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Both inflammation and anti-inflammation are involved in the protection of retinal cells. Antagonists
of the hypothalamic growth hormone-releasing hormone receptor (GHRHR) have been shown to
possess potent anti-inflammatory properties in experimental disease models of various organs, some
with systemic complications. Such effects are also found in ocular inflammatory and neurologic injury
studies. In experimental models of mice and rats, both growth hormone-releasing hormone receptor
agonists and antagonists may alleviate death of ocular neural cells under certain experimental
conditions. This review explores the properties of growth hormone-releasing hormone receptor
agonists and antagonists that lead to its protection against inflammatory responses induced by
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Both inflammation and anti-inflammation paradoxically play roles in
neuroprotection of the retina. The underlying mechanisms are complex and
controversial. We have demonstrated that mild inflammation could promote
retinal ganglion cell (RGC) survival and axonal regeneration in rats after
optic nerve (ON) injury (Cen et al., 2018; Liu et al., 2021). In contrast, anti-
inflammatory effects are also involved in protecting RGC from the effects
of injury in rats (Yang et al., 2019), as well as preserving retinal functions in
an experimental autoimmune uveoretinitis model (Li et al., 2019). Among
the intrinsic mechanisms associated with anti-inflammation, hypothalamic
growth hormone-releasing hormone (GHRH) exerts extra-pituitary functions
in mediating serial inflammatory processes in different organ systems and
diseases (Barabutis and Schally, 2010). GHRH is a hypothalamic releasing
hormone with a physiological role in regulating the synthesis and release
of hormones in the anterior pituitary gland (Schally and Bowers, 1964).
Hypothalamic hormones including luteinizing hormone-releasing hormone
(LHRH), GHRH, thyrotropin releasing hormone (TRH), gastrin releasing peptide
(GRP) and somatostatin as well as their respective receptors, including the
LHRH receptor, GHRH receptor (GHRHR), TRH receptor, GRP receptor and
somatostatin receptor-1 have been well studied. Notably, they are expressed
in many eye tissues: conjunctiva, cornea, trabecular meshwork, ciliary body,
lens, retina, and ON (Dubovy et al., 2017). The GHRHR signaling pathway
of the GHRH-GH-insulin like growth factor 1 axis could be involved in the
regulation of ocular physiological and pathological conditions. Since then,
vigorous research programs have been conducted to investigate GHRHR
agonists and antagonists. This article reviews the properties of synthetic
GHRH analogs and their actions on GHRHR. In addition, recent findings of
GHRH on neuroprotection in experimental ON injury and ocular inflammation
are also summarized.

Search Strategy and Selection Criteria

Bibliographic citation database searched: PubMed. Selection criteria: the
articles were searched with keywords “GHRH” in combination of other

The inclusion of the articles was determined by their experimental results.

Growth Hormone-Releasing Hormone and Its

Receptor

Investigations of the GHRH-GHRHR-GH axis

The human GHRH gene, located on chromosome 20g11.23, codes for a
neurohumoral polypeptide which belongs to the glucagon family of proteins.
Its preproprotein is produced and released by GHRH-producing neurons in
the hypothalamus (Bloch et al., 1983). It is cleaved to generate the mature
somatoliberin, which binds to its receptor GHRHR (Figure 1) in the anterior
pituitary gland (Mayo, 1992). GHRHR stimulates the synthesis and release
of growth hormone (GH; Schally et al., 1968) which, after release from the
anterior pituitary, circulates in the bloodstream and stimulates the synthesis
and secretion of insulin-like growth factor-1 (IGF1) in the liver (Schwander et
al., 1983). This is the canonical hypothalamic GHRH-pituitary GH-liver IGF1
axis (Bernasconi et al., 1999). GH concentration in the body, regulated by both
GHRH and somatostatin, is important for gains of body size and weight. The
biogenesis of GHRH has been persistently explored in bioengineered rodents.
In Ghrh™™ mice with CRISPR/Cas9-mediated loss-of-function in the Ghrh gene,
there were significant reductions of body weight, lean mass, bone mineral
contents and bone density but increases in fat mass with enhanced insulin
sensitivity as compared to wildtype mice (lcyuz et al., 2020). They also showed
dramatic reductions in oxygen consumption, carbon dioxide production,
energy expenditure, and respiratory exchange ratio during the light cycle.
Moreover, mice with homozygous ablation of the Ghrh gene showed
weakened performance in learning and memory tests and age-related decline
in cognitive functions, but increase in spontaneous locomotor activity (Leone
et al.,, 2018). Interestingly, Ghrh-knockout (KO) mice are remarkably long-lived
with increased adiponectin levels and alterations in glucose homeostasis, with
enhanced expressions of genes related to xenobiotic detoxification, stress
resistance, and insulin signaling (Sun et al., 2013). The lifespan of Ghrh-KO
mutants could be further increased with caloric restriction.
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Figure 1 | Protein structure
of human growth hormone-
releasing hormone binding

