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Abstract

Nitric oxide synthases (NOS) are essential regulators of vascular function, and their role in ocular blood vessels is of paramount im-
portance for maintaining ocular homeostasis. Three isoforms of NOS—endothelial (eNOS), neuronal (nNOS), and inducible (iNOS)—

contribute to nitric oxide production in ocular tissues, exerting multifaceted effects on vascular tone, blood flow, and overall ocular
homeostasis. Endothelial NOS, primarily located in endothelial cells, is pivotal for mediating vasodilation and regulating blood flow.
Neuronal NOS, abundantly found in nerve terminals, contributes to neurotransmitter release and vascular tone modulation in the ocular

microvasculature. Inducible NOS, expressed under inflammatory conditions, plays a role in response to pathological stimuli. Under-

standing the distinctive contributions of these NOS isoforms in retinal blood vessels is vital to unravel the mechanisms underlying various

ocular diseases, such diabetic retinopathy. This article delves into the unique contributions of NOS isoforms within the complex vascular

network of the retina, elucidating their significance as potential therapeutic targets for addressing pathological conditions.
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1. Introduction

The retinal circulation is a finely tuned system respon-
sible for delivering nutrients, oxygen, and maintaining an
optimal microenvironment for blood vessels, neurons and
glia [1]. Nitric oxide (NO) is an essential molecule regulat-
ing blood flow and tissue oxygenation by activating solu-
ble guanylate cyclase (sGC), and by controlling mitochon-
drial O consumption via inhibition of cytochrome ¢ oxi-
dase [2,3]. In mammals, including humans, NO is primar-
ily generated by NO synthases (NOS) from L-arginine or
via enzyme-mediated reduction of nitrate [4,5]. Endothe-
lial NO is involved in vascular tone regulation and numer-
ous other vasoprotective mechanisms [6]. Hence, it is not
surprising that impairment in retinal vascular NO genera-
tion has been linked to the pathophysiology of numerous
ocular pathologies, such as diabetic retinopathy [7]. The
present article summarizes the existing literature concern-
ing the roles of specific NOS isoforms in both normal reti-
nal vascular physiology and in pathological contexts. Addi-
tionally, cutting-edge treatment approaches targeting NOS
are discussed.

2. Physiological Function of Nitric Oxide
Synthases in Retinal Blood Vessels

Three NOS isoforms have been characterized in hu-
mans and other mammals; neuronal (nNOS or NOS1), in-
ducible (iNOS or NOS2), and endothelial (eNOS or NOS3)
[6]. In humans, these isoforms are encoded by three dis-
tinct genes situated on chromosomes 12, 17, and 7, respec-
tively [8]. While nNOS and eNOS are activated by Ca?*

and function as low-output enzymes, producing NO inter-
mittently, iNOS functions as a high-output enzyme capa-
ble of generating potentially toxic levels of NO. The ex-
pression of iNOS can be stimulated in diverse cells and tis-
sues by cytokines, elevated glucose levels, and other exter-
nal stimuli [6]. All three NOS isoforms are homodimers
that catalyze the oxidation of a guanidino nitrogen of L-
arginine, using molecular oxygen and nicotinamide ade-
nine dinucleotide phosphate (NADPH) as cosubstrates to
produce NO. Thus, the activity of all three isoforms can
be regulated by limiting the availability of the substrate
arginine through the action of other arginine-utilizing en-
zymes, such as arginase 1 or 2, or by modulating argi-
nine transport [9,10]. For example, in various cardiovascu-
lar diseases, including diabetic retinopathy, increased argi-
nine consumption by arginase results in eNOS dysfunc-
tion, leading to impaired endothelium-mediated vasodila-
tion responses [11,12]. All NOS isoforms contain pros-
thetic groups including flavin adenine dinucleotide (FAD),
flavin mononucleotide (FMN), and heme iron, and rely on
tetrahydrobiopterin (BH,4) as a cofactor [6]. Insufficient
levels of the essential cofactor BH, can result in eNOS un-
coupling and the production of superoxide by the enzyme
[13].

Fig. 1 illustrates the chemical reactions leading to the
generation of NO, favored by the enzymatic activity of
NOS.

