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Abstract: Retinopathy of prematurity (ROP) is a vascular disorder affecting the retinas of preterm
infants. This condition arises when preterm infants in incubators are exposed to high oxygen levels,
leading to oxidative stress, inflammatory responses, and a downregulation of vascular endothelial
growth factors, which causes the loss of retinal microvascular capillaries. Upon returning to room air,
the upregulation of vascular growth factors results in abnormal vascular growth of retinal endothelial
cells. Without appropriate intervention, ROP can progress to blindness. The prevalence of ROP has
risen, making it a significant cause of childhood blindness. Current treatments, such as laser therapy
and various pharmacologic approaches, are limited by their potential for severe adverse effects.
Therefore, a deeper understanding of ROP’s pathophysiology and the development of innovative
treatments are imperative. Natural products from plants, fungi, bacteria, and marine organisms have
shown promise in treating various diseases and have gained attention in ROP research due to their
minimal side effects and wide-ranging beneficial properties. This review discusses the roles and
mechanisms of natural products that hold potential as therapeutic agents in ROP management.
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1. Retinopathy of Prematurity

Retinopathy of prematurity (ROP) is a vascular disease that can affect the retinas of
immature infants [1]. ROP can occur in preterm infants with a gestational age of 30 weeks
or less. The risk of developing ROP is higher in infants born at 28 weeks gestation or
earlier, or those with a very low birth weight of 1.5 kg or less, as the blood vessels in the
retina are still under development at this stage [2–4]. The age-standardized rate (ASR) of
global prevalence of ROP indicates 86.4 cases of vision loss per 100,000 population, with
31.6 cases attributed to ROP among those under 20 years old. The ASR for blindness and
vision loss due to ROP has shown a significant increasing trend since 1990 [5]. Adults who
were preterm infants requiring treatment for ROP often experience reduced visual acuity
and diminished vision-related quality of life [6]. If not treated promptly, ROP can lead to
permanent blindness [7,8].

The progression of ROP involves two phases: Phase I and phase II. During phase I,
ROP develops in response to hyperoxia due to supplemental oxygen in the incubator. In
this vaso-obliterative phase, there is an interruption and delay in retinal vascular growth,
accompanied by microvascular degeneration [9]. During this phase, the supply of oxygen
downregulates vascular endothelial growth factor (VEGF), hypoxia-inducible factor (HIF)-
1, insulin-like growth factor-1 (IGF-1), and erythropoietin (EPO), while oxidative stress
is increased due to the upregulation of NADPH oxidase such as NOX2 and NOX4 and
the uncoupling of endothelial nitric oxide synthase (eNOS) [10–12]. Preterm infants, with
a relative deficiency in antioxidant systems, experience increased damage from elevated
reactive oxygen species (ROS) [13]. Hyperoxia-induced nitro-oxidative stress in retinal
endothelial cells leads to retinal capillary endothelial cell apoptosis by interfering with
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the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway [14]
(Figure 1).
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Figure 1. Cellular mechanisms involved in the development of retinopathy of prematurity (ROP).
During hyperoxic conditions, phase 1, nitro-oxidative stress induces apoptosis in retinal capillary
endothelial cells by disrupting the PI3K/Akt signaling pathway. During hypoxic conditions, phase 2,
astrocytes and Müller glial cells secrete VEGF, while microglia secrete IL-1β, TNF-α, and metallopro-
teinases, promoting neovascularization by endothelial cells.

Subsequently, in phase II, when infants are returned to normoxia—a relatively hypoxic
state compared to the incubator—retinal neovascularization (RNV) occurs [15,16]. Hypoxic
conditions stimulate the expression of HIF-1α, which, in turn, promotes retinal angiogenesis
by regulating the expression of proangiogenic factors such as VEGF [17]. VEGF is initially
secreted by astrocytes and later expressed by Müller glial cells, promoting the formation of
retinal blood vessels through the migration of vascular endothelial cells [18]. Additionally,
VEGFR-2 is present on retinal endothelial cells and responds to VEGF stimulation, leading
to signaling that directs endothelial cell division and growth [19]. Increased expression of
VEGFR-2 can lead to abnormal vascular formation [20], which can ultimately lead to vision
loss. Moreover, retinal microglia produce significant amounts of inflammatory factors
such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and matrix metalloproteinase
(MMP)-2 and -9 [21,22] (Figure 1).

Several factors are implicated in ROP. During the hypoxic phase, key molecular players
such as VEGF, HIF-1α, angiopoietin 2, EPO, and IGF-1 are upregulated [23–27]. Numerous
signaling pathways, including those mediated by VEGF, extracellular signal-regulated
kinase (ERK), PI3K/Akt, and platelet-derived growth factor β (PDGF-β), contribute to
the development of RNV [10,28]. Specifically, in the VEGF signaling pathway, hypoxic
conditions lead to an upregulation of HIF-1α, which subsequently increases VEGF ex-
pression and drives RNV [29]. VEGF-A plays a critical role in both physiological and
pathological angiogenesis. Among the various VEGF receptors, VEGFR2 predominantly
facilitates the proliferation and migration of endothelial cells. Activation of VEGFR-2
triggers downstream signaling pathways such as ERK and PI3K/Akt. The ERK pathway, a
component of the mitogen-activated protein kinase (MAPK) family, is essential for cellular
processes including division, differentiation, and survival, and it supports RNV by enhanc-
ing endothelial cell proliferation and migration [30]. The PI3K/Akt pathway, initiated by
PI3K activation, leads to the production of phosphatidylinositol-3,4,5-trisphosphate (PIP3),
which recruits and activates Akt. This activation promotes the proliferation and survival of
endothelial cells, further contributing to RNV. Additionally, the PI3K/Akt pathway can
upregulate the expression of eNOS, resulting in vasodilation and further progression of
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retinal angiogenesis [31–33]. PDGF-β plays a crucial role in attracting pericytes and vascu-
lar smooth muscle cells to stabilize blood vessels. However, downregulation of PDGF-β
can lead to pericyte loss, abnormal vasodilation, and increased VEGF expression [28].

