and TNF-α, which further aggravates ROP severity [326–328].

5. Novel Pharmacological Agents Linking to Cytokine Signaling Pathways
5.1. Current Prophylactic Treatments for ROP
5.1.1. EPO and Derivatives

Anemia of prematurity and blood transfusions are both potential risk factors for
ROP [1] that can be avoided with EPO derivative supplementation [329]. The pro-angiogenic
properties of EPO itself may reduce vaso-obliteration in phase 1 ROP but aggravate neovas-
cularization in phase 2 ROP [103,104]. Therefore, there has been a large debate on whether
exogenous EPO can prevent ROP, and the timing of administration probably plays a crucial
role. An RCT that evaluated the effect of early prophylactic EPO (within 72 h of birth and
then once every other day for 2 weeks) specifically on ROP revealed benefits in infant boys
or in infants with GA > 28 weeks and BW > 1500 g [330]. In contrast, in a recent Cochrane
meta-analysis comprising two high-quality RCTs, early EPO (initiated at age < 8 days) for
preventing blood transfusion in preterm infants was related to a significantly increased risk
of any grade ROP compared to late EPO (initiated at 8–28 days of age) [331]. However, in
two meta-analyses enrolling more RCTs/quasi-RCTs that compared early or late EPO with
placebo or no intervention, late EPO brought about a trend of increased risk for ROP [332],
while early EPO had no impact [333]. EPO administration does not seem to be promising
for managing ROP based on current evidence.

5.1.2. PUFA Supplements

PUFAs, such as docosahexaenoic acid (DHA) and arachidonic acid (AA), constitute
the fundamental structure of neurons and endothelial cells [334]. They contribute greatly
to retinal physiological functions, specifically cell signaling mechanisms involved in photo-
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transduction [335]. DHA is aω-3 PUFA, whereas AA is aω-6 PUFA. Substantialω-3 and
ω-6 long-chain PUFAs delivered from the mother through the placenta during the third
trimester of gestation are unavailable to preterm infants [336,337].

In a mouse OIR model, dietary ω-3 PUFAs reduced the area of the avascular retina
and alleviated pathologic neovascularization, partly through the suppression of TNF-α
in a subset of microglia closely associated with retinal vessels [54]. In light of this, a
meta-analysis showed that long-chain PUFA supplementation in infant formulas improved
visual acuity up to 12 months of age [338]. Pawlik and al. demonstrated that parenteral
ω-3 supplementation decreased the risk of severe ROP in very preterm infants [339]. In
another RCT (NCT03201588), daily enteral oil supplementation with AA and DHA from
postnatal day 3 to PMA week 40 reduced the occurrence of severe ROP [340]. However,
the authors indicated that DHA was only effective in preventing severe ROP in infants
with sufficiently high serum AA levels [341]. Another RCT (NCT02683317) showed that
enteral DHA supplementation for 2 weeks was able to reduce the risk of stage 3 ROP in
preterm infants [342]. Further research is warranted to determine the optimal composition
of PUFAs, route of administration, and duration of treatment for preventing ROP.

5.2. Current Curative Treatment Strategy for ROP
Anti-VEGF

Inhibition of VEGF–VEGFR signaling has recently become an established treatment
option for intravitreal neovascularization. Bevacizumab, a humanized anti-VEGFA mono-
clonal antibody initially approved for cancer therapy, was the first drug reported for ROP
treatment [8]. Compared to conventional laser therapy, the BEAT-ROP trial proved that
intravitreal bevacizumab could decrease the risk of reactivation before 54 weeks of PMA by
five times in zone I ROP [8]. Nonetheless, some small-scale randomized controlled trials
(RCTs) have yielded contradictory results regarding reactivation rates compared to laser
therapy [343,344]. Notably, bevacizumab was superior to laser therapy by allowing for
continued normal vessel growth into the peripheral retina [8].

Introduced by the RAINBOW trial, ranibizumab is a monoclonal antibody Fab frag-
ment neutralizing VEGF-A that showed an advantage over laser therapy in managing
ROP with a 24-week safety profile and fewer unfavorable ocular outcomes, such as high
myopia [7,345]. Aflibercept is a soluble fusion protein that not only binds to VEGF-A but
also to VEGF-B and PlGF [346,347]. Chen et al. [348] found that aflibercept was effective
and well tolerated for the treatment of Type 1 ROP, but Ekinci et al. [349] demonstrated that
more re-treatments were needed compared to the primary laser. FIREFLYE (NCT04004208)
and BUTTERFLYE (NCT04101721) are two ongoing phase 3 RCTs comparing intravitreal
aflibercept with laser therapy for treating ROP.

Conbercept, a fusion protein that blocks both VEGF-A and VEGF-B, has a 50-fold
higher binding affinity than bevacizumab [350]. Its efficacy in safely resolving ROP has
recently been demonstrated [350,351]. Brolucizumab is a newly developed humanized
single-chain antibody fragment inhibitor of VEGF-A recently approved for managing
adult retinal diseases [352]. Faricimab is a bispecific antibody targeting both VEGF-A
and Ang-2, which has recently gained approval from the FDA for managing exudative
AMD [353]. The potential efficacy of brolucizumab and faricimab in treating ROP has yet
to be confirmed. All the above-mentioned anti-VEGF agents are currently off-label for ROP,
except ranibizumab, which has become the first licensed drug in the European Union since
2019 [354].

Anti-VEGF agents have some drawbacks regarding their local side effects, such as RPE
degeneration, which may negatively affect the viability of photoreceptors, choriocapillaris,
and Müller cell signaling [10]. Moreover, there have been concerns regarding their systemic
toxicity retarding organogenesis, particularly neurodevelopmental delay [11–14]. However,
patients receiving lower doses of anti-VEGF often require re-treatment [355]. The optimal
treatment probably requires striking a balance between reduced dosage and the risk of late
reactivation. Our previous study reported a significant drop in serum VEGF levels up to
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2 months in infants with type 1 ROP who received intravitreal bevacizumab but not in
those receiving ranibizumab [356]. This result may be attributed to the smaller molecule of
ranibizumab, which is eliminated from the bloodstream faster and potentially causes less
systemic toxicity [357].

