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Abstract: Alpha-melanocyte-stimulating hormone (α-MSH) and its binding receptors (the melanocortin
receptors) play important roles in maintaining ocular tissue integrity and immune homeostasis. Par-
ticularly extensive studies have demonstrated the biological functions of α-MSH in both immunoreg-
ulation and cyto-protection. This review summarizes the current knowledge of both the physiological
and pathological roles of α-MSH and its receptors in the eye. We focus on recent developments in the
biology of α-MSH and the relevant clinical implications in treating ocular diseases.
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1. Introduction

Alpha-melanocyte-stimulating hormone (α-MSH) is an evolutionarily conserved
13-amino acid peptide proteolytically cleaved from the precursor pro-opiomelanocortin
(POMC). POMC also encodes β-MSH and γ-MSH and the three forms bind to four
melanocortin receptors (MC1R, MC3R, MC4R, and MC5R) with different affinities [1].
Melanocortins were initially identified in pituitary cells, and were found to be also synthe-
sized in monocytes, astrocytes, gastrointestinal cells, and keratinocytes, exerting various
physiological roles due to the abundance of MCRs in different tissues. α-MSH is well-
known for mediating pigmentation; however, accumulating evidence has highlighted its
pleotropic properties. Recent preclinical investigations in models mimicking a wide array
of inflammatory conditions, including sepsis, acute respiratory distress syndrome, rheuma-
toid arthritis, inflammatory bowel disease, and encephalitis, demonstrate that α-MSH
possesses potent anti-inflammatory and tissue regenerative capacities, providing potential
for novel treatment approaches [2–6]. While systemic anti-inflammatory treatment has
shown promise, the ocular surface poses unique challenges for the mitigation of inflam-
mation. As an immune-privileged and self-contained surface, the eye requires specialized
consideration of epithelial barriers, neural regulation, and tissue-resident immunomodula-
tory cells in developing anti-inflammatory therapies. Unresolved inflammation stemming
from surgery, trauma, infection, or autoimmunity can quickly result in blinding corneal
opacification or vascularization. Given the constitutive availability of α-MSH in the eye,
and the wide expression of MCRs in different ocular structures, this review summarizes the
current data pertaining to the role of α-MSH in mitigating inflammation and the promotion
of ocular surface cell survival [7–9].
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2. α-MSH Bioavailability in the Eye

Constitutive expression of α-MSH has been demonstrated in the aqueous and vit-
reous humors of mammalian eyes [10]. Within ocular tissues, α-MSH production has
been attributed to several cell types including retinal pigment epithelium (RPE), ciliary
body epithelium, iris pigment epithelium, hyalocytes, and macrophages [11]. These cells
contain enzymes capable of cleaving POMC into biologically active melanocortins such as
α-MSH. Through signaling pathways involving T cells and macrophages, melanocortins
contribute to the regulation of normal anti-inflammatory and immunosuppressive effects
in the eye. This includes the modulation of both cellular and humoral immunity. Overall,
constitutive α-MSH expression coupled with local production in ocular tissues highlights
its immunoregulatory role in maintaining immune privilege and preventing inappropriate
inflammation in the eye [12–14]. The unique immunoregulatory ocular microenvironment
renders the eye an immune-privileged site, characterized by an absence of a mounted
immune response to reject an allograft, even in a primed host [15]. Ocular immune priv-
ilege is achieved through (1) the active suppression of effector T cells, neutrophils, and
macrophages and (2) the alteration of antigens by antigen-presenting cells (APCs) to de-
crease inflammation and promote regulatory T cell (Treg) activation [16–19]. The soluble
immunomodulatory factors within the ocular microenvironment are found mainly in
the aqueous humor, and these factors suppress the activation of inflammatory immunity,
further promoting immune privilege, among which are α-MSH, the first described im-
munomodulating neuropeptide in the eye; vasoactive intestinal peptide (VIP); calcitonin
gene-related peptide (CGRP); substance P (SP); and neuropeptide Y (NPY) [20–28]. In
the healthy eye, there is constitutive expression of α-MSH in the aqueous humor is at a
concentration of approximately 10−11 M [28]. Absence of α-MSH in depleted aqueous
humor results in the loss of its ability to regulate T cell activity. α-MSH serves as the
mediator through which the aqueous humor directs the antigen-specific T cell response,
shifting it from proinflammatory to regulatory [29,30]. Although α-MSH does not prevent
T cell proliferation, it inhibits activated T cells from producing IFN-γ. In this process,
transforming growth factor beta (TGF-β), also found in the aqueous humor, helps to en-
hance the activity of α-MSH-inducing regulatory activity in T cells [30]. It has been shown
that regulatory T cells can be generated in vitro by treating antigen-stimulated CD4+ T
cells with a supplementation of α-MSH at the physiological concentration of 10−11 M. The
α-MSH-induced Tregs express CD25 and produce TGF-β, but not IL-4 [29,31,32]. In a recent
study, α-MSH was also found in tears, and its concentration increased in perennial allergic
conjunctivitis (PAC) patients compared with healthy participants [33].