2. Natural Compounds

Natural compounds, derived from various sources such as plants and marine microbes,
have historically been a primary source of medicinal agents. Penicillin, for instance, a
groundbreaking antibiotic, was isolated from the microorganism Penicillium notatum [34].
Similarly, aspirin, originally extracted from the salicin in willow trees, serves as a widely
used analgesic and anti-inflammatory agent [35]. Furthermore, digoxin, a cardiotonic
glycoside from Digitalis purpurea, enhances cardiac contractility in patients with heart
failure and is recognized for its enduring therapeutic effects [36]. Lastly, cyclosporine, a
cyclic polypeptide produced by the fungus Tolypocladium inflatum, has been developed as
an ophthalmic emulsion to enhance tear production and has been approved by the FDA for
the treatment of chronic dry eye [37].

In the 20th century, natural compounds comprised a significant portion of all approved
drugs. However, recent advancements have seen a shift toward synthetic drugs that target
specific proteins, such as ranibizumab and aflibercept. Despite this, the role of natural
compounds as adjunct therapies to first-line treatments continues to be of interest due to
their potential to enhance synergistic effects. Techniques such as methylation, glycosylation,
acetylation, and conjugation are utilized to modify the structure of natural compounds,
aiming to optimize their absorption, distribution, metabolism, excretion, and minimize
toxicity [38,39]. Therefore, natural compounds remain a compelling source for novel drug
development. Several natural products, including sinecatechins (Veregen®) and crofelemer
(Mytesia™), have received FDA approval [40,41]. Moreover, numerous compounds such as
resveratrol, inositol, quercetin, and curcumin are currently undergoing clinical trials [42,43].

Various natural compounds have been found to have beneficial effects on ocular dis-
eases. Curcumin, derived from turmeric, and resveratrol, derived from grapes, berries, and
peanuts, exhibit antioxidant and anti-inflammatory properties, which are beneficial in treat-
ing diabetic retinopathy (DR) [44–46]. Additionally, berberine, obtained from barberry and
goldenseal, has demonstrated anti-inflammatory and anti-angiogenic effects [47,48]. In the
context of age-related macular degeneration (AMD) and cataracts, lutein and zeaxanthin
(L/Z), sourced from green leafy vegetables, corn, and eggs, are known for their antiox-
idant properties [49,50]. Oral antioxidant and L/Z supplementation have been shown
to slow the progression of geographic atrophy in patients with AMD, highlighting its
potential in preserving central macular function [51]. Additionally, astaxanthin, extracted
from salmon, krill, and algae, has shown antioxidant and anti-inflammatory effects in
AMD [52,53]. Water-soluble ingredients derived from marine fish species such as De-
capterus tabl have shown anti-angiogenic properties by inhibiting the expression of HIF
and VEGF in vitro and reducing RNV in an oxygen-induced retinopathy (OIR) in vivo
model [54]. Furthermore, marine extracts from fish species, such as Decaperus tabl and
Depapterus muroadsi, and their active ingredient taurine, have been shown to reduce HIF-
1α expression under hypoxic conditions in vitro and choroidal neovascularization and
fibrosis in an in vivo AMD model [55]. For glaucoma, Ginkgo biloba extract, derived from
the Ginkgo biloba tree, has been shown to enhance blood flow and exhibit antioxidant
properties [56].

Natural compounds can be classified based on their chemical structures. Various
structures, including polyphenols, carotenoids, and alkaloids, have been effective in treat-
ing ocular diseases [57]. Polyphenols are subdivided into flavonoid and non-flavonoid
compounds. Quercetin and luteolin, flavonoids, have been shown to reduce oxidative
stress and inflammation in AMD. Among non-flavonoids, curcumin is identified as a cur-
cuminoid, and resveratrol as a stilbene; both have been effective in DR and AMD [58,59].
Astaxanthin, lutein, and zeaxanthin, which are carotenoids, have been found effective
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in reducing oxidative stress in AMD [50,53]. Berberine, an alkaloid, has shown efficacy
in DR [60].

In this review, we included the articles investigating the effects of natural compounds
in the retinopathy of the prematurity model. We utilized PubMed to collect relevant
articles for our research topic using disease-related key terms such as retinopathy of
prematurity and oxygen-induced retinopathy and therapeutic target-related key terms such
as natural compounds or natural products, along with source-related key term such as
plants, vegetables, fungi, marine organisms. Then, articles were manually reviewed, and
the papers that included experiments assessing the therapeutic effects of active compounds
from natural products in cellular or animal models were included. Chinese herbal formulas
were excluded since they could contain multiple ingredients; therefore, evaluating the
effects of a single active compound may be difficult.