to growth hormone-releasing
hormone receptor.
Schrodinger docking simulation
of growth hormone-

releasing hormone binding to
AlphaFold-predicted three-
dimensional structure of human
growth hormone-releasing
hormone receptor protein
(Tunyasuvunakool et al., 2021).

Microsatellite markers D20S45 and D20S54, located approximately 1 and 3
cM from GHRH respectively, have been linked with isolated GH deficiency
(Pérez Jurado et al., 1994). But so far no disease causing mutation has been
identified in the human GHRH gene (Mullis, 2011). Instead, loss-of-function
mutations in the GHRHR gene, located on chromosome 7p14.3, were found
in patients with familial GH deficiency who presented with extremely short
stature, no dysmorphy, and unresponsive to exogenous GHRH, but with
prolactin levels within the lower normal range (Netchine et al., 1998). Over
50 human GHRHR sequence variants in association with growth complications
have been identified including truncation and missense mutations; GHRHR
p.Glu72 is a common mutation in GH deficiency (Cohen et al., 2019; Kale
et al., 2020) that leads to dwarfism in human. GHRHR, belonging to the
family of G protein-coupled receptors with seven transmembrane domains
which activate adenylyl cyclase, is expressed on pituitary somatotropic cells
and is a mediator of the GHRH-GH-IGF1 axis. Experimental autoimmune
encephalomyelitis (EAE) was alleviated in both Ghrh-KO and Ghrhr-KO mice
(Shohreh et al., 2011). Notably, GH supplementation was able to restore
the EAE susceptibility in the Ghrh-KO mice, suggesting GH, but not GHRH,
is involved in the development of EAE (Shohreh et al., 2011). Downstream
of the GHRH-GHRHR-GH axis, IGF1 has also been reported to affect the
development of EAE in mice (DiToro et al., 2020). Mechanically, IGF1 receptor
could activate the AKT-mTOR pathway and increase aerobic glycolysis, which
could enhance T helper 17 cell differentiation more than that of regulatory
T cells and enhance expressions of pro-inflammatory genes that lead to EAE
(DiToro et al., 2020). Apart from the recognized regulatory function of GHRH-
GHRHR-GH in the brain, the presence of a spermatogenic-specific promoter in
the rat GHRH gene (Srivastava et al., 1995) shows that the GHRH-GH axis has
functions outside the hypothalamus and pituitary. The expressions of GHRH
and GHRHR in different organs and tissues by RNA-sequencing analysis (Table
1) suggests non-canonical GHRH-GH functions.

Chemical structures and biochemical properties of GHRHR agonists and
antagonists

GHRH, a neurosecretory peptide synthesized in the hypothalamus, is
chemically an acidic polypeptide that can be isolated from the acetic acid
extracts of hypothalamic tissues (Schally et al., 1969). GHRH isolated from
various mammalian species including rodents and primates shares similar
chemical characteristics and cross-species biological activities (Schally et al.,
1970). Fragments containing the first 29 amino acids of human GHRH could
be chemically synthesized by a solid-phase peptide synthesis technique,
and demonstrated high biological activity (Felix et al., 1988). Subsequently,
different modified analogs of human GHRH have also been generated,
including replacement of the 29" amino acid residue of arginine by agmatine,
which was obtained by decarboxylation of arginine (Kovacs et al., 1988).
Compared to human GHRH-(1-29)-NH,, subcutaneous administration of
these synthetic modified GHRH agonists could be 45-96 times more potent
in stimulation of GH release, at 15 minutes and 88-220 times more active at
30 minutes with higher binding affinities for GHRH receptors on rat pituitary
cells (Izdebski et al., 1995). C-terminal methylamide and ethylamide analogs
of human GHRH-(1-29)-NH,, such as MR-403 (N-Me-Tyr" D-Ala” Arg”>-NHCH.-
J1-38), MR-406 (N-Me-Tyr" Arg”-NHCH,-JI-38), MR-409 (N-Me-Tyr' D-Ala’ Asn®
Arg”-NHCH,-J1-38) and MR-410 (N-Me-Tyr' D-Ala’ Thr® Arg”-NHCH,-JI-38),
showed dramatic increase in endocrine activities (100-220 times more potent
at 15 minutes and 360-450 times more active at 30 minutes) as compared to
human GHRH-(1-29)-NH,. They are among the most potent GHRH agonistic
analogs that have been chemically synthesized (Cai et al., 2014).