5.3. Evolving Treatment Strategies for ROP
5.3.1. HIF–PHD Inhibitors and HIF Inhibitors

HIF is a potential therapeutic target because of its crucial role in stimulating angiogenic
factors, as described above. In mouse OIR models, HIF stabilization by PHD inhibitors, such
as dimethyloxalylglycinesuch [358], roxadustat, and AR0 [359], in phase 1 ROP prevented
retinal vessel dropout and subsequent pathological angiogenesis. The researchers also
indicated two mechanisms of action of roxadustat in preventing OIR: direct retinal HIF
stabilization and triggering enzymes for aerobic glycolysis, and indirect hepatic HIF-1
stabilization and upregulation of serum angiogenic hepatokines [360]. Singh et al. [361]
further highlighted the remote protection of the retina by hepatic HIF-1 via the control of
serine/one-carbon metabolism. Interestingly, roxadustat is capable of treating anemia [362],
a potential risk factor for ROP [1]. Whether its role in regulating hemopoiesis contributes
to its therapeutic effects warrants further investigation.

Conversely, HIF inhibition in phase 2 ROP appears to be a reasonable strategy to
directly suppress the pathological action of pro-angiogenic factors. Several HIF inhibitors
with varying mechanisms, including topotecan, doxorubicin, a marine fish-derived compo-
nent, and CITED2 protein-derived peptide, have been studied in OIR models [363–365].
Topotecan impedes the accumulation of HIF-1α protein but not mRNA expression [363].
Doxorubicin hampers the binding of HIF-α to hypoxia response elements [363]. Ingredients
from Decapterus tabl, a marine fish, impede the expression of HIF target genes in a way
currently unknown [364]. A peptide derived from the intrinsically disordered protein
CITED2 is an endogenous negative feedback regulator of HIF-1α [365]. The combination of
this peptide HIF inhibitor with a reduced dose of anti-VEGF aflibercept decreased retinal
neovascularization in phase 2 disease and vaso-obliteration in phase 1 disease, which
could not be achieved by aflibercept alone [365]. Apurinic/apyrimidinic endonuclease
1/reduction-oxidation factor 1 (APE1/Ref-1) is a multifunctional protein that acts upstream
of HIF transcription [366]. APE1/Ref-1 inhibitors are thus considered a potential treatment
option for ROP, along with other retinal neovascular diseases [366].

5.3.2. IGF-1/IGFBP-3 Complex

Owing to the aforementioned promising results of preventing mouse OIR [121,126],
there is particular interest in IGF-1 and IGFBP-3 administration to reduce the risk of
ROP development. Dani et al. [316] reported that preterm infants who received two or
more transfusions of fresh-frozen plasma in the first week of life had a lower risk of ROP
occurrence and that high concentrations of IGF-1 and IGFBP were thought to be responsible
for the result. In one phase 2 RCT (NCT01096784), however, the recombinant human IGF-
1/IGFBP-3 complex protected against BPD but not ROP [367]. Dosage optimization may
be required for a more optimistic result [367]. A larger-scale phase 2b RCT (NCT03253263)
is underway to assess the efficacy of the recombinant human IGF-1/IGFBP-3 complex in
the prevention of diseases related to prematurity [368].

5.3.3. Anti-Secretogranin III (Scg3)

Scg3 belongs to the granin family and primarily regulates the biogenesis of secretory
granules and the secretion of hormone peptides in endocrine and neuroendocrine cells [369].
It has also been characterized as a disease-associated angiogenic factor that acts through
VEGF-independent signaling pathways [369]. Different from VEGF, Scg3 does not bind to
healthy retinal vessels. Therefore, in mouse OIR models, anti-Scg3 monoclonal antibodies
selectively block pathological angiogenesis but do not hinder normal retinal vascularization
as anti-VEGF may [370–372]. Moreover, they avoid systemic side effects, possibly caused by
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anti-VEGF agents, such as renal tubular injury, abnormalities in kidney vessel development,
and retarded body weight gain in neonatal mice [370]. Therefore, anti-Scg3 therapy with a
wider therapeutic window than anti-VEGF agents offers new hope for the safe and effective
treatment of ROP.

5.3.4. Gut Microbiota Modulation

The gut microbiota are microorganisms that reside in the gastrointestinal tract. Disrup-
tion of the gut microbiota not only causes gastrointestinal diseases but also exerts systemic
effects by changing intestinal permeability, releasing metabolic endotoxins into the blood
circulation, inducing systemic inflammatory responses, and altering body growth [373,374].
Systemic inflammatory status potentially takes part in the development of diseases in
all systems, including ophthalmic disorders [375]. The concepts of gut–brain [373,376],
gut–respiratory [376], and gut–retina axes [374,377] have been discussed in the literature.
In mouse models, gut dysbiosis increases the production of serum cytokines, including
IL-6, IL-1β, TNF-α, and VEGF-A, which may aggravate pathological angiogenesis in the
eye [378]. Another study of mice colonized with fecal samples from poor-growth preterm
infants showed lower circulating levels of both IGF-1 and IGFBP-3 compared to those in
infants with good growth [373].

Interactions among dietary carbohydrates, gut microbial metabolites, and AMD fea-
tures in the human eye have been reported [379]. A large cohort study indicated lower di-
versity of gut microbiota and significant enrichment of Staphylococcus in patients with ROP,
highlighting the importance of promoting healthy microbiome development in preterm
neonates [380]. Skondra et al. [377] demonstrated the enrichment of Enterobacteriaceae
species with less amino acid biosynthesis in patients with ROP. However, a meta-analysis
reported that probiotic supplementation had no benefit in preventing ROP [381]. Therefore,
further studies are required to clarify the therapeutic effects of gut microbiota replacement
in patients with ROP.