There are five known α-MSH receptors, MC1R to MC5R. All MCRs have a sequence
homology of 39 to 61% to one another at the amino acid level and rendering them able
to bind to the natural melanocortin peptides at differential affinities. The core sequence,
His-Phe-Arg-Trp, has been determined as the minimal active sequence for MCR activa-
tion [34]. In various cell types, binding ligands to MCRs leads to calcium fluxes, the
activation of adenylate cyclase, and a resulting increase in intracellular cAMP, as well as the
activation of MAPKs, which orchestrates an array of cellular functions [35,36]. Evidence
from separate research endeavors, encompassing both expression and functional analy-
ses, indicates that melanocortin receptors (MCRs) are expressed more extensively than
initially perceived. In the eye, MCR-specific immunofluorescence was observed in Müller
cells and ganglion cells in the retina, epithelial cells of the ciliary body, the iris pigment
epithelium, and the cornea [37]. It is known that α-MSH can bind to rat intra-orbital and
extra-orbital lacrimal gland membranes that express MCRs, but the specific subtypes of
receptors are unknown [7]. It is worth noting that the expression of MCR isoforms can
differ between species, and some cells may express multiple types of MCRs (Table 1). Both
human choroidal and iridial melanocytes were found to express MC1R on their surface [38].
α-MSH has been shown to prevent the cytokine activation of nuclear factor-κB (NF-κB) in
human uveal melanocytes [39]. But this finding has been challenged by other studies which
have shown that uveal melanocytes do not express MCRs or respond to α-MSH [12,40].
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Cheng et al. demonstrated that MC1R is functionally expressed in primary and trans-
formed RPE cells. They demonstrated that α-MSH activated the Akt/mTOR and Erk1/2
MAPK signaling pathways in the RPE cells through MC1R and protected RPE cells from
H2O2-induced apoptosis, an effect that was almost abolished when MC1R was depleted
by siRNA [41]. Melanocortin receptor expression in the cornea, particularly MC1R, was
investigated using a combined approach of fluorescent immunohistochemistry and Western
blot analysis. This dual methodology confirmed robust MC1R expression in the primary
human and murine corneal endothelium and cultured immortalized human (hCEnC-21T)
and mouse (mCEnC-P2) endothelial cell lines [42,43]. Moreover, MC1R is expressed on
various cells of the immune system, such as cytotoxic T cells and dendritic cells, where it
can exert anti-inflammatory and immunomodulatory effects in the eye. α-MSH has been
shown to induce tolerogenic dendritic cells capable of generating functional Tregs while
suppressing the proliferation and cytokine secretion of pathogenic Th17 cells [44,45]. It
has been reported that α-MSH suppresses antigen-induced B lymphocyte proliferation
via MC1R and MC3R [46]. Of note, MC1R agonists have been proven to prevent ocular
inflammation in preclinical disease models [47]. MC2R is a special member of MCRs that
can only be activated by the adrenocorticotropic hormone [48], and thus would not be
affected by peptide drugs based on α-MSH. In the retina, MC3R and MC4R are localized in
the retinal ganglion-cell layer, while RPE cells abundantly express MC1R and MC5R [49].
Moreover, α-MSH acts predominantly on MC4R to antagonize hyperpermeability in retinal
microvascular endothelial cells [50]. In this way, it inhibits blood–retinal barrier breakdown
and vascular leakage and improves electrophysiological functions and morphology in early-
diabetic retinas [50]. MC5R is required for APCs to modulate the immune response [51].
MC5R knockout mice did not experience the clinical benefits observed in wild-type mice
when a gene therapy approach was employed to administer α-MSH into the eyes with
uveitis. However, a histological examination indicated a reduction in damage and partial
preservation of the retinal layers. Recent in vivo studies demonstrated that the activation
of MC1R and MC5R exerts anti-angiogenic activity in the retina of diabetic mice [52,53].
MC1R and MC5R agonists reduced anti-inflammatory cytokines and chemokines and en-
hanced manganese superoxide dismutase and glutathione peroxidase levels of retinal cells,
indicating that MC1R and MC5R agonists exert a protective role on experimental diabetic
retinopathy [53]. In addition, blocking MC5R prevented α-MSH from suppressing IFN-γ
production by the activated Tregs, suggesting that α-MSH-mediated immunoregulation is
through the MC5R on primed T cells [30].