In the course of synthesis of various analogs of hGHRH-(1-29)NH,, it was
found that the replacement of Ala* by D-Arg” led to antagonists (Robberecht
et al., 1985). The GHRH antagonist [Ac-Tyr' D-Arg’] human GHRH-(1-29)NH,
blocked endogenous and GHRH-stimulated GH secretion after injection to
rats (Waelbroeck et al., 1985). Since D-Arginine at position 2 appeared to
be essential for GHRH antagonistic activity, all GHRH antagonists contained
D-Arginine at amino acid position 2 (Sato et al., 1987). Some amino acid
substitutions in human GHRH-(1-29)NH, could produce more potent
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antagonists (Coy et al., 1991) and increase affinity to GHRHR (Goudreau et
al., 1992). Even more potent antagonists were produced by further modifyin%
these analogs with non-coding amino acids as follows: D-Arg’, Phe(4-Cl)
(para-chlorophenylalanine), Abu®® (alpha-aminobutyric acid), Nle*” and
Agm” (agmatine). Antagonists MZ-4-71 [Ibu® D-Arg2 Phe(4-Cl)° Abu® Nle”’])-
human GHRH-(1-28)Agm, MZ-4-169 [Nac® D-Arg” Phe(4-Cl)° Abu™ Nlezq-
human GHRH-(1-29) NH,, and MZ-4-181 [Nac’-His" D-Arg’ Phe(4-Cl)° Abu™®
Nle”’]-human GHRH-(1-29)NH, induced significantly greater inhibition of GH
release than did the standard antagonist [Ac-Tyr" D-Arg’]-human GHRH-(1-
29)NH, (Zarandi et al., 1994). Other potent GHRH antagonists have also been
reported: MIA-313 ([(Ac-Ach)"-Tyr1 D-Arg’ Cpa® Ala® Har’ Tyr(Me)™ His'' Orn*
Abu®™ His*® Nle*” D-Arg”® Har” Agm™]-human GHRH(1-30), MIA-602 ([(PhAC-
Ada)’-Tyr! D-Arg” (Phe[F]5)° Ala® Har’ Tyr(Me)™ His"' Orn*> Abu™ His” Orn*
Nle”” D-Arg” Har”]-human GHRH(1-29)NH,), MIA-604 ([(PhAc-Ada)’-Tyr"
D—ArgZ (Phe[F]5)° Ala® Har’ Tyr(Me)™ His"™ Orn'* Abu™ His*® Orn** Nle*’ D-Arg®®
Har” Agm®]-human GHRH(1-30), and MIA-610 ([PhAc’-Tyr' D-Arg’ Cpa® Ala®
Har® (Phe[F]5)" His'* Orn*? Abu15 His* Orn** Nle*” D-Arg”® Har® Ada®]-human
GHRH(1-30) (Klukovits et al., 2012).

Physiological properties and clinical effects of GHRHR agonists and
antagonists

In human, the main function of GHRH is regulation of the secretion of GH from
the pituitary gland. But GHRH also possesses a wide range of extra-pituitary
or peripheral activities in organs including brain, heart, kidney, and retina. On
the cellular level, it enhances cell migration, proliferation, and differentiation.
Specifically, it regulates proliferation and survival of pancreatic islet and B-cell
cells, fibroblasts and endometrial cells and protects cardiomyocytes from
apoptosis. Accordingly, GHRH promotes cardioprotection, enhances wound
healing, affects the immune systems and reduces inflammation (Kriaris et
al., 2011; Cai et al., 2014). Binding assays confirmed that the first 29 amino
acids of the 44-residue human GHRH is critical for its full biological activities,
especially in GHRHR activation, GHRHR affinity and peptide stability (Gaudreau
etal.,, 1992).