5.3.5. Non-Coding RNAs (ncRNAs)

NcRNAs are functional RNAs that are not translated into proteins and regulate various
diseases, including retinal diseases [382]. Based on their molecular weight, they are clas-
sified into microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs
(circRNAs) [383]. MiRNAs, short ncRNAs with a length of approximately 22 nucleotides,
can bind with messenger RNAs (mRNAs) to degrade them or interrupt transcription. LncR-
NAs with a length >200 nucleotides can modulate gene expression, modify chromatin, or
act as miRNA sponges. CircRNAs, which are variable in length, often function as miRNA
sponges and can recover mRNA processing or directly participate in transcription [384].

MiRNAs are the most extensively explored ncRNAs in ROP. MiR-18a-5p is upregulated
in mouse OIR. Intravitreal agomiR-18a-5p, an miR-18a-5p mimic, regulates pathological
neovascularization by targeting HIF-1α and FGF1 [385]. In rat OIR, miR-34a is down-
regulated. Administration of miR-34a diminishes neovascularization via inhibition of
the Notch1 pathway [386]. Desjarlais et al. [387] demonstrated the downregulation of
miR-96 in another rat OIR model. Intravitreal injection of the miR-96 mimic before hyper-
oxia markedly prevented vessel dropout by stimulating pro-angiogenic factors, including
VEGF, Ang-2, and FGF2. These factors can be blocked by antagomiR-96. Our previous
study reported that intravitreal miR-126 mimic and plasmid effectively inhibit retinal
neovascularization by downregulating VEGF-A expression in rat OIR [388]. In another
mouse OIR, miR-145 regulated tropomodulin 3 and modified the structure of actin and
endothelial cells to enhance pathological neovascularization. Intravitreal miR-145 inhibitors
can reduce neovascular areas [389]. Liu et al. [390] demonstrated a reduction in miR-150
expression in the mouse OIR. MiR-150 exhibits anti-angiogenic properties by inhibiting
C-X-C chemokine receptor type 4, delta-like ligand 4, and frizzled-class receptor 4 [390]. In
another mouse model of OIR, miR-181a-5p was found to inhibit retinal neovascularization
via endocrine suppression [391]. Li et al. [392] found that miR-182-5p is downregulated
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in mouse OIR. The introduction of the miR-182-5p mimic can impede ANG and BDNF
expression, thereby reducing cell migration and increasing cell viability and tube formation.
MiRNA-223 upregulates the anti-inflammatory genes, YM1/2 and IL-4RA, and downreg-
ulates the pro-inflammatory genes, inducible NOS, IL-1β, and IL-6, thereby mediating
microglial polarization to the M2 (anti-inflammatory) phenotype and decreasing the retinal
neovascular area in mouse OIR [393]. MiR-410 eye drops have been reported to treat
pathological angiogenesis, probably by blocking VEGF-A expression, in another mouse
model of OIR [394].

Several studies have uncovered the roles of some lncRNAs in ROP. Upregulation of
lncRNA MALAT1 expression was observed in OIR mice. Inhibition of MALAT1 alleviates
retinal neovascularization by suppressing the CCN1/Akt/VEGF pathway and cytokines,
such as IL-1β, IL-6, and TNF-α, acting as a miR-124-3p sponge, and regulating early
growth response protein 1 [395,396]. The inhibition of another lncRNA, MIAT, with small
interfering RNA in an OIR mice model diminished retinal angiogenesis by downregulating
the VEGF/PI3K/Akt pathway [397]. Finally, Wang et al. [398] observed the upregulation of
lncRNA TUG1 in mouse OIR. TUG1 promoted retinal angiogenesis by sponging miR-299-3p
and inducing VEGF-A.

The roles of circRNAs in ROP have been reported in several studies. Expression of
circZNF609, the first circRNA identified in mouse OIR, increases under hypoxia [399].
Inhibition of circZNF609 suppresses both retinal angiogenesis and vessel loss in vivo. The
study highlighted the role of the circZNF609/miR-615-5p/myocyte-specific enhancer factor
2A axis in regulating endothelial cell function [399]. Deng et al. [400] observed a decrease
in circPDE4B expression in OIR mice. CircPDE4B displays anti-angiogenic properties
by inhibiting HIF1α and VEGF-A expression, sponging miR-181c, and modulating von
Hippel–Lindau. Zhou et al. [401] analyzed the circRNA profiles of retinal samples from
OIR and normal mice. Gene ontology analysis revealed that angiogenesis was the most
upregulated biological process. Several circRNAs have been predicted to compete with
endogenous RNAs using bioinformatics. Various circRNA–miRNA–mRNA regulatory
axes have been implicated in ROP pathogenesis through reverse transcription-quantitative
PCR validation.

Several miRNA-targeting drugs have been studied in clinical trials for the treatment
of diseases, such as solid cancer, hepatitis C virus infection, and heart failure [402–405].
However, lncRNA- or circRNA-targeting therapeutics have not yet undergone any clinical
trials. NcRNA modulation as a novel treatment for ROP may possess advantages, such as
increased specificity for pro-angiogenic molecular pathways and less destruction. Nonethe-
less, several obstacles, including methods to enhance the stability of RNA therapeutics and
deliver them specifically to target cells, remain to be overcome. Special chemical modifica-
tions may be applied, and encapsulated carriers, such as liposomes, may be adopted for
this purpose [406,407].

5.3.6. Gene Therapy

Evidence of the genetic contribution to the pathogenesis of ROP has been implied in stud-
ies of different OIR rat strains [408,409], human monozygotic and dizygotic twins [410,411],
and preterm patients with extreme phenotypes [412]. Estimated heritability for suscepti-
bility to ROP has been reported to be approximately 70–73% [410,411]. Several candidate
genes modulating downstream inflammatory and angiogenic pathways leading to ROP
have been identified [413] and may potentially become targets of novel therapeutics.