Table 1. Expression and function of α-MSH receptors in the eye.

Receptor Site of Expression Functions

MC1R

Uveal Melanocytes Inhibits cytokine-stimulated NF-κB activity

Corneal Endothelial Cells Cytoprotection
Regeneration

RPE Inhibits apoptosis

T cells Expands Tregs and suppresses Th17 proliferation

B lymphocytes Suppresses antigen-induced proliferation

MC3R
B lymphocytes Suppress antigen-induced lymphocyte proliferation

Retinal ganglion cells Stimulates neurite growth from retinal neurons

MC4R
Retinal micro-vessel

endothelial cells Antagonizes hyperpermeability

Retinal ganglion cells Stimulates neurite growth from retinal neurons

MC5R
RPE cells Mitigates the release of cytokines and angiogenesis

Primed T cells Suppresses INF-γ
by activating Treg cells
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3. Biological Functions of Melanocortin Stimulation
3.1. Cytoprotective Effects of α-MSH

α-melanocyte-stimulating hormone (α-MSH) manifests protective efficacy against
cellular toxicity and apoptosis-inducing signals (Figure 1). The targeted delivery of α-MSH
has been observed to potentiate reparative processes following nerve lesions in rats [54].
In the rat weight drop injury model, treatment with subcutaneous α-MSH after trauma
led to a substantial salvage of spinal cord function [55]. Earlier studies focused on the
cyto-protective effect of melanocortin receptor activation in neuronal cells. In recent studies,
the functional aspects of α-MSH have been identified as a potent regulator of apoptosis
triggered by genotoxic stress. In various cutaneous cells exposed to the environmental
stressor ultraviolet radiation B (UV-B), the administration of α-MSH resulted in a note-
worthy inhibition of apoptosis [56]. The anti-apoptotic impact of α-MSH can be triggered
by doses ranging from nanomolar to micromolar concentrations of the peptide, resulting
in a decrease in the levels of DNA photoproducts [56,57]. The implicated cyto-protective
mechanism is via α-MSH’s suppressive capacity on UVB-induced H2O2-, IL-1β-, and TNF-
α-related cell death [57,58]. α-MSH has the capability to suppress reactive oxygen species
(ROS), as evidenced by its ability to impede the generation of superoxide radicals in rat
neutrophils supplemented with LPS or phorbol ester [59]. The generation of inducible
nitric oxide synthase (iNOS) and the subsequent release of the potent vasodilator nitric
oxide (NO) as a result of cellular exposure to proinflammatory stressors can also be sup-
pressed by α-MSH [60–66]. In cold-stored donor corneas, our group performed an ex-vivo
study subjecting tissues to oxidative stress from hydrogen peroxide or cytokine-induced
stress from TNF-α and IFN-γ. This study showed that the retained CEnC number was
significantly higher in the α-MSH treated group, demonstrating the cytoprotective effect of
α-MSH on CEnCs [67]. In addition, our group recently demonstrated α-MSH’s ability to
rescue human CEnCs in an in vitro oxidative challenge. The treatment resulted in a reduc-
tion the number of DNA double-strand breaks and the attenuation of cell apoptosis and
necrosis in CEnCs challenged with H2O2 [68]. Moreover, we reported that subconjunctival
supplementation with α-MSH following acute trans-corneal freezing effectively suppresses
CEnC apoptosis [43]. Another study showed that α-MSH protects human corneal epithelial
cells (hCECs) by preserving their (1) viability and (2) migratory capacity, and by decreasing
apoptosis via the epithelial growth factor receptor (EGFR) through the JAK-STAT signaling
pathway [69].
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Delving into the molecular mechanisms through which α-MSH and MCRs suppress
apoptosis in neuronal and associated cell types, in the immortalized hypothalamic tumor
cell line, GT1-1, the synthetic analog of α-MSH, NDP-MSH, at a dose of 10−6 M, was
shown to inhibit serum deprivation-induced caspase 3 activation. This anti-apoptotic
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effect of NDP-MSH is mainly mediated through the activation of the ERK1/2 pathway via
binding to MC4R [70]. In another report, α-MSH-reduced IFN-γ/LPS lead to apoptosis
of rat astrocytes by shifting the expression of the apoptotic modulators Bax/Bcl2 [65].
α-MSH mitigated the cyclosporine-induced upregulation of the proapoptotic regulator
Bax, elevated the expression of the antiapoptotic Bcl2, and diminished TGF-β levels in the
kidney [71]. In a murine model of renal ischemia–reperfusion, an intravenous delivery of
25 µg of α-MSH was demonstrated to not only alleviate the activation of p38 and NF-κB,
as well as the DNA binding of activator protein 1 (AP1) in the kidney, but also displayed
similar protective effects in distant tissues such as the lung [72].