3. Natural Compounds in the Modulation of ROP

Various natural products from plants, marine microbes, fruits, and vegetables have
been identified as regulators of ROP (Table 1). Many of these compounds exhibit anti-
angiogenic properties, with some also demonstrating antioxidant effects. In vitro studies
utilizing human retinal microvascular endothelial cells (HRMECs), human retinal mi-
crovascular endothelial cells (HUVECs), retinal pigment epithelial cells, and human retinal
pericytes (HRPCs) have established a cellular model for ROP, with endothelial cells being
the most frequently used. VEGF stimulation or hypoxic conditions are commonly employed
to simulate ROP in cellular models [61,62]. To simulate ROP in animals, the OIR model
using mice was commonly employed along with persistent RNV in rabbits [63,64]. In brief,
one-week-old mice are exposed to 75% oxygen for 5 days from P7 to P12 and returned to
room air [64]. In rabbits, intravitreal injection of DL-alpha-aminoadipic acid (DL-AAA)
induces damage to retinal Müller glial cells, resulting in persistent RNV that occurs after
48 weeks post-injection [63]. Flavonoids are among the most frequently reported natural
products that regulate ROP. The structures of selected natural products are presented in
Figure 2. Mechanisms of natural compounds that may have therapeutic potential for the
treatment of ROP are depicted in Figure 3.
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Figure 3. Mechanisms of Natural Products in the progression of ROP. The Regulatory mechanisms
of natural compounds discussed in this article are demonstrated at the cellular level. Natural com-
pounds act as inhibitors of angiogenesis by regulating angiogenesis-related receptors or engaging
various signaling pathways. Activation is indicated by pointed arrows, while inhibition is represented
by T-bars. Abbreviations: AHX, 2-Azahypoxanthine; AKBA, acetyl-11-keto-b-boswellic acid; A2AR,
adenosine A2A receptor; APN, adiponectin; AKT, protein kinase B; AT2R, angiotensin II receptor;
ERK, extracellular signal-regulated kinase; HIF1α, hypoxia-inducible factor 1α; MMP, matrix metallo-
proteinase; PDGFR-β, platelet-derived growth factor β; PI3K, phosphatidylinositol 3-kinase; SHP-1,
Src homology region 2 domain-containing phosphatase 1; STAT3, signal transducer and activator of
transcription 3 VEGFR2, vascular endothelial growth factor receptor 2.

2-Azahypoxanthine (AHX), a natural compound derived from mushroom-forming
fungi such as Lepista sordida, has demonstrated anti-angiogenic potential in OIR models [65].
AHX inhibited hypoxia-activated genes, including VEGF, under hypoxic conditions in
CoCl2-induced ARPE-19 and 661 W cell lines. Furthermore, oral administration of AHX
inhibited retinal neovascular tufts in an OIR mouse model. AHX suppresses HIF-1α
activation and the expression of VEGF without inhibiting HIF-1α stabilization. This study
shows that AHX can serve as a potential treatment for ROP through inhibition of HIF-1α
and pathological RNV.

Acetyl-11-keto-β-boswellic acid (AKBA), a pentacyclic triterpene sourced from Boswellia
serrata, has been studied for its effects in the OIR model [66]. Prior research has shown
that Src homology region 2 domain-containing phosphatase 1 (SHP-1) can dephospho-
rylate the signal transducer and activator of transcription 3 (STAT3) [67], a process that,
when inhibited, reduces the transcription of VEGF [68]. Lulli et al. [66] demonstrated
that AKBA administration upregulated SHP-1 expression while downregulating phos-
phorylated STAT3 and VEGF in the retinas of OIR mice, thereby inhibiting the VEGF
signaling pathway through the SHP-1/STAT3/VEGF axis. Additionally, AKBA was shown
to suppress proliferation, tube formation, and migration in VEGF-stimulated HRMECs,
highlighting its potential role in inhibiting pathological retinal angiogenesis.
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Apratoxin S4, a cyclodepsipeptide derived from marine cyanobacterium Lyngbya
majuscula, also exhibits anti-angiogenic properties [69]. It has been shown to inhibit prolif-
eration and migration in VEGF-stimulated human retinal endothelial cells (HRECs) and
reduce angiogenic signaling pathways such as those involving VEGF and Erk. Furthermore,
apratoxin S4 inhibited migration and PDGFR-β in human retinal pericytes and suppressed
vessel sprouting in VEGF-induced aortic rings and pathological retinal angiogenesis in OIR
mouse retinas. These findings suggest that apratoxin S4 may suppress RNV by regulating
multiple angiogenic signaling pathways.

Astaxanthin, a carotenoid found in various marine organisms, including microalgae,
salmon, krill, and shrimp, was reported to have anti-angiogenic and antiproliferative ef-
fects [70]. Compared to control mice, mice injected with intravitreal and intraperitoneal
astaxanthin had significant reductions in RNV. In particular, intravitreal injection of as-
taxanthin reduced RNV more effectively than intraperitoneal injection. Administration of
astaxanthin inhibited mitochondrial damage in retinal cells in electron microscopy. High
doses of astaxanthin decreased the number of apoptotic cells without disrupting retinal
vascular development and causing toxicity. Since the anti-angiogenic and antiapoptotic
effects of astaxanthin have been found, further studies can explore the optimal dose and
route of administration.

Baicalin, a flavonoid isolated from Scutellaria baicalensis, demonstrated anti-angiogenic
properties in an ROP mouse model [71]. Both high-dose (10 mg/kg) and low-dose (1
mg/kg) baicalin injections intraperitoneally suppressed the development of avascular areas
and neovascular tufts and lumens significantly. Particularly, high-dose baicalin significantly
reduced the expression of VEGF, angiotensin II, and MMP-2 and -9 in retinas. Thus, this
study revealed that the intraperitoneal administration of baicalin effectively inhibits RNV.
Additionally, alternative routes of administration, such as oral or intravitreal injection,
along with precise pharmacokinetic and mechanistic studies, can be considered to assess
its clinical potential.

Caffeic acid, a phenolic compound found in coffee, vegetables, and fruits, exhibited
anti-angiogenic and antioxidant effects in ROP [72]. It reduced cell proliferation, migration,
and tube formation in VEGF-stimulated HRMECs in a dose-dependent manner. Adminis-
tration of caffeic acid decreased ROS levels and VEGF expression in H2O2-treated HRMECs,
highlighting its antioxidant properties. Furthermore, intravitreal injection of caffeic acid
prevented the development of vascular lumens in OIR mice without inducing structural
changes or inflammation in the retinal layers.