Commonly used viral vectors, such as lentiviruses, adenoviruses, and adeno-associated
viruses, can deliver genes to the retina [414]. In mouse OIR, the transfer of anti-angiogenic
genes, including pigment epithelium-derived factor, tissue inhibitor of metalloproteinase-3,
and endostatin, via subretinal injection of adeno-associated viral vectors successfully allevi-
ates retinal neovascularization [415]. Clinical trials of numerous viral vector-based gene
therapies for managing proliferative retinopathy are currently underway. For instance,
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recombinant adeno-associated viral vectors encoding sFLT-1 were recently tested in a phase
I clinical trial including patients with exudative AMD [416].

Another potential treatment may be genome engineering via clustered regularly inter-
spaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) endonu-
cleases. It may permanently suppress retinal angiogenesis by editing genes at the DNA
level [417]. For example, CRISPR/CAS9-based depletion of VEGF-A, VEGFR2, and HIF-1α
effectively blocks retinal or choroidal neovascularization in vivo and in vitro [418–423].
Given that growth factors are essential for ocular development throughout childhood,
concerns may arise regarding the long-lasting effects of gene therapy. However, further
research and clinical trials are required to determine the timing and optimal dosage of gene
therapy to prevent any unfavorable toxicity and immunogenicity.

6. Conclusions

ROP is a complicated vasoproliferative vitreoretinal disorder that involves various
angiogenic and inflammatory mediators. The two-phase disease model emphasizes the
importance of assessing cytokine levels in a time-dependent manner in the evaluation of
ROP pathogenesis. A specific cytokine may exert both pro- and anti-inflammatory and
pro- and anti-angiogenic effects, depending on its dosage, time of administration, duration
of treatment, and target tissue. Although BRB breakdown occurs in ROP pathology, the
expression levels of cytokines often differ between the blood and the vitreous. Although
various treatment modalities, such as cryotherapy, laser photocoagulation, and the use of
anti-VEGF agents, have been well-established, novel therapeutics are required to curb the
increasing prevalence of ROP. Understanding the cytokines at play and their association
with other perinatal diseases may provide important insights to target the underlying
pathways of ROP more precisely. Recently, suppression of disordered retinal angiogenesis
via supplementation of EPO and its derivatives, PUFAs, and IGF-1/IGFBP-3 complex,
modulation of HIF, and inhibition of Scg3 has attracted the attention of researchers for the
treatment of ROP. Moreover, gut microbiota modulation, ncRNAs, and gene therapies have
been shown to be potentially effective in regulating ROP. These emerging therapeutics may
treat future preterm infants with ROP.
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Retina and Their Role in Promoting Survival of Retinal Ganglion Cells: A Review. Ophthalmic Res. 2021, 64, 345–355. [CrossRef]

170. Zaitoun, I.S.; Song, Y.S.; Suscha, A.; El Ragaby, M.; Sorenson, C.; Sheibani, N. 7, 8-Dihydroxyflavone, a TrkB receptor agonist,
provides minimal protection against retinal vascular damage during oxygen-induced ischemic retinopathy. PLoS ONE 2021,
16, e0260793. [CrossRef]

171. Rao, R.; Mashburn, C.B.; Mao, J.; Wadhwa, N.; Smith, G.M.; Desai, N.S. Brain-derived neurotrophic factor in infants <32 weeks
gestational age: Correlation with antenatal factors and postnatal outcomes. Pediatr. Res. 2009, 65, 548–552.

172. Hellgren, G.; Willett, K.; Engstrom, E.; Thorsen, P.; Hougaard, D.M.; Jacobsson, B.; Hellstrom, A.; Lofqvist, C. Proliferative
retinopathy is associated with impaired increase in BDNF and RANTES expression levels after preterm birth. Neonatology 2010,
98, 409–418. [CrossRef]

173. Lasabova, Z.; Stanclova, A.; Grendar, M.; Mikolajcikova, S.; Calkovska, A.; Lenhartova, N.; Ziak, P.; Matasova, K.; Caprnda, M.;
Kruzliak, P.; et al. Genetic association of single nucleotide polymorphisms of FZD4 and BDNF genes with retinopathy of
prematurity. Ophthalmic Genet. 2018, 39, 332–337. [CrossRef]

174. Ilguy, S.; Cilingir, O.; Bilgec, M.D.; Ozalp, O.; Gokalp, E.E.; Arslan, S.; Tekin, N.; Aydemir, O.; Erol, N.; Colak, E.; et al.
The relationship of retinopathy of prematurity with brain-derivated neurotrophic factor, vascular endotelial growth factor-A,
endothelial PAD domain protein 1 and nitric oxide synthase 3 gene polymorphisms. Ophthalmic Genet. 2021, 42, 725–731.
[CrossRef]

175. Hartnett, M.E.; Cotton, C.M. Genomics in the neonatal nursery: Focus on ROP. Semin. Perinatol. 2015, 39, 604–610. [CrossRef]
176. Abbott, J.D.; Huang, Y.; Liu, D.S.; Hickey, R.; Krause, D.; Giordano, F.J. Stromal cell-derived factor-1alpha plays a critical role

in stem cell recruitment to the heart after myocardial infarction but is not sufficient to induce homing in the absence of injury.
Circulation 2004, 110, 3300–3305. [CrossRef]

177. Ceradini, D.J.; Kulkarni, A.R.; Callaghan, M.J.; Tepper, O.; Bastidas, N.; Kleinman, M.E.; Capla, J.; Galiano, R.D.; Levine, J.P.;
Gurtner, G.C. Progenitor cell trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat. Med. 2004, 10,
858–864. [CrossRef]