3.2. Pro-Regenerative Effects of α-MSH

A growing body of research has demonstrated the ability of α-MSH to promote regen-
eration and wound healing in corneal tissues through several mechanisms. A scratch assay
for cultured human CEnC in vitro showed that supplementation with α-MSH at nanomolar
concentrations markedly accelerates the closure of scratch wounds, indicating enhanced
directional migration [43]. Additionally, α-MSH induces a dose-dependent proliferation
of CEnCs [43]. The pro-regenerative effects of α-MSH have also been confirmed in vivo
using animal models of acute corneal injury. Following trans-corneal freezing, treatment
with α-MSH significantly increases the frequency of proliferating CEnCs in the periphery
of the wound and accelerates the repopulation of the damaged endothelial layer compared
to untreated controls [43]. The ability of α-MSH to stimulate both the migration and pro-
liferation of corneal endothelial cells suggests direct mitogenic mechanisms that facilitate
swift recovery after insults to the endothelial layer. Overall, these findings support the
role of melanocortin receptor activation in the promotion of corneal wound healing and
endothelial regeneration after acute injuries or surgery.

3.3. Anti-Inflammatory Effects of α-MSH

α-MSH has demonstrated an array of anti-inflammatory functions in a multitude of
cell types and animal models. Initial investigations into the anti-inflammatory properties
of α-MSH at the cellular level concentrated on its suppressive impact on the expression
of proinflammatory cytokines, specifically interferon gamma (IFN-γ) and tumor necrosis
factor alpha (TNF-α). Taylor et al. identified the expression of α-MSH within the aqueous
humor and observed its inhibitory effect on IFN-γ production by antigen-stimulated
primed lymph node T cells [20,73]. Lipopolysaccharide (LPS)-induced TNF-α expression in
monocytes/macrophages could be reduced by α-MSH with doses from 10−16 to 10−12 M.
Expression of proinflammatory cytokines IL-1, IL-6, and IL-8 has also been shown to be
regulated by α-MSH [74,75]. α-MSH treatment also leads to the downregulation of IL-8
receptors in human neutrophils [76]. In addition to inhibiting proinflammatory cytokines,
α-MSH has shown strong suppression of the expression of intercellular adhesion molecule
1 (ICAM-1) induced by IFN-γ, LPS, or TNF-α [77–81]. The co-stimulatory molecules CD86
and CD40, crucial for antigen presentation by monocytes and dendritic cells, undergo
modulation by α-MSH [82]. Furthermore, α-MSH demonstrated the ability to induce
tolerogenic dendritic cells, capable of expanding Tregs in vitro, as well as in vivo in an skin
inflammation model [45]. However, α-MSH was reported to have no demonstrable effect
on the maturation of in vitro expanded murine dendritic cells [83].

The anti-inflammatory effect of α-MSH has been studied in numerous diseases in
different systems [84–86]. In a model of endotoxin-induced uveitis, an intravenous admin-
istration of α-MSH resulted in a dose-dependent reduction in the number of infiltrating
cells in the anterior chamber, along with a significant reduction in tumor necrosis factor
alpha (TNF-α), interleukin 6 (IL-6), nitric oxide (NO), macrophage inhibitory protein 2, and
monocyte chemoattractant protein 1 (MCP-1) in the aqueous humor [29]. Not only was it
shown to suppress proinflammatory mediators, α-MSH was also shown to increase the
expression of IL-10, which possesses potent immunosuppressive activities. The stimulation
of peripheral blood mononuclear cells (PBMCs) with α-MSH at concentrations of 10−10 and
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10−12 M increased the mRNA and protein expression of IL-10 [87]. Analogous inductive
effects were described in human epidermal keratinocytes [88]. In the eye, topical α-MSH
eye drops upregulated IL-10 expression at the transcriptomic level in the trigeminal ganglia
and corneas of a suture-induced corneal neovascularization mouse model [89].

While the administration of α-MSH inhibited both the sensitization and induction
phases of the cutaneous immune response, the induction of in vivo tolerance by α-MSH
could be nullified by the application of an antibody targeting IL-10. This strongly indicates
that IL-10 serves as a pivotal component in the molecular mechanism through which α-
MSH exerts its anti-inflammatory effects [90,91]. In regard to the cornea, subconjunctival
injections of α-MSH were shown to significantly reduce the infiltration of neutrophils and
macrophages into the corneal tissue following trans-corneal freezing [43]. Correspondingly,
a similar mode and dosage of α-MSH therapy decreased neutrophil infiltration into the
graft after corneal transplantation in mice [92].