The NO/cyclic guanosine monophosphate (cGMP)
signaling pathway stands as one of the most extensively
studied pathways, alongside the cyclooxygenase (COX)
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Fig. 1. Mechanisms of NO generation by NOS isoforms. NOS oxidize a guanidino nitrogen of L-arginine by using molecular oxygen

and NADPH as cosubstrates, resulting in the production of NO. NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide;

NOS, nitric oxide synthase.

pathways. This pathway governs numerous physiological
parameters including smooth muscle relaxation, neuronal
transmission, wound healing, and suppression of platelet
aggregation [2]. NO triggers the activation of cytoplasmic
sGC, which harbors a heme structure within its binding do-
main. Upon binding to the heme structure, NO dramati-
cally enhances the enzyme’s catalytic rate by 300-fold [14].
Soluble GC facilitates the conversion of guanosine triphos-
phate (GTP) to cGMP, a pivotal regulator of diverse cel-
lular responses such as vascular smooth muscle relaxation
[15,16].

Remarkably, all three NOS isoforms have been identi-
fied in retinal blood vessels under physiological conditions.
Our previous investigations, conducted on isolated mouse
retinal arterioles utilizing real-time polymerase chain reac-
tion (PCR), demonstrated that messenger RNA (mRNA) for
eNOS was the most abundant, whereas that for iNOS was
the least prevalent [17]. Similarly, another study identified
the expression of eNOS on the protein level in mouse retinal
blood vessels [18]. Under physiological conditions, eNOS
immunoreactivity was observed in rat retinal vessels but not
in neurons [ 19]. Abundant eNOS mRNA and/or protein ex-
pression were also noted in human and bovine retinal mi-
crovascular endothelial cells, along with pig retinal arteri-
oles [20-23].

Consistent with these expression studies, experiments
utilizing various NOS blockers revealed that endothelium-

dependent vasodilatory responses of murine retinal ar-
terioles are primarily driven by eNOS [17]. Support-
ing this notion, our observations indicated that eNOS-
deficient (eNOS—/—) mice exhibited impaired endothelium-
dependent vasodilatory reactions in arterioles of the retina
[24].  Intriguingly, in eNOS—/— mice, endothelium-
dependent vasodilation was partially preserved by nNOS
and COX-2 metabolites, showcasing reciprocal regulation
[24].

Significantly, certain studies have also indicated the
involvement of COX metabolites in endothelium- and NO-
dependent vasodilation in ocular blood vessels. For in-
stance, based on an in vitro study, Hardy et al. [25]
proposed a NO-mediated activation of endothelial COX-
dependent mechanisms in porcine ocular blood vessels. An
in vivo investigation conducted on Brown Norway rats con-
cluded that bradykinin-mediated endothelium-dependent
vasodilation in retinal blood vessels involves a COX-2-
dependent pathway [26]. However, other in vivo studies
on retinal vessels of Wistar rats suggested that NO-related
vasodilation is mediated by the COX-1/PGI2/prostanoid
IP receptor/cAMP signaling pathway [27,28]. Addition-
ally, in vitro experiments conducted on human retinal en-
dothelial cells further revealed that the NO donor NOR3
induced the production of PGI2 through the involvement
of COX-1 [28]. These results imply that in retinal blood
vessels, NO might facilitate vasodilation not only via the
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Fig. 2. Proposed endothelial vasodilatory mechanisms in mouse retinal arterioles under physiological conditions and during

deficiency of eNOS. Ach, acetylcholine; COX, cyclooxygenase; eNOS, endothelial nitric oxide synthase; IP3, prostacyclin receptor;

M3s-AchR, M3 muscarinic acetylcholine receptor; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; PG, prostacyclin; sGC,

soluble guanylate cyclase; cGMP, cyclic guanosin monophosphate; cAMP, cyclic adenosine monophosphate.

sGC/cGMP pathway but also through the involvement of
COX-dependent pathways. The predominance of the re-
spective pathway may vary depending on the species or
strain.

Fig. 2 provides an overview on the putative endothe-
lial vasodilatory signaling mechanisms in retinal arterioles
under physiological conditions as well as during eNOS sup-
pression or dysfunction.