Caffeine, a trimethylxanthine derived from coffee and tea, effectively suppresses
vessel loss during the hyperoxic phase and inhibits abnormal vessel development during
the hypoxia phase in the OIR in vivo model [73]. The protective effects of caffeine are
mediated by the adenosine A2A receptor (A2AR) during the hyperoxic phase, while both
A2AR-independent and -dependent mechanisms contribute during the hypoxic phase.
Caffeine prevents neuronal cell death in the hyperoxic phase and reduces microglial cell
activation as well as the expression of VEGF, TNF-α, and TGF-β1 in the hypoxic phase in
OIR mice. Activation of microglial cells is known to accelerate endothelial cell death and
abnormal vessel development. The administration of caffeine decreases both avascular and
neovascular areas in OIR mice, highlighting its potential as a therapeutic agent for ROP.

Chlorogenic acid, a main compound in extracts of Aster koraiensis (AKE), a Korean
herbal plant, was shown to reduce RNV in an OIR mouse model [74]. Chlorogenic acid
inhibited tube formation in VEGF-induced vascular endothelial cells. The avascular area,
neovascular area, and VEGF levels decreased in a dose-dependent manner following
peritoneal administration of this compound. Although chlorogenic acid demonstrated
anti-angiogenic effects, further studies are warranted to explore the underlying signaling
pathways involved.

Combretastatin A4(CA-4), a stilbene isolated from Combretum caffrum, exhibits anti-
angiogenic properties. Grigg et al. [75] reported that treatment with 80 ng/mL combretas-
tatin suppresses cell proliferation, migration, and tube formation in HUVECs. Intraperi-
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toneal injections of combretastatin dose-dependently reduce vascular angiogenesis in OIR
mice without affecting normal retinal vessel development or causing vascular disruption
such as hemorrhage or microthrombi. Compared to untreated mice, the mice group injected
CA-4 at 3.124 mg/kg/day significantly inhibited RNV. CA-4 was well-tolerated with no sig-
nificant side effects observed at a dose of 3.125 ng/kg/day. This study shows that CA-4 can
suppress pathological RNV and serve as a potential therapy for proliferative retinopathy.

Deguelin, a rotenoid isolated from Mundulea sericea, also plays an inhibitory role in ROP.
Kim et al. [76] reported significant reductions in retinal angiogenesis in mice injected with
0.1 µM intravitreal injection of deguelin compared with controls. Furthermore, intravitreal
injections of deguelin at 0.1 µM, an effective therapeutic concentration, suppress HIF-1α
and VEGF expression. HRECs administered with deguelin at concentrations ranging from
0 to 10 µM showed no significant changes in cell viability up to 1 µM, indicating absence
of cytotoxicity. Intravitreal deguelin at 1 µM did not adversely affect physiological retinal
development. Thus, this study demonstrates that deguelin can reduce pathological retinal
angiogenesis without interrupting normal retinal vascular development or causing toxicity.

Genistein, an isoflavonoid derived from soybeans, has demonstrated properties that
inhibit RNV [77]. Previously, it was reported to inhibit choriocapillaris regeneration and
corneal neovascularization [78,79]. In the OIR in vivo model, intraperitoneal injection
of 50–200 mg/kg/day of genistein suppressed the expression of VEGF and HIF-1α in a
dose-dependent manner. Additionally, treatment with genistein reduced the number of
nuclei protruding into the inner membrane of the mouse retina.

Honokiol, a biophenolic compound extracted from Magnolia officinalis, was found to reduce
pathological RNV [80]. Expressions of HIF and VEGF were reduced in honokiol-treated ARPE-
19 cells under hypoxia. Intraperitoneal injection of 10–20 mg/kg honokiol in OIR mice from P12
to P16 reduced avascular areas and neovascular tufts without interfering with physiological
retinal vessel development, suggesting its inhibitory role in pathological retinal angiogenesis.

Luteolin, a flavone isolated from fruits and vegetables, was found to inhibit retinal
angiogenesis in the OIR model. Park et al. [81] reported that luteolin reduced migration and
tube formation in VEGF-stimulated HRMECs. Luteolin also suppressed ROS production
and reduced the expression of VEGF in tertiary-butylhydroperoxide (t-BH)-stimulated
HRMECs. Furthermore, luteolin inhibited the expression of HIF-1α and VEGF in hypoxia-
induced human brain astrocytes. They also found that luteolin suppressed RNV in the
ROP mouse model. This study showed that luteolin has anti-angiogenic and antioxidant
properties and may be used to inhibit RNV.

Omega-3 long-chain polyunsaturated fatty acids (LCPUFAs) derived from fish oil
and omega-6 LCPUFAs derived from vegetable oil have shown protective effects against
ROP [82,83]. Fu et al. reported that serum adiponectin (APN) levels were negatively
correlated with ROP progression, while serum omega-3 LCPUFA levels were positively
associated with serum APN levels in preterm infants [82]. Supplementation with omega-3
LCPUFA increases APN levels by inhibiting endoplasmic reticulum stress in adipocytes.
The anti-angiogenic effect of omega-3 LUPUFA was reduced from 70% to 10% in APN
knockout mice, suggesting that APN is critical for the efficacy of omega-3 LCPUFA. This
study found that omega-3 supplementation in infants may reduce ROP development
through regulating APN and RNV. Furthermore, Fu et al. investigated the effect of omega-3
and omega-6 LCPUFAs during phase I ROP mice model [83]. Dietary omega-3 LCPUFAs
enhanced early vessel development in phase I ROP mice model. Additionally, single-cell
transcriptomics revealed that omega-6 LCPUFAs were crucial for neuronal development
and metabolism in the retina. The loss of APN reduced the effectiveness of both omega-3
and omega-6 LCPUFAs. Compared to mice administered omega-6 LCUPUFAs, mice fed
with omega-3 LCUPUFAs had higher APN levels and increased expression of retinal APN
receptors. This study builds upon and expands the finding of Fu et al. (2015) [82], providing
a more detailed role of both omega-3 and -6 LCPUFAs in phase I and II of ROP.
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Table 1. Natural compounds regulating ROP.