α-MSH also modulates lymphocyte activity and proliferation. The heightened induc-
tion of regulatory T cells (Tregs) was particularly notable when previously sensitized T cells
were activated in vitro with the inclusion of α-MSH, followed by subsequent exposure to
TGF-β [29]. The Tregs induced by α-MSH demonstrated the expression of CD25 and CD4
markers while concurrently inhibiting the production of IFN-γ by effector T cells in vitro. In
the context of corneal transplantation, a twice-weekly subconjunctival injection of α-MSH
at a 10−4 M concentration enhanced the expression of FoxP3 in Tregs and increased the
frequencies of IL-10+ and TGF-β+ Tregs [42]. The subconjunctival injections also decreased
the frequency of IFN-γ+ T cells, which have been shown to contribute to corneal allograft
rejection [93]. Similarly, the genomic expression of Th1-associated cytokines, IL-2 and
IFN-γ, was reduced in transplanted animals that received α-MSH subconjunctival injec-
tions [92]. Cooper et al. demonstrated that α-MSH suppresses the proliferation of human
T lymphocytes stimulated with the bacterial antigens streptokinase/streptodornase [46].
Additionally, the production of α-MSH is required for the modulation of macrophage and
microglial cell activity [94].

The inhibition of NF-κB is suggested as a fundamental molecular mechanism con-
tributing to the anti-inflammatory effects of α-MSH, particularly in its ability to modulate
the expression of proinflammatory cytokines and adhesion molecules. It was reported
that α-MSH at nanomolar doses inhibited the activation of NF-κB in response to TNF-α,
IL-1, and LPS [76]. This observation was confirmed in a number of cell types using various
proinflammatory stimuli [76–79]. In terms of mechanisms, α-MSH activates NF-κB through
elevated cAMP levels, and this is associated with the prevention of the degradation of the
inhibitory subunit of NF-κB, IκBα. Consequently, the translocation of the p65 subunit of
NF-κB to the nucleus is inhibited [95–98]. It was demonstrated that hydrogen peroxide
(H2O2) induced NF-κB activation, a response that could be averted by 100 nM of α-MSH
in the rat small intestine cell line IEC-6 [99]. Notably, α-MSH exhibited the capability
to reverse the H2O2-induced inhibition of scratch wounding in IEC-6 cells, indicating a
potential role of melanocortin peptides in promoting epithelial restitution. Consistent
with its inhibitory impact on NF-κB activation and cytokine production in vitro, α-MSH
maintained the expression of IκBα protein and reduced TNF-α expression in the murine
brain following the injection of mice with LPS [5,98].

3.4. Anti-Angiogenic Effects of α-MSH

Corneal inflammation triggers angiogenesis to supply necessary nutrients and oxygen
to the affected area. However, an imbalance in this process can lead to excessive blood
vessel growth, resulting in corneal neovascularization, potentially impairing vision. A
healthy cornea typically maintains its transparency and clarity by being avascular, devoid
of any visible blood vessels. Corneal angiogenic privilege is the result of the complex
interplay of neuropeptides, cytokines, and other biological factors [100]. The contributions
of α-MSH to the maintenance of corneal transparency was first described by Bock et al.
in 2016. Topical application of aqueous humor was demonstrated to prevent hemangio-
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genesis and lymphangiogenesis in sutured murine corneas. Moreover, in vitro studies
confirmed the antiangiogenic properties of the aqueous humor via suppression of human
lymphatic and vascular endothelial cell proliferation. These effects were further shown to
be partially mediated by α-MSH through aqueous humor depletion studies [10,101]. In
one study, cultured human umbilical vein endothelial cells (HUVECs), rat aorta rings, and
transgenic zebrafish were utilized to investigate the mechanism through which α-MSH
inhibits neovascularization. The study found that α-MSH attenuates neovascularization
by inducing NO deficiency through the MCR/protein kinase A (PKA)/NF-κB signaling
pathway and inhibits physiological angiogenesis by attenuating VEGF/VEGFR2/Akt sig-
naling [102]. More recently, Yin et al. shed light on the source of α-MSH and delineated its
anti-hemangiogenic and anti-lymphangiogenic potential. Their studies reported α-MSH’s
expression by corneal nerves rooted in the trigeminal ganglion (TG) [103]. Both murine
vascular endothelial cells co-cultured with TG or cultured with TG conditioned media
exhibited decreased proliferation [103,104], and α-MSH was observed to reduce the prolifer-
ation, migration, and tube formation of murine vascular endothelial cells and human retina
endothelial cells in vitro [89,104]. Studies with the RNAi inhibition of α-MSH in the TG
corroborated the previous findings [104]. Similarly, suture-induced in vivo angiogenesis in
a mouse cornea was reduced through a topical treatment with TG-conditioned media and
α-MSH at a 10−4 M concentration [89,104]. The specificity was confirmed in vivo through
studies antagonizing α-MSH signaling with agouti-signaling protein [104]. Lastly, the
treatment with α-MSH decreased VEGF-A and pro-inflammatory cytokine (such as IL-6
and TNF) expression at the mRNA level in sutured murine corneas [89]. While there is
still much to be investigated, these studies open up an intriguing avenue of research by
revealing the pivotal role of α-MSH in regulating corneal angiogenesis.