Clinical effects of GHRH have long been known. Subcutaneous infusion of
GHRH has been shown to restore GH secretion, promote nitrogen retention
and raise the level of serum somatomedin C and accelerate linear growth in
children with GH deficiency (Thorner et al., 1985). However, large individual
variations in responses to GHRH. Some GH-deficient children (Biscaldi et al.,
1990) and obese patients (Kopelman et al., 1985) do not respond to GHRH
treatment. For example, GHRHR antagonist MIA-690, rather than GHRHR
agonist MR-409, increased food intake and body weight in mice. MIA-
690 neither changed locomotor activity nor alterations in subcutaneous,
visceral or brown adipose tissue masses. But expression of the hypothalamic
agouti-related peptide gene and norepinephrine levels were increased, and
serotonin was reduced (Recinella et al., 2021). These indicate the presence
of complex pulsatile regulation of GH secretion and somatic growth with
involvements of extra-pituitary functions of GHRH. More intensive studies on
the basic biochemical and physiological properties of GHRH and its agonists
and antagonists are warranted.

Studies of Growth Hormone-Releasing Hormone
Receptor Agonists and Antagonists in Disease
Models

Heart diseases

The peptide GHRH(1-44)NH, attenuated phenylephrine-induced hypertrophy
in H9c2 cardiac cells, adult rat ventricular myocytes and human induced
pluripotent stem cell-derived cardiomyocytes in vitro by blockade of
phospholipase CB, protein kinase Cg, calcineurin, phospholamban and Gq
signaling (Gesmundo et al., 2017). GHRH-agonist JI-38 reversed ventricular
remodeling and enhanced functional recovery in rats with chronic myocardial
infarction by improving cardiac function, reducing myocardial infarction
size and increasing myocyte and nonmyocyte mitosis without increases
in circulating GH or IGF1 (Kanashiro-Takeuchi et al., 2012). Moreover, by
activating the ERK and AKT pathways, GHRH agonist JI-38 could increase the
division of porcine cardiac stem cells and reduce cell death upon exposure
to hydrogen peroxide (Florea et al., 2014). The GHRH agonist MR-409 could
mitigate cardiac hypertrophy in mice with transverse aortic constriction and
enhance the cardiac function by improving cardiomyocyte contractility and
altering the sarcolemmal structure (Gesmundo et al., 2017). In a recent study,
treatment of mice by GHRH agonist MR-409 for 6 months reversed aging-
associated changes in heart function, mobility, hair growth, cellular energy
production and cell senescence by improving mitochondrial functions and
reducing cardiac inflammation (Xiang et al., 2021).

Cancer

GHRHR was highly expressed in human retinoblastoma cells and gastric
cancer tissue cells (Chu et al., 2016; Gan et al., 2016). Two different GHRHR
antagonists, MIA-602 and MIA-690, significantly enhanced apoptosis
in retinoblastoma cells, likely via the upregulation of caspase-3 and
downregulation of the extracellular regulated protein kinases (ERK) 1/2
pathways (Table 2). Retinal pigment epithelial cells had no response towards
these two GHRHR antagonists. Targeting GHRHR therefore may induce
apoptotic cell death in retinoblastomas without severe harm to other retinal
cells. Tumorigenesis involves inflammation and its key signaling molecules,
nuclear factor kappa-B (NF-kB) and signal transducer and activator of
transcription 3 (STAT3; Shrihari, 2017). We have identified GHRHR as an
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Table 1 | RNA-sequencing expression of GHRH, GHRHR, GH, GHR and IGF1 in normal tissues