Studies conducted on anesthetized cats utilized laser
Doppler velocimetry to evaluate retinal blood flow before
and after the administration of various NOS inhibitors. The
results indicated that eNOS likely participates in the restora-
tion of retinal blood flow following exposure to hyper-
oxia, while nNOS might contribute to enhancing retinal
blood flow during hypercapnia [29,30]. Experiments con-
ducted on anesthetized rats, involving the administration
of two distinct nNOS blockers, 1-(2-trifluoromethylphenyl)
imidazole (TRIM) and (4S)-N-(4-amino-5 [aminoethyl]
aminopentyl)-N-nitroguanidine (AAAN), suggested that
nNOS plays a role in the maintenance of basal vascular
tone in the retinal circulatory system [31]. Recent stud-
ies have revealed that nNOS-derived NO may be crucial
in glial cell-mediated vasodilatory responses in the retina
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by generating epoxyeicosatrienoic acids (EETs) and PGE2.
Someya et al. [32] demonstrated in rat retinal arterioles
that intravitreal administration of N-methyl-d-aspartic acid
induced retinal vasodilation, which was attenuated follow-
ing pharmacological nNOS inhibition. This evidence fur-
ther suggested that NO stimulates the generation of va-
sodilatory prostanoids and EETs in glial cells in a ryan-
odine receptor type 1-dependent manner, ultimately lead-
ing to vasodilatory responses in the retina. Subsequently,
the same research group proposed that the nNOS-derived
NO/PGE2/EP2 receptor cascade, particularly, may be im-
plicated in glia-mediated vasodilation in the retina of rats
[33].

Furthermore, another study proposed that iNOS is re-
sponsible for cholinergic vasodilation in the rat retina. This
conclusion was drawn from observations where the iNOS
blocker aminoguanidine diminished cholinergic vasodila-
tory responses induced by carbachol, possibly mediated
via M; and M3 muscarinic acetylcholine receptors in vivo.
Furthermore, carbachol enhanced NOS activity and iNOS
mRNA levels in the retina, while aminoguanidine attenu-
ated NOS activity and the transcription rate of iNOS mRNA
in response to carbachol [34]. In contrast, our own experi-
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ments conducted in wild-type and iNOS-deficient (iNOS—
/—) mice did not find any evidence supporting the contribu-
tion of iNOS to cholinergic vasodilation in the retina under
physiological conditions [17].

3. Nitric Oxide Synthase Isoforms in Ocular
Diseases

Intriguingly, our investigations revealed no dis-
cernible loss of neurons in the retinal ganglion cell (RGC)
layer of eNOS—/— mice, despite observed impairment in
endothelium-dependent vasodilatory reactions in retinal
blood vessels [24,35]. Similarly, no alterations in neuron
numbers within the RGC layer were noted in mice lacking
nNOS and iNOS, suggesting that the absence of individ-
ual NOS isoforms may not exert detrimental effects [35].
Furthermore, retinal vascular development appeared unaf-
fected in eNOS—/—mice, indicating that its absence may not
play a critical role in this process or could be compensated
for by other NOS isoforms, facilitating regular vascular de-
velopment [36].

3.1 Oxygen-Induced Retinopathy

Nitro-oxidative stress, marked by an imbalance
between the production of reactive oxygen species
(ROS)/reactive nitrogen species (RNS) and antioxidant
defense mechanisms, emerges as a pivotal pathogenetic
factor in various ocular conditions, including ischemic pro-
cesses involving neurons and retinal cells [37]. Among the
most detrimental ROS, the superoxide anion (O2 ™), upon
reacting with NO, triggers the generation of peroxynitrite
(ONOO™), a potent RNS responsible for profound alter-
ations in intracellular biochemistry and physiology. Under
ischemic conditions, ROS and RNS induce injury to DNA,
proteins, and lipids, promoting immune-related neuronal
damage, disruption of the blood-optic nerve barrier, and
apoptosis [38,39]. The superoxide anion, upon reacting
with NO, triggers the formation of peroxynitrite, a potent
RNS responsible for profound alterations in intracellular
biochemistry and physiology. Under ischemic condi-
tions, ROS and RNS induce damage to DNA, proteins,
and lipids, leading to immune-related neuronal injuries,
disruption of the blood-optic nerve barrier, and apoptosis
[40]. Beyond the involvement of NOS in nitro-oxidative
stress, the nicotinamide adenine dinucleotide phosphate
oxidase (NOX) enzyme family also plays a significant
role in ischemic and diabetic conditions. These enzymes,
classified into seven isoforms (NOX1-5 and DUOX1-2),
facilitate the transfer of electrons from cytosolic NADPH to
molecular oxygen, producing superoxide [41]. In ischemic
retinopathy, dedicated investigations have pinpointed the
involvement of specific isoforms such as NOX1, NOX2,
and NOX4, which mediate glial activation and contribute
to vascular injuries [42—44].