178. Salcedo, R.; Oppenheim, J.J. Role of chemokines in angiogenesis: CXCL12/SDF-1 and CXCR4 interaction, a key regulator of
endothelial cell responses. Microcirculation 2003, 10, 359–370. [CrossRef]

179. Horuk, R. Chemokine receptors. Cytokine Growth Factor Rev. 2001, 12, 313–335. [CrossRef]
180. De Falco, E.; Porcelli, D.; Torella, A.R.; Straino, S.; Iachininoto, M.G.; Orlandi, A.; Truffa, S.; Biglioli, P.; Napolitano, M.;

Capogrossi, M.; et al. SDF-1 involvement in endothelial phenotype and ischemia-induced recruitment of bone marrow progenitor
cells. Blood 2004, 104, 3472–3482. [CrossRef]

181. Villalvilla, A.; Moro, M.; Arruza, L.; Redondo, S.; Fernández-Cruz, A.; Fernández-Durango, R. Circulating endothelial progenitor
cells are reduced in rat oxygen-induced retinopathy despite a retinal SDF-1/CXCR4 and VEGF proangiogenic response. Life Sci.
2012, 91, 264–270. [CrossRef] [PubMed]

182. Gao, X.; Wang, Y.S.; Li, X.Q.; Hou, H.Y.; Su, J.B.; Yao, L.B.; Zhang, J. Macrophages promote vasculogenesis of retinal neovascular-
ization in an oxygen-induced retinopathy model in mice. Cell Tissue Res. 2016, 364, 599–610. [CrossRef] [PubMed]

183. Lee, Y.M.; Kim, C.S.; Jo, K.; Sohn, E.J.; Kim, J.; Kim, J.S. Inhibitory effect of Samul-tang on retinal neovascularization in
oxygen-induced retinopathy. BMC Complement. Altern Med. 2015, 15, 271. [CrossRef]

184. Sarafidis, K.; Diamanti, E.; Taparkou, A.; Tzimouli, V.; Drossou-Agakidou, V.; Kanakoudi-Tsakalidou, F. Plasma RANTES increase
during the first month of life independently of the feeding mode. Eur. J. Pediatr. 2007, 166, 819–823. [CrossRef] [PubMed]

185. Zeng, Z.; Lan, T.; Wei, Y.; Wei, X. CCL5/CCR5 axis in human diseases and related treatments. Genes Dis. 2022, 9, 12–27. [CrossRef]
186. Crane, I.J.; Wallace, C.A.; McKillop-Smith, S.; Forrester, J.V. Control of chemokine production at the blood-retina barrier.

Immunology 2000, 101, 426–433. [CrossRef]

http://doi.org/10.1016/j.exer.2005.07.005
http://doi.org/10.1186/s12860-020-00301-1
http://doi.org/10.4103/0253-7613.144891
http://www.ncbi.nlm.nih.gov/pubmed/25538326
http://doi.org/10.1016/j.bbcan.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16168566
http://doi.org/10.1167/iovs.17-22945
http://www.ncbi.nlm.nih.gov/pubmed/29450540
http://doi.org/10.1177/1073858418810142
http://doi.org/10.1042/BST0350424
http://doi.org/10.1016/j.mcn.2008.04.004
http://doi.org/10.1159/000514441
http://doi.org/10.1371/journal.pone.0260793
http://doi.org/10.1159/000317779
http://doi.org/10.1080/13816810.2018.1432064
http://doi.org/10.1080/13816810.2021.1961279
http://doi.org/10.1053/j.semperi.2015.09.007
http://doi.org/10.1161/01.CIR.0000147780.30124.CF
http://doi.org/10.1038/nm1075
http://doi.org/10.1080/mic.10.3-4.359.370
http://doi.org/10.1016/S1359-6101(01)00014-4
http://doi.org/10.1182/blood-2003-12-4423
http://doi.org/10.1016/j.lfs.2012.07.019
http://www.ncbi.nlm.nih.gov/pubmed/22884805
http://doi.org/10.1007/s00441-015-2353-y
http://www.ncbi.nlm.nih.gov/pubmed/26841878
http://doi.org/10.1186/s12906-015-0800-7
http://doi.org/10.1007/s00431-006-0329-3
http://www.ncbi.nlm.nih.gov/pubmed/17102972
http://doi.org/10.1016/j.gendis.2021.08.004
http://doi.org/10.1046/j.0019-2805.2000.01105.x


J. Pers. Med. 2023, 13, 291 31 of 40

187. Walz, A.; Schmutz, P.; Mueller, C.; Schnyder-Candrian, S. Regulation and function of the CXC chemokine ENA-78 in monocytes
and its role in disease. J. Leukoc. Biol. 1997, 62, 604–611. [CrossRef]

188. Yoshida, S.; Yoshida, A.; Ishibashi, T.; Elner, S.; Elner, V.M. Role of MCP-1 and MIP-1alpha in retinal neovascularization during
postischemic inflammation in a mouse model of retinal neovascularization. J. Leukoc. Biol. 2003, 73, 137–144. [CrossRef]

189. Yao, Y.; Tsirka, S.E. Monocyte chemoattractant protein-1 and the blood-brain barrier. Cell. Mol. Life Sci. 2014, 71, 683–697.
[CrossRef]

190. Salcedo, R.; Ponce, M.L.; Young, H.A.; Wasserman, K.; Ward, J.M.; Kleinman, H.K.; Oppenheim, J.J.; Murphy, W. Human
endothelial cells express CCR2 and respond to MCP-1: Direct role of MCP-1 in angiogenesis and tumor progression. Blood 2000,
96, 34–40. [CrossRef]

191. Davies, M.H.; Eubanks, J.P.; Powers, M.R. Microglia and macrophages are increased in response to ischemia-induced retinopathy
in the mouse retina. Mol. Vis. 2006, 12, 467–477.