Tissues GHRH RPKM (count) GHRHR RPKM (count) GH1 RPKM (count) GHR RPKM (count) IGF1 RPKM (count)
Adrenal 0.054+0.076 (330) 0.178+0.041 (3156) 0.005£0.005 (40) 2.370+0.144 (162800) 0.480+0.134 (68324)
Appendix 0.00040.000 (0) 0.00040.000 (0) 0.021+0.022 (202) 0.779+0.082 (47914) 3.007+0.756 (367080)
Bone marrow 0.000+0.000 (0) 0.00040.000 (0) 0.083+0.036 (2087) 0.023+0.011 (4144) 0.02740.025 (9523)
Brain 0.073+0.062 (560) 0.00040.000 (0) 0.021+0.029 (233) 0.645+0.077 (51649) 0.24040.054 (40056)
Colon 0.007+0.013 (117) 0.015+0.016 (420) 0.000+0.000 (0) 2.230+0.647 (398951) 0.650+0.171 (242822)
Duodenum 0.910+0.108 (3395) 0.01740.017 (197) 0.088+0.088 (544) 0.44440.092 (18936) 0.376+0.002 (32257)
Endometrium 0.000+0.000 (0) 0.003+0.004 (38) 0.145+0.103 (1142) 1.598+0.219 (118019) 6.95846.251 (1463639)
Esophagus 0.020+0.028 (183) 0.00040.000 (0) 0.025+0.018 (388) 1.694+0.224 (192102) 0.753+0.305 (176000)
Fat 0.00040.000 (0) 0.04040.029 (837) 0.000+0.000 (0) 43.394+4.104 (3058842) 6.281+0.193 (899883)
Gall bladder 0.00040.000 (0) 0.123+0.087 (3848) 0.000+0.000 (0) 2.513+0.343 (282990) 2.544+0.713 (576743)
Heart 0.509+0.698 (7204) 0.000£0.000 (0) 0.01440.024 (328) 2.496+0.523 (398025) 0.856+0.716 (288044)
Kidney 0.000£0.000 (0) 0.043£0.028 (872) 0.000£0.000 (0) 4.394+0.872 (376728) 0.163+0.028 (27178)
Liver 0.000£0.000 (0) 0.000£0.000 (0) 0.000£0.000 (0) 35.041+12.088 (3264710) 3.51042.423 (450053)
Lung 0.000£0.000 (0) 0.005+0.009 (61) 0.03740.064 (730) 1.794+0.424 (223052) 0.434+0.170 (119929)
Lymph node 0.000£0.000 (0) 0.002+0.003 (101) 0.106£0.087 (2720) 0.534+0.245 (104842) 0.594+0.190 (236737)
Ovary 0.000£0.000 (0) 0.000£0.000 (0) 0.000£0.000 (0) 3.294+0.680 (295055) 0.730£0.466 (136007)
Pancreas 0.000£0.000 (0) 0.009+0.009 (236) 0.000£0.000 (0) 0.185+0.049 (16907) 0.057+0.008 (10125)
Placenta 0.000£0.000 (0) 0.000£0.000 (0) 12.559+18.947 (252319) 1.780+0.506 (278108) 2.676£1.245 (841875)
Prostate 0.000£0.000 (0) 0.02240.014 (548) 0.019+0.032 (202) 4.88610.831 (439662) 3.52240.877 (634213)
Salivary gland 0.000£0.000 (0) 0.004£0.005 (133) 0.005£0.006 (103) 0.519+0.053 (75803) 0.238+0.069 (68367)
Skin 0.000£0.000 (0) 0.000£0.000 (0) 0.029+0.041 (505) 1.623+0.698 (198114) 0.023+0.006 (5824)
Small intestine 0.404+0.389 (3288) 0.003+0.006 (87) 0.018+0.031 (279) 0.865+0.279 (87522) 0.568+0.183 (118094)
Spleen 0.000£0.000 (0) 0.000£0.000 (0) 0.23740.116 (4272) 1.460+0.323 (190009) 0.943+0.163 (247363)
Stomach 0.273£0.386 (1944) 0.000£0.000 (0) 0.039+0.033 (493) 0.902+0.563 (79304) 0.318+0.194 (56512)
Testis 0.015+0.024 (382) 0.016+0.015 (1191) 0.044+0.019 (1758) 1.039+0.506 (296126) 1.149+0.483 (672816)
Thyroid 0.000£0.000 (0) 0.002+0.004 (101) 0.020£0.013 (524) 1.659+0.478 (266627) 0.393+0.402 (126746)
Urinary bladder ~ 0.000+0.000 (0) 0.000£0.000 (0) 0.021#0.021 (224) 1.471+0.639 (107722) 2.398+0.904 (358421)

Data in Table 1 were obrained from Human Protein Atlas RNA-seq normal tissues project on 27 different tissues from 95 human individuals (Fagerberg et al., 2014). GH: Growth
hormone; GHRH: growth hormone-releasing hormone; GHRHR: growth hormone-releasing hormone receptor; IGF1: insulin-like growth factor-1; RPKM: reads per kilo base per million

mapped reads.