Under conditions of ischemia and oxidative stress, in-
dividual NOS isoforms have been demonstrated to con-

tribute to the onset or progression of diseases. For instance,
eNOS-derived NO has been reported to trigger proangio-
genic effects in the retina under ischemic conditions, partly
by promoting upregulation of vascular endothelial growth
factor (VEGF) [45,46]. Conversely, eNOS has negligible
effects on choroidal neovascularization, while iNOS and
nNOS play significant roles [46]. Following transient ocu-
lar ischemia in a rat model, eNOS expression was shown to
be increased in retinal vessels and occured de novo in retinal
neurons [19]. Similarly, in an oxygen-induced retinopathy
(OIR) model of rats, eNOS, but not nNOS or iNOS, ex-
hibited increased activity and expression during exposure
to hyperoxia [47]. In a mouse OIR model, eNOS-derived
NO was reported to destabilize adherens junctions, lead-
ing to vascular hyperpermeability, by interacting with the
VEGFA/VEGFR2/c-Src/VE-cadherin pathway [48]. An-
other study on OIR in mice demonstrated that hyperoxia re-
duces the bioavailability of BH4, promoting dysfunction of
overexpressed eNOS, exacerbating vasoobliteration. How-
ever, in the proliferative phase, eNOS enhances angiogenic
growth and recovery from ischemia [49]. Additionally,
in mouse retinal endothelial cells, the cytochrome P-450
(CYP) enzyme, CYP1BI, collaborates with eNOS in reduc-
ing oxidative stress, thereby promoting capillary morpho-
genesis and angiogenesis [50]. These findings collectively
underscore the crucial role of eNOS in promoting vascu-
lar leakage and neovascularization in models of retinal is-
chemia.

Further investigations into OIR models have ex-
plored the role of iNOS in the retina. Studies con-
ducted by Sennlaub ef a/. [51] in a murine OIR model
demonstrated that both iNOS—/— mice and the inhibitory
action of a selective and potent iNOS inhibitor, N-
(3-(Aminomethyl)benzyl)acetamidine (1400W), enhanced
physiological neovascularization and mitigated pathologi-
cal intravitreal vessel formation. Additionally, the same re-
search group illustrated in the same mouse model that iNOS
expression is linked to retinal degeneration via apoptosis
[52]. This is consistent with another study by Wu ez al. [53]
on transgenic mice overexpressing iNOS, which exhibited
oxidative stress-mediated retinal degeneration and apopto-
sis in the photoreceptor layer of the retina.

3.2 Diabetic Retinopathy

During diabetes mellitus, nitro-oxidative stress and
hyperglycemia emerge as relevant pathogenetic factors
leading to aberrant structural microvascular changes in the
retina, culminating in diabetic retinopathy (DR) [54]. The
reduction of NO bioavailability and the formation of per-
oxynitrite result in protein nitration events, characterized
by the generation of nitrotyrosine, leading to tissue damage
and cell injury through lipid peroxidation, protein inacti-
vation, and DNA damage [55]. Under diabetic conditions,
dysfunctional activity of eNOS, nNOS, and iNOS can lead
to retinal injury, leukostasis, and increased vascular perme-
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ability [7]. Importantly, oxidative stress triggers an event
of eNOS uncoupling, wherein the physiological function of
eNOS as a NO-generating enzyme converts to a superoxide
producer due to the depletion of the eNOS cofactor BHy,
making BH, a potential therapeutic target [56]. In DR,
similar to OIR, NOX isoforms play a pivotal pathogenetic
role in escalating nitro-oxidative stress, with the most per-
tinent isoforms being NOX1, NOX4, and NOX5, involved
in promoting vascular permeability and neoangiogenesis
[57,58]. Moreover, NOX-related nitro-oxidative stress has
been suggested to correlate with the synthesis of advanced
glycated end-products (AGE) and may thus be recognized
as a significant contributor to the development of diabetic
retinal disease [59,60].

Hence, akin to the pathogenetic events occurring in
OIR, eNOS is critically involved in DR. Numerous stud-
ies have documented an association between specific eNOS
gene polymorphisms and an increased risk of developing
DR [61-69]. Laboratory studies have revealed that ele-
vated glucose levels and osmotic stress escalate the gen-
eration of nitrotyrosine in bovine retinal endothelial cells,
thereby enhancing eNOS activity and inducing superoxide
formation due to eNOS uncoupling and activation of al-
dose reductase [70]. In diabetic rats, VEGF induces retinal
eNOS and intercellular adhesion molecule-1 (ICAM-1) ex-
pression, initiating early diabetic retinal leukocyte adhesion
in vivo [71]. Furthermore, high glucose levels promote reti-
nal endothelial cell migration through the activation of Src
family kinases, phosphoinositide 3-kinases (PI3K)/AKT1
kinases/eNOS, and extracellular signal-regulated kinases
(ERKSs) [72]. In another investigation, diabetic eNOS—/—
mice exhibited a broader spectrum of retinal vascular com-
plications, including vessel leakage, gliosis, a heightened
count of acellular retinal capillaries, and augmented base-
ment membrane thickening within retinal capillaries, com-
pared to age-matched controls [73]. These findings suggest
that eNOS is essential for maintaining vascular integrity in
diabetes.