192. Natarajan, G.; Shankaran, S.; McDonald, S.; Das, A.; Stoll, B.J.; Higgins, R.D.; Thorsen, P.; Skogstrand, K.; Hougaard, D.M.;
Carlo, W.A. Circulating beta chemokine and MMP 9 as markers of oxidative injury in extremely low birth weight infants. Pediatr.
Res. 2010, 67, 77–82. [CrossRef]

193. Ishikawa, K.; Yoshida, S.; Kadota, K.; Nakamura, T.; Niiro, H.; Arakawa, S.; Yoshida, A.; Akashi, K.; Ishibashi, T. Gene expression
profile of hyperoxic and hypoxic retinas in a mouse model of oxygen-induced retinopathy. Investig. Ophthalmol. Vis. Sci. 2010, 51,
4307–4319. [CrossRef]

194. Ishikawa, K.; Yoshida, S.; Nakao, S.; Sassa, Y.; Asato, R.; Kohno, R.; Arima, M.; Kita, T.; Yoshida, A.; Ohuchida, K.; et al.
Bone marrow-derived monocyte lineage cells recruited by MIP-1β promote physiological revascularization in mouse model of
oxygen-induced retinopathy. Lab. Investig. 2012, 92, 91–101. [CrossRef]

195. Ponath, P.D.; Qin, S.; Ringler, D.J.; Clark-Lewis, I.; Wang, J.; Kassam, N.; Smith, H.; Shi, X.; Gonzalo, J.A.; Newman, W.; et al.
Cloning of the human eosinophil chemoattractant, eotaxin. Expression, receptor binding, and functional properties suggest a
mechanism for the selective recruitment of eosinophils. J. Clin. Investig. 1996, 97, 604–612. [CrossRef]

196. Mo, F.M.; Proia, A.D.; Johnson, W.H.; Cyr, D.; Lashkari, K. Interferon gamma-inducible protein-10 (IP-10) and eotaxin as
biomarkers in age-related macular degeneration. Investig. Ophthalmol. Vis. Sci. 2010, 51, 4226–4236. [CrossRef]

197. Mason, R.H.; Minaker, S.A.; Luna, G.L.; Bapat, P.; Farahvash, A.; Garg, A.; Bhambra, N.; Muni, R.H. Changes in aqueous and
vitreous inflammatory cytokine levels in proliferative diabetic retinopathy: A systematic review and meta-analysis. Eye 2022,
1–51. [CrossRef]

198. Lynch, A.M.; Wagner, B.D.; Mandava, N.; Palestine, A.G.; Mourani, P.M.; McCourt, E.A.; Oliver, S.C.N.; Abman, S.H. The
Relationship of Novel Plasma Proteins in the Early Neonatal Period With Retinopathy of Prematurity. Investig. Ophthalmol. Vis.
Sci. 2016, 57, 5076–5082. [CrossRef]

199. Hirahara, S.; Nozaki, M.; Ohbayashi, M.; Hasegawa, N.; Ozone, D.; Ogura, Y. Suppression of Retinal Neovascularization by
Anti-CCR3 Treatment in an Oxygen-Induced Retinopathy Model in Mice. Ophthalmic Res. 2017, 58, 56–66. [CrossRef]

200. Arango Duque, G.; Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases. Front. Immunol.
2014, 5, 491. [CrossRef]

201. Castro, F.; Cardoso, A.P.; Gonçalves, R.M.; Serre, K.; Oliveira, M.J. Interferon-Gamma at the Crossroads of Tumor Immune
Surveillance or Evasion. Front. Immunol. 2018, 9, 847. [CrossRef] [PubMed]

202. Ikeda, H.; Old, L.J.; Schreiber, R.D. The roles of IFN gamma in protection against tumor development and cancer immunoediting.
Cytokine Growth Factor Rev. 2002, 13, 95–109. [CrossRef] [PubMed]

203. Jung, I.; Jung, D.; Zha, Z.; Jeong, J.; Noh, S.; Shin, J.; Park, J.; Kim, K.S.; Jeong, Y.; Hur, J.; et al. Interferon-γ inhibits retinal
neovascularization in a mouse model of ischemic retinopathy. Cytokine 2021, 143, 155542. [CrossRef] [PubMed]

204. Lyu, J.; Zhang, Q.; Jin, H.; Xu, Y.; Chen, C.; Ji, X.; Zhang, X.; Rao, Y.; Zhao, P. Aqueous cytokine levels associated with severity
of type 1 retinopathy of prematurity and treatment response to ranibizumab. Graefes Arch. Clin. Exp. Ophthalmol. 2018, 256,
1469–1477. [CrossRef] [PubMed]

205. Roberts, A.W. G-CSF: A key regulator of neutrophil production, but that’s not all! Growth Factors 2005, 23, 33–41. [CrossRef]
206. Takagi, Y.; Omura, T.; Yoshiyama, M.; Matsumoto, R.; Enomoto, S.; Kusuyama, T.; Nishiya, D.; Akioka, K.; Iwao, H.;

Takeuchi, K.; et al. Granulocyte-colony stimulating factor augments neovascularization induced by bone marrow transplantation
in rat hindlimb ischemia. J. Pharmacol. Sci. 2005, 99, 45–51. [CrossRef]

207. Niranjan, H.S.; Benakappa, N.; Reddy, K.B.; Nanda, S.; Kamath, M.V. Retinopathy of prematurity promising newer modalities of
treatment. Indian Pediatr. 2012, 49, 139–143. [CrossRef]

208. Bu, P.; Basith, B.; Stubbs, E.B., Jr.; Perlman, J.I. Granulocyte colony-stimulating factor facilitates recovery of retinal function
following retinal ischemic injury. Exp. Eye Res. 2010, 91, 104–106. [CrossRef]

209. Lin, P.K.; Ke, C.Y.; Khor, C.; Cai, Y.J.; Lee, Y.J. Involvement of SDF1a and STAT3 in granulocyte colony-stimulating factor rescues
optic ischemia-induced retinal function loss by mobilizing hematopoietic stem cells. Investig. Ophthalmol. Vis. Sci. 2013, 54,
1920–1930. [CrossRef]