4. Application of α-MSH in Treating Eye Disease (Figure 2 and Table 2)
4.1. α-MSH Application in the Cornea

The ocular surface system comprises the cornea, conjunctiva, lacrimal glands, ac-
cessory lacrimal glands, meibomian glands, lacrimal drainage apparatus, eyelids, and
interconnected nerves. It has a central role in protecting the rest of the eye and preserving
the refractive properties of the cornea, and, hence, vision [105]. The optimal function of
corneal nerves is essential for the maintenance of a healthy ocular surface. The corneal ep-
ithelium possesses around 7000 nerve endings per square millimeter, rendering the cornea
the most densely innervated tissue in the human body [106]. It is thus not surprising that
neuropeptides (produced and released by neurons) play an important role in regulating
ocular surface homeostasis. The immunomodulatory properties of α-MSH have suggested
that it may be an effective and safe immunosuppressive therapy.

Table 2. Applications of α-MSH in the treatment of ocular diseases.

Target Tissue Mechanism of Action Observed Function

Maintenance of tear
production and corneal
function

• Lacrimal gland;
• Corneal epithelium

and endothelium
(CEnC).

• Protein phosphorylation
through the activation of a
cAMP-dependent pathway in
lacrimal gland;

• Modulation of EGFR in
corneal epithelium;

• Suppression of
pro-inflammatory cytokines
(TNF-α, IL-1β, and IFN-γ) at
the ocular surface;

• Suppression of delayed-type
hypersensitivity and gene
expression of IFN-γ and IL-2.

• Amelioration of tear
secretion, tear film stability,
and corneal integrity;

• Suppression of ocular
surface inflammation;

• Maintenance of corneal
integrity;

• Enhancement of CEnC in
corneal graft survival.
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Table 2. Cont.

Target Tissue Mechanism of Action Observed Function

Acceleration of corneal
wound healing

• Human corneal
tissue.

• Stimulation of nitric oxide (NO)
disposition;

• Inhibition of apoptosis
pathways.

• Promotion of corneal wound
healing;

• Reduction in local
inflammatory response;

• Prevention of corneal edema
and opacity;

• Suppression of CEnC
apoptosis while promoting
proliferation;

• Long-term protective effect.

Regulation of Allergic
Conjunctivitis

• Peripheral blood.

• Suppression of CD203c
upregulation;

• Suppression of eosinophilic
chemoattractant factor release
from Th2 cells and airway
epithelial cells;

• Reduction in systemic levels of
IL-6 and IL-4;

• Restoring of Treg frequency and
downregulation of CD4+

effector cells activation.

• Regulation of allergic
conjunctivitis immune
response.

Prevention of
conjunctival fibrosis

• Human Tenon’s
capsule cells.

• Suppression of fibroblast
proliferation;

• Modulation of
TGF-β1-dependent collagen
gene expression.

• Potential treatment for
conjunctival fibrosis.

Cyto-protection of
uveal and retinal
tissues

• Experimental
autoimmune uveitis
(EAU) model;

• Retinal
transplantation
model;

• Retinal dystrophy
model;

• Diabetic retinopathy.

• Suppression of
cyclooxygenase-2 production by
macrophages in EAU;

• Prevention of infiltration of
immune cell inflammation and
production of proinflammatory
cytokines and chemokines in the
eye following EAU;

• Activation of MC1R and MC5R
in EAU;

• α-MSH-generated
interphotoreceptor
retinoid-binding protein
(IRBP)-specific Treg cells in
retinal transplantation model;

• Protect RPE cells from
H2O2-induced apoptosis
through MC1R activation;

• Protective effects in retinal
vascular endothelial cells
mediated by the inhibition of
Foxo4 upregulation;

• Stimulation of PGE2 and
prostacyclin levels in ciliary
body and iris cells.