In bovine microvascular retinal endothelial cells, in-
creased glucose levels diminished the activity of eNOS
stimulated by agonists and flow [74]. Another investiga-
tion conducted on bovine retinal microvascular endothelial
cells revealed that high glucose levels and AGE suppress
eNOS expression [21]. This suppression aligns with studies
in rats, where decreased eNOS expression was reported in
various vascular beds during diabetes progression, accom-
panied by elevated iNOS expression and nitrotyrosine lev-
els, potentially contributing to vascular disease exacerba-
tion in diabetes [75]. In support of this premise, pharmaco-
logical inhibition of iNOS with aminoguanidine enhanced
dilation responses in retinal arterioles of diabetic rats, sug-
gesting a contribution of iNOS to impaired vasodilation in
DR [76]. These findings are consistent with observations in
other vascular beds affected by diabetes, where induction of
iNOS expression was linked to impaired NO-dependent va-
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sodilation responses [77,78]. Additional studies have also
elucidated the regulatory role of the bradykinin 1 receptor
(B1R) on iNOS expression. Brovkovych et al. [79] demon-
strated in HEK293 cells that BIR modulates iNOS expres-
sion via the ERK/MAPK signaling pathway. Further inves-
tigations determined that inhibition of BIR through diverse
antagonists such as LF22-0542 or SSR240612 can reverse
iNOS upregulation in the rodent diabetic retina [80,81].
The axis BIR-INOS and the significance of iNOS in the
diabetic retina were also assessed employing the selective
iNOS inhibitor 1400W. Othman and colleagues [82] eval-
uated the effect of iNOS inhibition on inflammation and
oxidative stress, as well as the relationship between BIR
and iNOS expression, in a murine model of type 1 diabetes,
applying 1400W as eye drops twice a day. The authors
concluded that BIR and iNOS establish a reciprocal auto-
induction and amplification loop, fostering NO formation
and inflammatory processes in the diabetic mouse retina
[82]. Particularly noteworthy is the significant role of iNOS
in leukostasis events and the breakdown of the blood-retinal
barrier in the diabetic retina. In this regard, Leal et al. [83]
reported that in diabetic iINOS—/—mice, these events are pre-
vented, akin to the inhibitory effect observed after the ad-
ministration of L-NAME. Consistent with these findings,
an investigation by Iwama and colleagues [84] in iNOS—
/— mice during endotoxin-induced uveitis described how a
deficiency in iNOS hindered leukocyte—endothelial cell in-
teraction in the retina, suggesting the potential targeting of
iNOS in the treatment of uveitis and other inflammatory
conditions.