210. Shima, C.; Adachi, Y.; Minamino, K.; Okigaki, M.; Shi, M.; Imai, Y.; Yanai, S.; Takahashi, K.; Ikehara, S. Neuroprotective effects of
granulocyte colony-stimulating factor on ischemia-reperfusion injury of the retina. Ophthalmic Res. 2012, 48, 199–207. [CrossRef]

http://doi.org/10.1002/jlb.62.5.604
http://doi.org/10.1189/jlb.0302117
http://doi.org/10.1007/s00018-013-1459-1
http://doi.org/10.1182/blood.V96.1.34
http://doi.org/10.1203/PDR.0b013e3181c0b16c
http://doi.org/10.1167/iovs.09-4605
http://doi.org/10.1038/labinvest.2011.141
http://doi.org/10.1172/JCI118456
http://doi.org/10.1167/iovs.09-3910
http://doi.org/10.1038/s41433-022-02127-x
http://doi.org/10.1167/iovs.16-19653
http://doi.org/10.1159/000463238
http://doi.org/10.3389/fimmu.2014.00491
http://doi.org/10.3389/fimmu.2018.00847
http://www.ncbi.nlm.nih.gov/pubmed/29780381
http://doi.org/10.1016/S1359-6101(01)00038-7
http://www.ncbi.nlm.nih.gov/pubmed/11900986
http://doi.org/10.1016/j.cyto.2021.155542
http://www.ncbi.nlm.nih.gov/pubmed/33926775
http://doi.org/10.1007/s00417-018-4034-5
http://www.ncbi.nlm.nih.gov/pubmed/29948178
http://doi.org/10.1080/08977190500055836
http://doi.org/10.1254/jphs.FP0040966
http://doi.org/10.1007/s13312-012-0028-2
http://doi.org/10.1016/j.exer.2010.03.018
http://doi.org/10.1167/iovs.12-10499
http://doi.org/10.1159/000340059


J. Pers. Med. 2023, 13, 291 32 of 40

211. Kojima, H.; Otani, A.; Oishi, A.; Makiyama, Y.; Nakagawa, S.; Yoshimura, N. Granulocyte colony-stimulating factor attenuates
oxidative stress-induced apoptosis in vascular endothelial cells and exhibits functional and morphologic protective effect in
oxygen-induced retinopathy. Blood 2011, 117, 1091–1100. [CrossRef]

212. Bhola, R.; Purkiss, T.; Hunter, S.; Stewart, D.; Rychwalski, P.J. Effect of granulocyte colony-stimulating factor on the incidence of
threshold retinopathy of prematurity. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 2009, 13, 450–453. [CrossRef]

213. Chan-Ling, T.; Stone, J. Degeneration of astrocytes in feline retinopathy of prematurity causes failure of the blood-retinal barrier.
Investig. Ophthalmol. Vis. Sci. 1992, 33, 2148–2159.

214. Poggi, C.; Giusti, B.; Vestri, A.; Pasquini, E.; Abbate, R.; Dani, C. Genetic polymorphisms of antioxidant enzymes in preterm
infants. J. Matern. Fetal Neonatal Med. 2012, 25 (Suppl. 4), 131–134. [CrossRef]

215. Heidary, G.; Vanderveen, D.; Smith, L.E. Retinopathy of prematurity: Current concepts in molecular pathogenesis. Semin.
Ophthalmol. 2009, 24, 77–81. [CrossRef]

216. Rashid, K.; Akhtar-Schaefer, I.; Langmann, T. Microglia in Retinal Degeneration. Front. Immunol. 2019, 10, 1975. [CrossRef]
217. Chan-Ling, T.; Gole, G.A.; Quinn, G.E.; Adamson, S.J.; Darlow, B.A. Pathophysiology, screening and treatment of ROP: A

multi-disciplinary perspective. Prog. Retin. Eye Res. 2018, 62, 77–119. [CrossRef]
218. Kim, Y.; Nam, H.J.; Lee, J.; Park, D.Y.; Kim, C.; Yu, Y.S.; Kim, D.; Park, S.W.; Bhin, J.; Hwang, D.; et al. Methylation-dependent

regulation of HIF-1α stability restricts retinal and tumour angiogenesis. Nat. Commun. 2016, 7, 10347. [CrossRef]
219. Pugh, C.W.; Tan, C.C.; Jones, R.W.; Ratcliffe, P.J. Functional analysis of an oxygen-regulated transcriptional enhancer lying 3’ to

the mouse erythropoietin gene. Proc. Natl. Acad. Sci. USA 1991, 88, 10553–10557. [CrossRef]
220. Wenger, R.H.; Stiehl, D.P.; Camenisch, G. Integration of oxygen signaling at the consensus HRE. Sci. STKE 2005, 2005, re12.

[CrossRef]
221. Lv, X.; Li, J.; Zhang, C.; Hu, T.; Li, S.; He, S.; Yan, H.; Tan, Y.; Lei, M.; Wen, M.; et al. The role of hypoxia-inducible factors in tumor

angiogenesis and cell metabolism. Genes Dis. 2017, 4, 19–24. [CrossRef] [PubMed]
222. Wang, H.; Yang, Z.; Jiang, Y.; Hartnett, M. Endothelial NADPH oxidase 4 mediates vascular endothelial growth factor receptor

2-induced intravitreal neovascularization in a rat model of retinopathy of prematurity. Mol. Vis. 2014, 20, 231–241. [PubMed]
223. Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.