Table 2 | Summary of GHRHR agonists and antagonists on ocular diseases

GHRH analogs Ocular disease model Effect

References

GHRHR agonist MR- Streptozotocin-induced diabetic rats e Prevents retinal morphological alteration induced by hyperglycemia, preserving RGC survival.

Thounaojam et al.,

409 ¢ Upregulates NRF-2-dependent gene expression 2017
* Downregulates proinflammatory cytokines and adhesion molecules.
* Downregulates VEGF expression while increases pigment epithelium-derived factor expression.

Optic nerve injury rat model

e Subcutaneous application promotes the survival of RGCs. Cenetal., 2021

¢ Further enhances the promotion of RGC survival by lens injury or zymosan-induced macrophage

activation.
GHRHR antagonist  Endotoxin-induced uveitis rat model ¢ Decreases LPS-stimulated surges of GH and IGF1 in aqueous humor. Qin et al.,, 2014
MIA-602 * Reduces infiltration of macrophages and leukocytes and production of TNF-q, IL-13 and MCP-1.

* Suppresses phosphorylation of STAT3.

Liang et al., 2020

¢ Attenuates expression of downstream proinflammatory factors after LPS treatment.
LPS-treated rat ciliary body and iris ¢ Suppresses the elevated expression of IL-18 and IL-6 and reduces the release of IL-6. Ren et al., 2019

explant culture
Retinoblastoma cell line

e Induces retinoblastoma cell apoptosis.

Chuetal, 2016

* Downregulates cell proliferation genes and upregulates apoptotic genes.

Primary pterygium epithelial cell « Induced apoptosis of pterygium epithelial cell s in a dose-dependent manner. Qin et al.,, 2018
culture * Downregulates ERK1 and upregulates caspase-3 expression.
Optic nerve injury rat model * Subcutaneous application promotes the survival of RGCs Cenetal., 2021

e Induces retinoblastoma cell apoptosis.

GHRHR antagonist  Retinoblastoma cell line

Chuetal, 2016

MIA-690 ¢ Downregulates cell proliferation genes and upregulates apoptotic genes.

ERK1: Extracellular regulated protein kinases 1; GH: growth hormone; GHRH: growth hormone-releasing hormone; IGF1: insulin-like growth factor-I; IL-1B: interleukin-18; IL-6:
interleukin-6; LPS: lipopolysaccharide; NRF-2: nuclear factor erythroid 2-related factor 2; MCP-1: monocyte chemotactic protein-1; PEDF: pigment epithelium-derived factor; RGC:
retinal ganglion cells; STAT3: signal transducer and activator of transcription 3; TNF-a: tumor necrosis factor-a; VEGF: vascular endothelial growth factor.

important mediator in experimental ocular inflammation (Qin et al., 2014;
Ren et al., 2019; Liang et al., 2020). By applying the GHRHR antagonist MIA-
602, multiple human gastric cancer cell lines showed slower proliferation both
in vitro and in mouse xenografts. Mechanistically, MIA-602 could suppress the
phosphorylation of STAT3 and the expression of the p65 subunit of NF-kB, as
well as their upstream activator PAK1. The GHRHR mediated PAK1-STAT3/NF-
kB pathway should be explored for its potential as a novel avenue for gastric
cancer treatment.

The GHRHR splicing variant SV1, but not full length GHRHR, was detected in
human esophageal squamous cell carcinoma (ESCC) cells where its expression
was significantly higher than in adjacent non-cancerous tissues and was
positively correlated with the tumor dimension, pathological nodal status,
pathological stage of tumour nodal metastasis, and overall survival in ESCC
patients (Xiong et al., 2020). SV1 mediated GHRHR antagonist inhibitory
effects in the absence of the full length GHRHR. The GHRHR antagonist MIA-
602 was able to inhibit ESCC cell viability, migration and invasion. Upon the

overexpression of splice variant 1 (SV1), NF-kB was upregulated, which in turn
enhanced the expression of glycolytic enzyme human phosphofructokinase,
muscle (PFKM). These results demonstrated that MIA-602 inhibited ESCC
growth through the SV1-NF-kB-PFKM signaling pathway.