4. Therapeutic Approaches Targeting Nitric
Oxide Synthase Isoforms

Therapeutic strategies aimed at modulating NOS iso-
forms typically focus on either enhancing or inhibiting NOS
expression or activity through cofactor supplementation or
oxidative stress reduction. Intriguingly, research indicates
that prolonged administration of L-arginine, the substrate
for NOS, fails to elevate NO production or enhance en-
dothelial function. Instead, chronic L-arginine adminis-
tration has been found to elevate products of the arginase
pathway, namely urea and L-ornithine, without a con-
comitant increase NOS pathway products [85]. Arginase
manifests in two distinct isoforms, namely arginase 1
and arginase 2, both of which compete with NOS for L-
arginine. This competition restricts NO production and
leads to uncoupling of NOS [86,87]. Uncoupled NOS
utilizes molecular oxygen to generate a superoxide an-
ion. The superoxide then rapidly reacts with available
NO, forming the harmful oxidant peroxynitrite, exacerbat-
ing nitro-oxidative stress. Therefore, reducing arginase ex-
pression and/or function may represent a strategy to al-
leviate oxidative stress. A recent study on retinal ar-
terioles from pigs with early type 1 diabetes revealed
that elevated arginase activity impaired NOS-mediated
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dilation. Blocking arginase activity with 2S-amino-4-
[[(hydroxyamino)iminomethyl]amino]-butanoic acid (nor-
NOHA) fully restored arteriolar vasodilator function, sug-
gesting that inhibiting vascular arginase could enhance en-
dothelial function in the early stages of diabetes [11]. In
mice with diabetes, retinal arginase activity and arginase 1
expression significantly increased after two months of hy-
perglycemia or after treatment of retinal microvascular en-
dothelial cells with high glucose concentrations [88]. Dou-
ble knockout of one copy of arginase 1 and both copies of
arginase 2 in mice with diabetes, or blockade of arginase
in retinal microvascular endothelial cells, significantly re-
duced superoxide production, affirming the involvement of
arginase in diabetes- or hyperglycemia-triggered oxidative
stress. Furthermore, the advantages of inhibiting arginase
in these diabetic models were associated with increased
NO generation and diminished leukocyte adhesion, imply-
ing the contribution of NOS uncoupling to the patholog-
ical process [88]. Additionally, a study utilizing in vivo
and ex vivo models demonstrated that diabetes compro-
mises endothelium-dependent relaxation of retinal blood
vessels. Notably, heterozygous deletion of arginase 1
or arginase blockade provided significant protection from
diabetes-driven retinal vascular impairment [89]. In a re-
cent study involving a mouse model of type 2 diabetes,
arginase 2 was implicated in obesity-induced retinal in-
jury. Mice that were fed a Western diet for 16 weeks dis-
played notably elevated levels of arginase 2 in their retinas,
which correlated with abnormal or exaggerated photorecep-
tor light responses. The removal of arginase 2 provided
significant protection against this obesity-induced photore-
ceptor abnormality, leading to reduced retinal inflamma-
tion, oxidative stress, and microglia/macrophage activation
[90]. Furthermore, other studies have shown increased
levels of arginase 2 during the ischemic phase of OIR,
coinciding with elevated nitro-oxidative stress, increased
iNOS expression, impaired physiological vascular repair,
and notable vitreoretinal neovascularization. Remarkably,
these effects were ameliorated by the deletion of arginase 2
[91,92].

In mice subjected to ischemia/reperfusion, there
was a significant increase in retinal arginase 2 mRNA
and protein levels 3 hours following the event [93].
Deletion of arginase 2 provided protection against
ischemia/reperfusion-induced impairment of retinal func-
tion and neuronal degeneration, thwarting the formation
of acellular capillaries by mitigating nitro-oxidative
stress and inhibiting glial activation [93]. Conversely,
heterozygous deletion of arginase I exacerbated neurovas-
cular degeneration after ischemia/reperfusion, suggesting
a protective role for arginase 1 expression in certain
cells [94]. Recently, it has been demonstrated in mice
subjected to ocular ischemia/reperfusion that arginase 1
exerts anti-inflammatory effects in macrophages through
ornithine decarboxylase-mediated suppression of histone

deacetylase 3 and interleukin-1/5. Based on these findings,
interventions augmenting the arginase 1/ornithine decar-
boxylase pathway and inhibiting histone deacetylase 3 may
offer therapeutic benefits for retinal ischemic diseases [95].

A critical regulator of NO production by all three NOS
isoforms is the cofactor BH,. Studies have illustrated that
hyperoxia induces depletion of BH4 levels in the neonatal
retina, leading to eNOS uncoupling and a transition from
NO to superoxide production [96]. Interestingly, supple-
mentation of BH, in a murine model of OIR was observed
to ameliorate hyperoxia-induced dysfunction in retinal mi-
crovascular endothelial cells, thereby preserving vascular
integrity through enhanced eNOS function [97]. This sug-
gests the potential benefits of BH4 supplementation in pro-
tecting against retinopathy of prematurity, warranting fur-
ther clinical investigation.

A promising agent recognized for its capacity to re-
duce oxidative stress and enhance eNOS expression and
function is the phytoalexin resveratrol. Resveratrol, along
with resveratrol-containing red wines, has been demon-
strated to upregulate eNOS expression in vascular endothe-
lial cells [98—100]. In a previous investigation, resver-
atrol mitigated ischemia/reperfusion-triggered endothelial
dysfunction and impairment of vascular autoregulation in
mouse retinal blood vessels by downregulating NOX2 ex-
pression and nitro-oxidative stress [101]. Notably, in
this study, resveratrol did not modulate the mRNA lev-
els of any of the three NOS isoforms [101]. However,
besides enhancing eNOS expression, resveratrol has been
shown to augment the enzymatic activity of eNOS through
post-translational modifications. This includes promot-
ing eNOS Ser-1177 phosphorylation, facilitating SIRT1-
mediated deacetylation of eNOS at Lys-496 and Lys-506,
or diminishing caveolin-1 expression or its interaction with
eNOS [102-107]. Moreover, resveratrol prevents from
eNOS uncoupling, a phenomenon wherein eNOS generates
superoxide under pathological conditions [108—110].