Redox Signal. 2014, 20, 1126–1167. [CrossRef] [PubMed]
224. Schulz, C.G.; Sawicki, G.; Lemke, R.P.; Roeten, B.M.; Schulz, R.Y.; Cheung, P. MMP-2 and MMP-9 and their tissue inhibitors in the

plasma of preterm and term neonates. Pediatr. Res. 2004, 55, 794–801. [CrossRef] [PubMed]
225. Hoffmann, S.; He, S.J.; Ehren, M.; Ryan, S.; Wiedemann, P.; Hinton, D.R. MMP-2 and MMP-9 secretion by rpe is stimulated by

angiogenic molecules found in choroidal neovascular membranes. Retina 2006, 26, 454–461. [CrossRef]
226. Jiang, Y.; Wang, H.; Culp, D.; Yang, Z.; Fotheringham, L.; Flannery, J.; Hammond, S.; Kafri, T.; Hartnett, M.E. Targeting Müller

cell-derived VEGF164 to reduce intravitreal neovascularization in the rat model of retinopathy of prematurity. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 824–831. [CrossRef]

227. Wang, H.; Smith, G.W.; Yang, Z.; Jiang, Y.; McCloskey, M.; Greenberg, K.; Geisen, P.; Culp, W.D.; Flannery, J.; Kafri, T.; et al.
Short hairpin RNA-mediated knockdown of VEGFA in Müller cells reduces intravitreal neovascularization in a rat model of
retinopathy of prematurity. Am. J. Pathol. 2013, 183, 964–974. [CrossRef]

228. Zeng, G.; Taylor, S.M.; McColm, J.R.; Kappas, N.C.; Kearney, J.B.; Williams, L.H.; Hartnett, M.E.; Bautch, V.L. Orientation of
endothelial cell division is regulated by VEGF signaling during blood vessel formation. Blood 2007, 109, 1345–1352. [CrossRef]

229. Backes, C.H.; Markham, K.; Moorehead, P.; Cordero, L.; Nankervis, C.A.; Giannone, P.J. Maternal preeclampsia and neonatal
outcomes. J. Pregnancy 2011, 2011, 214365. [CrossRef]

230. Staff, A.C.; Braekke, K.; Harsem, N.; Lyberg, T.; Holthe, M.R. Circulating concentrations of sFlt1 (soluble fms-like tyrosine kinase
1) in fetal and maternal serum during pre-eclampsia. Eur. J. Obstet. Gynecol. Reprod. Biol. 2005, 122, 33–39. [CrossRef]

231. Hentges, C.R.; Silveira, R.C.; Procianoy, R. Angiogenic and Antiangiogenic Factors in Preterm Neonates Born to Mothers with
and without Preeclampsia. Am. J. Perinatol. 2015, 32, 1185–1190. [CrossRef]

232. Ge, G.; Zhang, Y.; Zhang, M. Pregnancy-induced hypertension and retinopathy of prematurity: A meta-analysis. Acta Ophthalmol.
2021, 99, e1263–e1273. [CrossRef]

233. Zayed, M.A.; Uppal, A.; Hartnett, M.E. New-onset maternal gestational hypertension and risk of retinopathy of prematurity.
Investig. Ophthalmol. Vis. Sci. 2010, 51, 4983–4988. [CrossRef]

234. Yu, X.D.; Branch, D.W.; Karumanchi, S.; Zhang, J. Preeclampsia and retinopathy of prematurity in preterm births. Pediatrics 2012,
130, e101–e107. [CrossRef]

235. Fortes Filho, J.B.; Costa, M.C.; Eckert, G.U.; Santos, P.; Silveira, R.C.; Procianoy, R. Maternal preeclampsia protects preterm infants
against severe retinopathy of prematurity. J. Pediatr. 2011, 158, 372–376. [CrossRef]

236. Opara, C.N.; Akintorin, M.; Byrd, A.; Cirignani, N.; Akintorin, S.; Soyemi, K. Maternal diabetes mellitus as an independent risk
factor for clinically significant retinopathy of prematurity severity in neonates less than 1500 g. PLoS ONE 2020, 15, e0236639.
[CrossRef]

237. Purohit, D.M.; Ellison, R.C.; Zierler, S.; Miettinen, O.; Nadas, A.S. Risk factors for retrolental fibroplasia: Experience with
3,025 premature infants. National Collaborative Study on Patent Ductus Arteriosus in Premature Infants. Pediatrics 1985, 76,
339–344. [CrossRef]

http://doi.org/10.1182/blood-2010-05-286963
http://doi.org/10.1016/j.jaapos.2009.07.007
http://doi.org/10.3109/14767058.2012.714976
http://doi.org/10.1080/08820530902800314
http://doi.org/10.3389/fimmu.2019.01975
http://doi.org/10.1016/j.preteyeres.2017.09.002
http://doi.org/10.1038/ncomms10347
http://doi.org/10.1073/pnas.88.23.10553
http://doi.org/10.1126/stke.3062005re12
http://doi.org/10.1016/j.gendis.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30258904
http://www.ncbi.nlm.nih.gov/pubmed/24623966
http://doi.org/10.1089/ars.2012.5149
http://www.ncbi.nlm.nih.gov/pubmed/23991888
http://doi.org/10.1203/01.PDR.0000120683.68630.FB
http://www.ncbi.nlm.nih.gov/pubmed/14973177
http://doi.org/10.1097/01.iae.0000238549.74626.33
http://doi.org/10.1167/iovs.13-13755
http://doi.org/10.1016/j.ajpath.2013.05.011
http://doi.org/10.1182/blood-2006-07-037952
http://doi.org/10.1155/2011/214365
http://doi.org/10.1016/j.ejogrb.2004.11.015
http://doi.org/10.1055/s-0035-1552932
http://doi.org/10.1111/aos.14827
http://doi.org/10.1167/iovs.10-5283
http://doi.org/10.1542/peds.2011-3881
http://doi.org/10.1016/j.jpeds.2010.08.051
http://doi.org/10.1371/journal.pone.0236639
http://doi.org/10.1542/peds.76.3.339


J. Pers. Med. 2023, 13, 291 33 of 40
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