Natural Compounds Effect of Eye Cellular Model Animal Model Major Findings References

2-Azahypoxanthine Anti-angiogenic
CoCl2-induced ARPE-19 and
661 W cell line
- 0.3–1000 µg/mL

OIR mice
300 mg/kg/day PO at
P12-P16

- inhibits activation of HIF
- reduce expression of VEGF level
- Suppress RNV in OIR mice

[65]

Acetyl-11-keto-β-boswellic
acid Anti-angiogenic

VEGF-induced HRMECs
- 1–10 µM

OIR mice
- 5–20 mg/kg/day SC at

P12-P16 or 50 µM IVT
at P12 and P15

- inhibits proliferation, migration,
and tube formation in
VEGF-treated HRMECs

- increases expression of SHP-1 and
decreases the phosphorylation of
STAT3 and VEGFR-2 in OIR mice

[66]

Apratoxin S4 Anti-angiogenic
VEGF-induced HRECs,
human retinal pericyte
- 1–25 nM

OIR mice
- 0.0625, 0.125,

0.25 mg/kg IP at P12, 15

persistent RNV rabbit
- 1.7 µM IVT 12 weeks

after the first DL-AAA
injection

- inhibits RNV through the
downregulation of VEGF and Erk
signaling pathways

- reduces expression of PDGF-β
in HRPCs

[69]

Astaxanthin Anti-angiogenic,
antiproliferative N/A

Hyperoxia-induced
retinopathy (HIR) mouse
model:
- 10 µg/mL and

100 µg/mL IVT at P12
- 0.5 mg/kg and 5 mg/kg

IP at P12

- inhibit RNV in an HIR model
- reduce mitochondria damage and

apoptosis

[70]

Baicalin Anti-angiogenic N/A
OIR mice
- 1, 10 mg/kg IP at

P12-P17

- reduces the expression of MMP-2,
MMP-9, angiotensin II, and VEGF

- inhibits formation of avascular area
and neovascular tufts and lumens

[71]



Int. J. Mol. Sci. 2024, 25, 8461 9 of 20

Table 1. Cont.

Natural Compounds Effect of Eye Cellular Model Animal Model Major Findings References

Caffeic acid Anti-angiogenic
antioxidant

VEGF-or H2O2- induced
HRMECs
- 10–200 µM

OIR mice
- 100 µM IVT at P14

- suppresses cell proliferation,
migration, and tube formation in
VEGF-induced HRMECs and
reduces ROS production and VEGF
in H2O2-induced HRMECs

- inhibits neovascular lumens

[72]

Caffeine Anti-angiogenic N/A

A2AR receptor and A1R
knockout OIR mice
- 0.1–1 g/L PO at P0-P17,

P7-12, or P12-17
- 10 mg/kg IP at P7 and

2.5 mg/kg IP at P8-P16

- inhibits neuronal apoptosis at the
hyperoxic phase through
A2AR-dependent mechanism

- suppresses microglial activation
during the hypoxic phase through
A2AR-dependent and independent
mechanisms

- reduces expression of VEGF,
TNF-α, and TGF-β1 during the
hypoxic phase

[73]

Chlorogenic acid Anti-angiogenic
VEGF-induced HUVECs
- 0.1–100 µg/mL

OIR mice
- 25, 50 mg/kg/day IP at

P12-P16

- suppresses VEGF-induced tube
formation and RNV

[74]

Combretastatin-A4 Anti-angiogenic N/A
OIR mice
- 0.78–12 mg/kg/day IP

at P12-P16

- inhibits proliferation, migration,
and tube formation and induces
apoptosis in ECs

- reduces RNV in vivo

[75]

Deguelin Anti-angiogenic
Hypoxia-induced HRECs
- 0–10 µM

OIR mice
- 0.1 µM IVT at P14

- reduces proliferation of HUVECs
and RNV by suppressing HIF-1α
and VEGF

[76]

Genistein Anti-angiogenic N/A

OIR mice
- 50, 100, and

200 mg/kg/day IP at
P14-P21

- inhibits RNV and expression of
HIF-1α and VEGF in vivo

[77]
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Table 1. Cont.

Natural Compounds Effect of Eye Cellular Model Animal Model Major Findings References

Honokiol Anti-angiogenic

Hypoxia-induced human
retinal pigment epithelial
cells
- 10–800 µM

OIR mice,
- 10–20 mg/kg/day IP at

P12-16

- inhibits progression ROP by
downregulating HIF and VEGF
signaling pathways and promotes
physiological vascular
development

[80]

Luteolin Anti-angiogenic,
anti-oxidative

VEGF or t-BH induced
HRMECs
1–50 µM

OIR mice
- 0.1–1 µM IVT at P14

(single dose)

- suppresses retinal angiogenesis
and reduces VEGF-induced
migration and tube formation and
ROS in HRMECs

[81]

Omega-3 LCPFA Anti-angiogenic
tunicamycin-induced 3T3-L1
adipocytes
- 20 µL–50 mg/mL

Apn-knockout OIR mice
- 2% omega-3 (1% DHA

and 1% EPA) in diet at
P1-17

- inhibit ER stress in adipose tissue
- increase APN levels, subsequently

reducing RNV

[82]