• Acceleration of recovery,
suppresses severity, and
hastens resolution in uveitis;

• Promotion retinal allograft
survival and development;

• Protection RPE cells from
apoptosis;

• Normalization of oxidative
stress in retina;

• Prevention of retinal
vascular endothelial cells
dysfunction in diabetes;

• Control of intraocular
pressure.
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It has been reported that MC5R mRNA was found in the lacrimal gland, indicating
that α-MSH influences the physiological functions of the lacrimal gland, which is crucial
in dry eyes [107]. Histologically, α-MSH was found to be expressed primarily at the basal
perinuclear region within the acinar cells [7]. Functionally, α-MSH has been shown to
induce tear secretion and protein phosphorylation in the rat lacrimal gland through the
activation of a cAMP-dependent pathway [108]. Ru et al. administered α-MSH twice a
day to the ocular surface in a dry-eye model and showed that α-MSH at various doses
improved tear secretion, enhanced tear film stability, preserved corneal integrity, and
suppressed the overexpression of proinflammatory factors TNF-α, IL-1β, and IFN-γ on the
ocular surface [8]. Moreover, they showed that α-MSH, at a concentration of 10−4 µg/µL,
maintained corneal morphology, inhibited cell apoptosis, and restored both the number and
the phenotype of conjunctival goblet cells. Another research team independently observed
comparable treatment outcomes of α-MSH in the same dry-eye model and determined
that these protective effects were mediated through EGFR [69]. Following the positive
outcomes and minimal adverse effects of treatment with a pan-melanocortin (except MCR2)
agonist in a phase 2 clinical trial of dry eye disease, a phase 3 trial, MELODY-1, is now in
progress [109].

Our lab demonstrated that a significant increase in corneal graft survival can be
achieved with subconjunctival injections of α-MSH twice weekly in a murine orthotopic
corneal transplantation model [42]. These findings indicate that α-MSH could potentially
enhance the survival of corneal endothelial cells (CEnCs) following transplantation and pro-
vide protection to the endothelium against proinflammatory cytokines and oxidative stress.
This is especially significant for patients at an elevated risk of graft complications [67].
α-MSH exhibited a reduction in the leukocyte count within a cornea graft. Moreover, in
α-MSH-treated mice, there was a notable decrease in allo-specific delayed-type hypersen-
sitivity, along with a significant reduction in the gene expression of IFN-γ and IL-2, as
compared to the control group [92].

It has been found that topical α-MSH treatment could accelerate the rate of corneal
wound healing and reduce the local inflammatory response in rats [110]. Similar anti-
inflammatory effectiveness was observed whether α-MSH was administered systemically
or topically to the eyes of rabbits undergoing surgical trauma to the cornea [111]. Topical
administration of the COOH-terminal tripeptide sequence of α-MSH may facilitate rabbit
corneal epithelial wound healing through a mechanism that may involve nitric oxide (NO)
availability in corneal tissue. Regarding the conjunctiva, human Tenon’s capsule fibroblasts
(HTFs) play a crucial role as the primary effector cells initiating wound healing and fibrotic
scar formation following trabeculectomy. Research has indicated that α-MSH has the
capacity to efficiently inhibit HTF proliferation and regulate pertinent genes involved in
collagen synthesis stimulated by TGF-β1. This suggests that α-MSH might be a potential
treatment option for conjunctival fibrotic scar disorders [112]. Recently, we applied α-
MSH on a trans-corneal injury model and found that it prevented corneal edema and
opacity, reduced leukocyte infiltration, and limited CEnC apoptosis while promoting
their proliferation [43]. Meanwhile, α-MSH exhibited long-term protective effects against
UV-induced phenotypic corneal endothelial changes in mice [68].

With the growing body of evidence demonstrating the role of MC1R regulation in
the treatment of allergic rhinitis and asthma, the effect of α-MSH supplementation in
immunological regulation in allergic conjunctivitis has been recently explored [113,114].
Kleiner et al. demonstrated that, upon allergen exposure, patients with allergic rhinitis had
an accumulation of MC1R-positive basophils in the nasal mucosa. In vitro, the upregulation
of CD203c by anti-IgE was suppressed upon α-MSH supplementation [113]. Webering
et al. showed that the neutralization of α-MSH in a murine model of asthma led to
increased mucus production and airway inflammation. A supplementation of α-MSH led
to a suppression of the release of eosinophilic chemoattractant factor from Th2 and airway
epithelial cells [114]. When α-MSH was added to the peripheral blood mononuclear cells
(PBMCs) of patients with perennial allergic conjunctivitis (PAC), the concentrations of
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IL-6 and IL-4 were diminished, the frequency of Tregs was increased, and CD4 activation
was downregulated [102]. Cheng et al. employed primary cultures of orbital fibroblasts
derived from individuals with thyroid eye disease (TED) and highlighted substantial anti-
inflammatory attributes of α-MSH. This suggests a possible involvement of α-MSH in
modulating the immune response in TED [102].