Interesting compounds capable of mitigating ischemic
and diabetic retinopathy include NOX inhibitors. As pre-
viously discussed, NOX emerges as a potential therapeu-
tic target due to its central role in promoting ROS genera-
tion and excess in these conditions. Not surprisingly, nu-
merous synthetic molecules and natural compounds have
been proposed as NOX inhibitors to counteract nitro-
oxidative stress in ischemic and DR [111]. For example,
promising synthetic NOX inhibitors include GKT136901
and GKT137831, acknowledged as potent, orally active,
bioavailable, and specific NOX1/4 inhibitors [112]. Re-
search by Appukuttan et al. [113] demonstrated that
GKT136901/GKT137831 markedly reduced ROS produc-
tion and VEGF-A expression in dimethyloxalylglycine-
exposed human retinal endothelial cells. In another study
by Jiao et al. [114], GKT137831 treatment attenuated
caspase-3 activity in retinal cells exposed to high glucose
levels. Additionally, research by Deliyanti and colleagues
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[57] indicated that GKT136901 treatment decreased ROS
levels and mitigated vascular permeability in a rat diabetic
model. Dionysopoulou and colleagues [58], using a ro-
dent model of diabetic retinopathy—demonstrated the ef-
ficacy of a topical administration of GLX7013114 (NOX4
inhibitor) in preserving retinal ganglion cell function and in
decreasing the expression of pro-inflammatory mediators
in the diabetic retina, collectively reducing diabetes-related
leakage in retinal tissue.

Another noteworthy therapeutic avenue in reti-
nal microvascular disorders is the endocannabinoid sys-
tem.  This system encompasses endogenous, bioac-
tive lipid mediators known as endocannabinoids (e.g.,
N-arachidonoylethanolamine, 2-arachidonoylglycerol), the
enzymes involved in their synthesis and metabolism,
and their receptors—cannabinoid receptor 1 (CB1R) and
cannabinoid receptor 2 (CB2R) [115]. Both CBIR and
CB2R belong to the G protein-coupled receptor superfam-
ily, and their molecular cascades are diverse and complex,
depending on the cell type. They involve the downstream
modulation of various intracellular mediators, including
NOS, adenyl cyclase, mitogen-activated protein kinases
(MAPKSs), protein kinases A and C, in addition to regulating
the functionality of various Ca?t and K+ channels [115-
118]. While CBIR and CB2R are expressed throughout the
retina, CB1R is predominantly found in neuronal cell popu-
lations and their synaptic connections, whereas CB2R is de-
tectable in glial cells and plays a critical role in modulating
inflammation [119-122]. However, CB1R activation has
also been associated with pro-inflammatory responses and
apoptosis [123]. CBIR blockade may attenuate oxidative
stress, inflammation, and vascular damage in diabetic com-
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plications such as cardiomyopathy or nephropathy [124,
125]. In the context of OIR and DR, targeting CBIR ap-
pears to elicit different effects. For instance, the CBIR ag-
onist R-(+)-WIN55212-2 has been reported to induce va-
sorelaxation of pericyte-containing retinal capillaries via
NO and ¢cGMP involvement [126]. Furthermore, R-(+)-
WINS55212-2 has demonstrated protective effects against
retinal ischemia/reperfusion injury by inhibiting pericyte
contraction and apoptosis through the CB1-eNOS-cGMP-
BKCa signaling pathway, thereby ameliorating retinal cap-
illary occlusion [127]. Conversely, CB1 activation pro-
motes neoangiogenesis and exacerbates disease progression
in DR [128]. CB1R blockade, either through genetic dele-
tion or pharmacological inhibition with SR141716, leads to
reduced nitro-oxidative stress and protects against retinal
endothelial cell death in a rodent model of DR [129]. Con-
sistent with these findings, other studies using SR141716 or
other CBIR antagonists like AM251 have demonstrated re-
duced oxidative damage and apoptosis in retinal pigment
epithelial cells exposed to high glucose conditions [130,
131]. In a recent study, Spyridakos and colleagues [132]
compared the effects of the CBIR antagonist, SR141716,
with those of a CB2R agonist, AM1710, in a rodent model
of diabetes. They reported that both single treatments and
dual therapy alleviated nitro-oxidative stress, protected reti-
nal ganglion cell axons, and reduced vascular leakage. In-
triguingly, eyedrop administration of AM1710 reversed the
diabetes-related loss of nNOS-expressing retinal amacrine
cells, whereas SR141716 had no effect. A previous study
by the same research group demonstrated that intravitreal
administration of (R)-WINS55,212-2, a CB1R/CB2R ag-
onist, preserved nNOS-expressing amacrine cells during
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acute in vivo AMPA excitotoxicity in the rat retina, fur-
ther supporting the neuroprotective role of both CB1R and
CB2Rs [133].