Omega-3 and -6 LCPFA

Omega-3: promote retinal
vascular development
Omega-6: essential for
neuronal development and
metabolism

N/A

Hyperglycemia-associated
phase I ROP mice model
(streptozocin-induced mice)
- Omega-3 diet: 1% DHA

+ 1% EPA at P0-6 or 10
or P1-30

- Omega-6 diet: 2% AA
at P0-6 or 10 or P1-30

- Omega-3 LCPUFAs enhance early
vascular development in retina

- Omega-6 LCPUFAs maintains
retinal neuronal development and
metabolism

- Low APN levels are associated
with reduced omega-3 and -6
LCUPUFA levels

- Diet including omega-3 and -6
improves retinal function than diet
including omega-3 alone

[83]

Quercetin Anti-angiogenic
VEGF-A or CM-stimulated
HRECs
25–100 µM

N/A
- inhibits RNV and cell viability and

migration by downregulating
VEGFR2 signaling pathway

[84]
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Table 1. Cont.

Natural Compounds Effect of Eye Cellular Model Animal Model Major Findings References

Resveratrol Anti-angiogenic,
anti-oxidative N/A

OIR mice
5, 25, and 50 mg/kg/day IVT
or gtts twice a day at P12-P16

- reduces expression of VEGF and
CD31 and oxidative damage

[85]

Abbreviations: AA, arachidonic acid; A1R, adenosine A1 receptor; A2AR, adenosine A2A receptor; ANG, angiogenin; APN, adiponectin; AREG, amphiregulin; cdc2, cell division cycle 2;
AHX, 2-azahypoxanthine; CD31, cluster of differentiation 31; CM, conditioned medium; DHA, docosahexaenoic acid; DLL4, delta-like ligand 4; EC, endothelial cell; EPA, eicosapentaenoic
acid; ER, endoplasmic reticulum; Erk, extracellular signal-regulated kinase; gtts, drops; HIF, hypoxia-inducible factor; HIR, hyperoxia-induced retinopathy; HREC, human retinal
endothelial cell; HRMEC, human retinal microvascular endothelial cell; HRPC, human retinal pericyte; HUVEC, human umbilical vein endothelial cell; IGF, insulin-like growth factor-1;
IP, intraperitoneal; IVT, intravitreal; LCPUFA, long-chain polyunsaturated fatty acid; MMP, matrix metalloproteinase; OIR, oxygen-induced retinopathy; PDGF-β, platelet-derived
growth factor receptor beta; PEDF, pigment epithelium-derived factor; PO, by mouth; RNV, retinal neovascularization; ROP, retinopathy of prematurity; ROS, reactive oxygen species;
SC, subcutaneous; SHP-1, Src homology region 2 domain-containing phosphatase 1; STAT3, signal transducer and activator of transcription 3; t-BH, tertiary-butylhydroperoxide; TGF-β1,
transforming growth factor-beta 1; TNF-α, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
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Quercetin, a flavonoid found in many fruits and vegetables such as apples, berries,
cabbage, and onions, exhibits anti-angiogenic properties [84]. Quercetin and 8MQPM, a
premethylated form of quercetin, were shown to suppress cell viability, migration, and
tube formation in retinoblastoma-conditioned medium-treated HRECs and inhibit vas-
cular development in the aortic rings of rabbits. Additionally, quercetin and 8MQPM
increased transendothelial electrical resistance (TEER), an indicator of blood-retinal barrier
integrity. Both compounds effectively inhibited VEGFR2 downstream signaling pathways,
including MEK/ERK, MEK/JNK, and PI3K/AKT, in conditioned medium-treated HRECs,
demonstrating their anti-angiogenic properties.

Resveratrol, a stilbene extracted from red wine and grape skin, is another natural prod-
uct that has demonstrated anti-angiogenic effects. Hu et al. recently reported that topical
eye drops or intravitreal administration of resveratrol suppressed vascular permeability
and vascular proliferation in a dose-dependent manner [85]. Additionally, resveratrol re-
duced the expression of CD31, an endothelial marker, and VEGF. It also alleviated oxidative
stress in the retina by upregulating superoxide dismutase, a superoxide anion scavenging
enzyme, and downregulating malondialdehyde, an oxidative stress marker.

4. Therapeutic Application of Natural Compounds in the Treatment of ROP

ROP is characterized by irregular vessel development in the retina, and its treat-
ment aims to eliminate abnormal retinal vessel growth while preserving retinal func-
tion. Currently, laser photocoagulation and several anti-VEGF drugs are used to treat
ROP [86,87]. Laser therapy using the argon or diode laser is considered the standard
treatment for ROP. However, since the early 2000s, anti-VEGF agents have gained at-
tention as pharmacologic therapy and have proven effective in treating ROP. Intravit-
real anti-VEGF drugs, including bevacizumab, ranibizumab, and aflibercept, are used
to treat ROP. Among these, aflibercept is the only drug currently approved for the treat-
ment of ROP in the USA, Europe, Japan, and Brazil, while ranibizumab has been ap-
proved for ROP treatment in Europe [88,89]. Ranibizumab and bevacizumab target VEGF-
A, whereas aflibercept inhibits a broader range, including VEGF-A, VEGF-B, and pla-
cental growth factor. Despite the availability of both non-pharmacologic and pharma-
cologic therapies for ROP, these treatments have limitations. For example, laser ther-
apy carries a high risk of peripheral vision loss, scarring, and myopia. Conversely, in-
travitreal anti-VEGF inhibitors such as ranibizumab, bevacizumab, and aflibercept may
cause systemic adverse effects in multiple organs in premature infants, which can be
detrimental [1,90,91]. Given the limitations of current therapies, it is critical to explore
novel therapeutic approaches.