Alzheimer’s disease

The reduction of somatostatin concentration in several brain areas of
patients with Alzheimer’s disease was shown to be associated with delayed
GH response to GHRH in these patients (Nemeroff et al., 1989). In a clinical
trial daily treatment with GHRH ameliorated age-related cognitive declines
in healthy elderly (Vitiello et al., 2005). Similarly, a randomized, double-
blind and placebo-controlled trial study reported that twenty weeks of daily
subcutaneous injections of a stabilized analog of human GHRH (tesamorelin;
Theratechnologies Inc., Montréal, Canada) showed enhancing effects on
cognition and executive functions in both healthy older adults and adults with
mild cognitive impairment (Baker et al., 2012). Increased levels of glutamate
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and the inhibitory transmitter y-aminobutyric acid were detected in all 3 brain
regions examined (dorsolateral frontal, posterior cingulate, and posterior
parietal), while N-acetylaspartylglutamate was increased in the frontal cortex
and myo-inositol was decreased in the posterior cingulate (Friedman et
al., 2013). In another study, however, plasma neuronally-derived exosomes
concentrations of ptau-S396 and growth-associated protein 43 were not
affected by GHRH treatment (Winston et al., 2018).

Experimental studies have revealed more intriguing properties of GHRH. In
early-onset Alzheimer’s disease model APPswe/PS1AE9 transgenic mice,
intraperitoneal injection of GHRH at dark onset increased sleep and decreased
brain interstitial fluid amyloid-B. Delivery of a GHRH antagonist [Phenylacetyl-
(D-Arg’.28 p-chloro-Phe® Homoarg®.29 Tyr(Me)™ Abu® Nle”’)-GRF (1-29) NH,]
via reverse-microdialysis suppressed sleep and increased brain interstitial
fluid amyloid-B (Liao et al. 2015). On the contrary, GHRH antagonist MZ-
4-71 corrected the impaired memory consolidation caused by B-amyloid
25-35 in mice (Telegdy et al., 2011). GHRH antagonist MIA-690 decreased
escape latency in genetically modified Alzheimer’s disease model 5XFAD mice
and reduced the concentrations of amyloid-B1-42 and t filaments in brain
samples by its anti-oxidative and neuro-protective properties (Jaszberenyi et
al., 2012). Positive treatment effects of both GHRH agonist and antagonist
indicate differential mechanisms of the treatment effects in different cell
types by these GHRH analogs. However, it remains to be investigated whether
there is an optimal GHRH activity level in an “U-shaped curve” in that both
too little and too much GHRH activity can be.

Diabetic retinopathy

Diabetic retinopathy (DR), a common and serious complication of diabetes
mellitus, is a leading cause of irreversible blindness. Based on the degree
of neovascularisation, DR can be categorized into non-proliferative and
proliferative DR. One key feature of proliferative DR is the formation of
fibrovascular membranes (FVM) at the interface between the vitreous and the
retina (Tamaki et al., 2016). In our recent study of proliferative DR, we detected
significantly higher GHRH and GH levels in vitreous and aqueous collected
from proliferative DR patients than those from non-diabetic patients (Qin et al.,
2020). In FVM collected from proliferative DR patients, GHRH and GHRHR, but
not IGF1, were detected in polymorphonuclear cells and vascular endothelial
cells, suggesting involvement of GHRH signalling in the development of FVM
in proliferative DR. Notably, GHRHR expression was reduced in retinas of
diabetic patients and a diabetic rat model induced by streptozotocin (ST2)
treatment (Thounaojam et al., 2017). In experimental diabetic retinopathy,
there are retinal perturbations and inflammation, leading to consequential
neuro-glial disruptions that are difficult to treat (Ribsam et al., 2018). In DR,
the innate immune system involves complicated individual and interactive
effects of competent cells, mediators and the complement system (Pan et al.,
2021). Downstream of the GHRHR-GHRH-GH axis, IGF1 could protect RGCs
from axon injury via the AKT pathway in rats (Rathnasamy et al., 2017). GHRHR
agonist MR-409 was able to elevate GHRHR expression in STZ-rat retinas. More
ganglion cell death was detected in diabetic than healthy rat retina, while this
could be suppressed by MR-409 treatment (Table 2). Mechanistically, MR-409
was able to reduce oxidative stress and inflammation in diabetic rat retina.
The lower oxidative stress caused by MR-409 treatment led to reduced retina
levels of dihydroethidium, 3-nitrotyrosine and 4-hydroxynonenal. MR-409
also reduced expression of vascular endothelial growth factor and decreased
retinal vascular permeability in diabetic rats. These experimental findings
indicate potential for GHRHR agonists as a novel treatment for DR.