4.2. α-MSH Application in the Uvea and Retina

In addition to addressing ocular surface diseases, α-MSH has been utilized in the
treatment of experimental autoimmune uveitis (EAU) and endotoxin-induced uveitis
(EIU) to assess its effectiveness in preventing, suppressing, and restoring ocular immune
privilege. It was found that a systemic injection of α-MSH in EAU accelerated the recovery
of the disease [13]. Subconjunctival injections of α-MSH at the onset of inflammation
suppressed the severity and hastened the resolution of the disease [115]. The mechanism
underlying the suppression of endotoxin-induced uveitis (EIU) by α-MSH was elucidated
through the inhibition of cyclooxygenase-2 production by macrophages in the ocular
microenvironment. This inhibition prevented the subsequent infiltration of immune cells
and the production of proinflammatory cytokines and chemokines in the eye [116,117]. In a
retinal transplantation model, an adoptive transfer of α-MSH-generated interphotoreceptor
retinoid-binding protein (IRBP)-specific Treg cells was shown to promote retinal allograft
survival and development [118]. Another study recently discovered that the therapeutic
effect of α-MSH in EAU was primarily achieved by acting on MC1R and MC5R [14].

The prospective therapeutic benefits associated with α-MSH extend beyond ocular
inflammatory conditions to encompass a spectrum of ocular pathologies. α-MSH treat-
ment has demonstrated efficacy in stimulating neurite outgrowth from embryonic retinal
explants. Furthermore, during the developmental stages of chick embryonic eyes, a dis-
cernible spatial and temporal expression of α-MSH has been identified specifically within
the cells of the retinal pigment epithelium (RPE) [49,119]. These findings suggest that in
addition to its previously described immunomodulatory activity, α-MSH also functions as
a neurotropic factor that may play a crucial role in the development and survival of the
retina. α-MSH was found to protect RPE cells from H2O2-induced apoptosis, an effect that
was almost abolished when MC1R was knocked down by siRNA [41]. It has been reported
that intravitreal injections of α-MSH analogs retard photoreceptor loss in retinal dystrophy
rats [120]. In early-diabetic retinas, α-MSH normalized oxidative stress, reduced apoptosis
and ultrastructural injuries, and corrected gene expression levels. The protective effects
of α-MSH in retinal vascular endothelial cells may be mediated through the inhibition
of Foxo4 upregulation induced by high glucose [9]. There is evidence supporting the
effectiveness of topically applied α-MSH in reducing intraocular pressure in rabbits with
normal tension for a duration of up to six hours. This effect is achieved by stimulating
the levels of PGE2 and prostacyclin in cells of the iris and ciliary body [120]. This finding
suggests a possibility of utilizing α-MSH as a promising anti-glaucoma medication.
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5. Conclusions

Significant strides have been achieved in unraveling the multifaceted roles of α-MSH
across various tissues and organs, yet a notable gap persists in our understanding of its
specific biological functions within the eye, particularly in the cornea and ocular surface.
Recent advancements have, however, contributed valuable insights into the therapeutic
potential of α-MSH in ocular health. The evolving landscape of research underscores the
imperative for further investigations to comprehensively elucidate the intricate molecular
mechanisms governing α-MSH’s diverse effects on corneal cells, endothelial tissues, and
inflammatory pathways.

A critical frontier in this pursuit involves the identification of precise melanocortin
receptor subtypes responsible for mediating α-MSH responses within ocular tissues. This
knowledge will not only deepen our understanding of the intricate interplay at the molec-
ular level but also pave the way for targeted therapeutic interventions. Additionally, a
rigorous exploration of the pharmacokinetics and bioavailability of α-MSH in ocular mi-
croenvironments is paramount. Such investigations will inform optimal dosage regimens
and delivery methods, ensuring the precision and efficacy of α-MSH-based interventions
for a spectrum of ocular diseases.

In conclusion, while the current body of research marks substantial progress, the
journey toward harnessing the full therapeutic potential of α-MSH in ocular health requires
ongoing dedication to unraveling its complexities. Further studies are warranted to bridge
existing knowledge gaps, ultimately fostering the development of tailored and effective
therapeutic approaches for a diverse array of ocular conditions.
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