Several natural compounds have been investigated in clinical trials for the treatment
of ROP. Carotenoids, specifically L/Z, have been studied for their potential efficacy. Ac-
cording to a meta-analysis of three randomized controlled trials (RCTs), oral administration
of L/Z did not reduce the incidence of ROP [92]. While two studies used a fixed dose,
one study utilized a weight-based dose. Since there is no established target L/Z level in
newborns and the optimal dosing is unknown, it is possible that the doses administered
to newborns may be too low to reduce the incidence of ROP. Reports on the effects of
polyunsaturated fatty acids have been inconclusive. Hellström et al. reported that en-
teral lipid supplementation reduces the risk of severe ROP [93]. However, a systematic
review and meta-analysis of nine RCTs found that supplementation with LCPUFA did
not reduce the incidence of ROP [94]. The differing results between Hellström et al. and
the meta-analysis reported by Diggikar et al. may be attributed to differences in lipid
formulation and sample size. While Hellström et al. used a specific 2:1 ratio of arachi-
donic acid (AA) to docosahexaenoic acid (DHA) and observed a significant reduction
in severe ROP, the meta-analysis included studies with varying LCPUFA formulations,
ratios, and doses. Since the effects of LCPUFA depend not only on the concentrations
of AA and DHA but also on their ratio [95], future studies with optimal AA/DHA ratio
supplementation and sufficient sample size to achieve statistical power may be needed
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to adequately assess the effect of LCPUFA. Conversely, early administration of caffeine
in preterm infants within the first 3 days of birth was reported to reduce the risk of
ROP compared to late administration after 3 days of birth in two systematic reviews and
meta-analyses [96,97]. Caffeine may help to reduce hypoxia-induced VEGF signaling and
inflammation and improve oxygenation and has neuroprotective effects [73,96,97]. Since
caffeine is widely used in neonatal intensive care units for apnea of prematurity, it can
serve as a preventive treatment for ROP in premature infants. While early caffeine sup-
plementation has been shown to decrease the risk of ROP, future randomized controlled
trials assessing the effects of caffeine to determine optimal administration time, dosing, and
duration need to be conducted to establish its efficacy and optimize its use in the treatment
of ROP.

Natural compounds derived from plants, animals, and microorganisms contain bioac-
tive ingredients with therapeutic potential. These compounds can offer several advantages
over conventional therapies, as they may possess diverse mechanisms of action, including
anti-angiogenic, anti-inflammatory, antioxidant, and neuroprotective properties [98–101].
This multi-target approach can potentially provide comprehensive therapy for ROP. Given
that premature infants are more vulnerable to systemic adverse effects and laser therapy can
cause irreversible retinal damage, investigating natural compounds for ROP treatment is
an attractive approach. Depending on the severity of ROP, natural compounds can be used
as monotherapy or as an add-on therapy to reduce the dosage or frequency of conventional
treatments. Furthermore, in-depth mechanistic studies are needed to elucidate the precise
pathways regulating ROP pathogenesis.

5. Challenges and Strategies for Development of Natural Product-Based Drugs

Although natural products possess a wide variety of promising therapeutic potentials,
several obstacles exist in developing natural product-based drugs. Regulatory concerns are
particularly notable, as natural products in their original form may not be patentable [102].
Additionally, conflicts and discrepancies regarding the benefits derived from natural prod-
ucts may arise in the countries where the sources are collected [103]. Obtaining sufficient
amounts of natural products for investigation can be challenging, especially if they orig-
inate from plants or marine sources in foreign countries. Furthermore, natural products
derived from plants may have variable compositions depending on the location where the
plants were obtained, resulting in inconsistencies [104]. The synthesis of natural products
may be complicated, time-consuming, and costly [105]. Lastly, natural products may have
poor oral bioavailability and instability [106].

Several strategies can be considered to overcome these challenges (Figure 4). To
acquire intellectual property rights such as patents, synthetic derivatives or analogs of
natural products can be developed. Modifying original natural products can improve their
bioavailability, stability, or activity. Countries sharing the sources of natural products can
establish agreements, including regulations for benefit sharing, before investigating the
natural products of interest. Access and procurement can be enhanced by cultivating plants
or marine organisms under controlled environments or by utilizing genetic engineering
techniques such as microbial fermentation or cell culture. Advanced analytical techniques,
including mass spectrometry, nuclear magnetic resonance, and chromatography, along with
rigorous quality control, can help standardize the composition of natural product extracts
and verify consistency in the active ingredients [107]. Finally, the bioavailability and
stability of natural products can be improved by developing novel drug delivery systems,
such as nanoparticles or liposomes, or by modifying the chemical structures of natural
products to enhance their pharmacokinetic profiles [106] (Figure 4). After developing
natural product-based drugs, preclinical and clinical trials must be conducted to ensure the
efficacy and safety of the novel drugs.
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be verified through analytical methods, including mass spectrometry, nuclear magnetic resonance, 
and chromatography. Furthermore, modifying natural products can enhance their bioavailability, 
stability, or activity. The incorporation of drug delivery systems, such as nanoparticles or liposomes, 
can further improve the bioavailability and stability of natural products. 

6. Application of Advanced Technologies for Identification and Development of Natu-
ral Products 

The identification of potential natural compounds for various diseases can be accel-
erated using screening techniques such as automated high-throughput screening (HTS), 
high-content screening (HCS), and mass spectrometry-based screening. Automated HTS 
enables the rapid identification of natural products with potential therapeutic effects by 
using automated robotic systems to screen thousands of natural compounds quickly [108]. 
Bioactivity, such as anti-angiogenic effects, can be detected using microplate readers and 
imaging systems. HCS combines HTS with automated microscopy and imaging analysis 
[109], allowing precise analysis of natural products at the cellular level, including the pro-
liferation and migration of endothelial cells. Mass spectrometry-based screening is an-
other method used to detect potential natural products for therapeutic use [110]. For ex-
ample, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry can 
identify natural compounds that may regulate ROP. 