Exendin-4, a glucagon-like peptide-1 (GLP-1) re-
ceptor agonist, has been demonstrated to restore in-
jured microvascular permeability in a rat retinal is-
chemia/reperfusion model through activation of the GLP-1
receptor-PI3K/Akt-eNOS/NO-cGMP pathway [134]. Zhou
et al. [135] observed in a OIR model that another GLP-1
receptor agonist, NLYO1, inhibited activation of mononu-
clear phagocytes and expression of cytokines in vivo,
thereby significantly suppressing retinal inflammation, pro-
moting reparative angiogenesis, and inhibiting patholog-
ical retinal neovascularization. Similarly, Tang and col-
leagues [136] provided mechanistic insights into the ef-
fects of GLP-1 in diabetes, demonstrating in diabetic rats
that GLP-1 mitigated endothelial barrier injury through ac-
tivation of the cAMP/PKA pathway and inactivation of
RAGE/Rho/ROCK as well as MAPK signaling pathways.
Consistent with these findings, Wei et al. [137] showed in
diabetic mice that GLP-1 treatment reduced retinal leakage
and improved blood-retinal barrier function by suppressing
the RhoA/ROCK pathway.

A study investigating therapeutic approaches in dia-
betic retinopathy suggested that the angiotensin-converting
enzyme (ACE) inhibitor, captopril, alleviated oxidative
damage in DR by reducing iNOS, peroxynitrite, ROS, and
NO levels, while increasing eNOS expression [138]. Simi-
larly, tert-butylhydroquinone, a synthetic aromatic organic
compound, was found to protect the diabetic rat retina from
oxidative stress by upregulating the PI3K/Akt/eNOS path-
way [139]. Simvastatin, used to treat high cholesterol and
triglyceride levels, was shown to suppress the formation
and progression of diabetic retinopathy in rats by increasing
circulating endothelial progenitor cells, reducing mRNA
expression levels of iNOS, Ang-1, and Ang-2, and increas-
ing eNOS mRNA expression in the retina [140]. Ginger
extract was reported to improve DR by reducing oxidative
damage, inflammation, iNOS, and VEGF expression, while
enhancing eNOS and G6PDH function [141]. Naringenin,
a natural flavonoid compound, was demonstrated to upreg-
ulate GTPCH1/eNOS signaling to ameliorate high glucose-
induced retinal endothelial cell injury [142].

Fig. 3 summarizes the main pathophysiological trig-
gers and their influence on the activity of different NOS
isoforms, leading to nitro-oxidative stress, and highlights
the effects of molecules capable of restoring altered redox
status and NOS functionality.

In summary, all three NOS isoforms are detectable
within retinal blood vessels. While eNOS and nNOS play
roles in maintaining retinal perfusion under normal phys-
iological conditions, iNOS becomes activated in response
to pathophysiological conditions such as retinal ischemia
or elevated glucose levels. The overproduction of NO by
iNOS induces nitro-oxidative stress, culminating in vascu-

lar endothelial dysfunction and cellular damage within the
retina. Likewise, eNOS may become dysfunctional under
oxidative stress, amplifying ROS generation and adding to
endothelial dysfunction and cellular harm.

Potential strategies to restore proper NOS function in-
clude modulating arginase expression/activity and supple-
menting BH4. Moreover, various compounds targeting spe-
cific NOS isoforms, particularly eNOS and iNOS, and re-
ducing nitro-oxidative stress have shown promise in exper-
imental settings. However, clinical studies are necessary
to develop targeted interventions that modify NOS function
and expression effectively, aiming to alleviate vascular dys-
function and preserve ocular health in conditions such as
DR and other ischemic retinal diseases.
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