The efficacy and safety of natural compounds can be predicted using bioinformatics 
and computational modeling. Molecular docking can identify natural compounds with 
high binding affinity to receptor proteins and simulate their interactions [111]. This 
method can predict which natural products bind with key factors in ROP, such as VEGF, 
and anticipate their therapeutic potential. Quantitative structure–activity relationship 
models can screen large libraries of natural products, assess their chemical structures, and 

Figure 4. Strategies for the development of natural product-based drugs. Genetic engineering
techniques, such as microbial fermentation or cell culture can be utilized to produce natural product-
based drugs. The composition and consistency of active ingredients in natural product extracts can
be verified through analytical methods, including mass spectrometry, nuclear magnetic resonance,
and chromatography. Furthermore, modifying natural products can enhance their bioavailability,
stability, or activity. The incorporation of drug delivery systems, such as nanoparticles or liposomes,
can further improve the bioavailability and stability of natural products.

6. Application of Advanced Technologies for Identification and Development of
Natural Products

The identification of potential natural compounds for various diseases can be accel-
erated using screening techniques such as automated high-throughput screening (HTS),
high-content screening (HCS), and mass spectrometry-based screening. Automated HTS
enables the rapid identification of natural products with potential therapeutic effects by
using automated robotic systems to screen thousands of natural compounds quickly [108].
Bioactivity, such as anti-angiogenic effects, can be detected using microplate readers and
imaging systems. HCS combines HTS with automated microscopy and imaging analy-
sis [109], allowing precise analysis of natural products at the cellular level, including the
proliferation and migration of endothelial cells. Mass spectrometry-based screening is
another method used to detect potential natural products for therapeutic use [110]. For
example, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry can
identify natural compounds that may regulate ROP.

The efficacy and safety of natural compounds can be predicted using bioinformatics
and computational modeling. Molecular docking can identify natural compounds with
high binding affinity to receptor proteins and simulate their interactions [111]. This method
can predict which natural products bind with key factors in ROP, such as VEGF, and
anticipate their therapeutic potential. Quantitative structure–activity relationship models
can screen large libraries of natural products, assess their chemical structures, and predict
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their bioactivity and safety [112]. Additionally, in silico computation tools predicting
absorption, distribution, metabolism, excretion, and toxicity can be used to predict the
bioavailability and toxicity of natural compounds [113].

The application of artificial intelligence (AI) in drug development is receiving increas-
ing attention from researchers [114]. Machine learning (ML) and AI can assist in discovering
novel natural products by screening potential targets through genome mining and the
dereplication process. An ML algorithm can be applied to verify the structure of natural
products. ML models, such as binary classifiers, can help to predict biological activities,
absorption, distribution, metabolism, elimination profiles, and potential protein targets for
natural products. Moreover, AI can assist in designing novel natural product-based drugs
by applying deep learning generative models to optimize their chemical structures while
maintaining biological activity [115].

Advanced in vitro models such as organ-on-chip systems, organoids, and microphys-
iological systems can serve as promising new approaches for assessing the therapeutic
potential of natural products. Compared to traditional 2D cell culture, these advanced
models provide a more physiologically relevant environment, allowing for accurate pre-
diction of in vivo effects. Furthermore, multi-organ chip systems may help to evaluate
the effects of natural products across tissues in various organs, enabling assessment of
systemic response and metabolism [116]. Microfluidics, known as lab-on-chip technology,
allows precise control over the cellular microenvironment by manipulating factors such
as fluid flow and mechanical forces [116,117]. A retina-on-a-chip microfluidic device has
been developed to deliver solutions through holes to the retina explant, facilitating local
staining, drug administration, and response monitoring [118]. Additionally, a microflu-
idic chamber for retinal explant culture has been developed for optical stimulation and
real-time monitoring [119]. Utilizing microfluidic technology enables evaluation of basic
anatomy, physiology, and pathological processes of retinal tissue, as well as its detection and
sensing capabilities.

The production of natural compounds can be increased by employing genetic engi-
neering and synthetic biology. Using genetically modified microorganisms such as E. coli or
yeast can enhance the yield of natural products [120]. Similarly, genetically modified plants
can increase the biosynthesis of natural compounds [121]. Finally, programming entire
biosynthetic pathways in microbes allows for the massive production of target natural
compounds [122].

7. Conclusions

Natural products have potential as novel therapeutic agents for the treatment of ROP.
Given the limitations of current ROP treatments, these products may present viable alterna-
tive options. Various natural compounds have demonstrated anti-angiogenic properties
and effectiveness in mitigating ROP pathogenesis. However, their efficacy and safety
must be verified through additional studies and clinical evaluations. The accumulating
evidence, nonetheless, suggests that natural products could be promising alternatives for
ROP treatment.

The development of drugs based on natural products is challenged by regulatory
concerns, patent issues, source conflicts, and variable compositions. These challenges can
be addressed by synthesizing derivatives that enhance the bioavailability and stability of
natural products and by establishing international agreements regarding the sources of
these products. Advances in genetic engineering have facilitated increased production
of natural products, and the use of advanced analytical techniques ensures consistent
composition. Moreover, recent innovations in screening and computational modeling
permit large-scale screening of natural products to predict their therapeutic efficacy and
safety. With technological advances in the identification and development of natural
compounds, the discovery of natural products with significant therapeutic potential is
likely to be expedited.
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