Growth Hormone-Releasing Hormone
Receptor Agonist and Antagonist Treatment in
Experimental Ocular Inflammation Models

Uveitis model

Uveitis is a sight-threatening disease, and about 35% of uveitis patients have
visual impairment. The pathogenic basis of uveitis is extremely complex,
with more than 60 etiologies known to account for uveal inflammation.
Uveitis could be sub-classified into infectious and non-infectious types.
Non-infectious uveitis is associated with systemic rheumatological and
autoimmune diseases (Hsu et al., 2019). Among causes of non-infectious
uveitis, Behcet’s disease, sarcoidosis and Vogt-Koyanagi-Harada disease are
more common in the Asia-Pacific region than in other parts of the world.
Infectious agents including bacteria, viruses, fungi, and parasites, could
lead to ocular inflammation with various chorioretinal and ocular surface
manifestations, including optic neuritis, optic disc edema, retinal vasculitis,
iritis, chorioretinitis, neuroretinities, conjunctivitis, vitritis, exudative retinal
detachment and retinal vascular occlusions (Majumder et al., 2017; Agarwal
etal., 2018).

We developed a rat endotoxin-induced uveitis (EIU) model of infectious
uveitis, using footpad injection of 1 mg/kg lipopolysaccharide (LPS; Qin et
al. 2014) to assess the potential therapeutic effects of GHRHR. At 24-hours
after LPS injection, severe hyperemia and edema were observed in the iris.
Accumulation of infiltrating Cd43" leucocytes and Cd68" macrophages as well
as increases in the pro-inflammatory mediators tumor necrosis factor-alpha
(Tnfa), interleukin-6 (116) and monocyte chemoattractant protein-1 (Mcp1),
were observed in the aqueous humor of EIU rats. Apart from inflammation in
the ocular anterior chamber, LPS also induced retinal inflammation with the
activation of microglia, astrocytes and Muller glia (Ren et al., 2018). Utilizing
our protocols for anti-inflammatory treatments of uveitis, we investigated the
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treatment mechanisms of GHRH antagonism in the EIU rat model (Table 2).
Following LPS insult, there was increase in Ghrhr protein expression parallel
to the increase in expression levels of pituitary-specific transcription factor-1,
Ghrhr splice variant 1, Ghrh and Gh genes. Elevations of Ghrhr and Gh
receptor were detected on the epithelia of the iris and ciliary body. Ghrhr was
confined to the infiltrating macrophages and leukocytes in the aqueous humor
but not the iris stroma. Treatment with GHRH antagonist MIA-602 decreased
the LPS-stimulated surges of Gh and Igf1 in the aqueous humor and alleviated
intraocular inflammation through reducing the infiltration of macrophages
and leukocytes and the production of Tnfa, 111 and Mcp1 (Qin et al., 2014).
In explant cultures of rat ciliary body and iris, LPS caused a substantial
increase of Ghrhr expression with elevated expression and secretion of 1115,
116, and Nos2 (Ren et al., 2019). In the leukocyte co-culture, expressions of
Ghrhr in the iris and ciliary body explant could be further enhanced after LPS
treatment. GHRH antagonist MIA-602 suppressed the elevated expression
of II-1B and II-6. To elucidate the mechanism of GHRH antagonist treatment
in the EIU rat model and the iris-ciliary body explant culture, we investigated
the inflammatory cascades mediated by GHRHR. We found that NF-kB
subunit p65 was phosphorylated in response to LPS stimulation in human
ciliary epithelial cells, resulting in transcriptional upregulation of GHRHR
(Liang et al., 2020). Using both bioinformatics and experiments, we identified
direct interaction between GHRH-R and JAK2 kinase. In the EIU rat model,
JAK2 was elevated in the ciliary body and iris, Stat3 was phosphorylated on
tyrosine 705 and there were increased levels of pro-inflammatory factors,
including 116, 1117a, Cox2 and Nos2. GHRH antagonist MIA-602 suppressed the
phosphorylation of STAT3 and attenuated the expression of pro-inflammatory
factors after LPS treatment of human ciliary epithelial cells or iris-ciliary
body explant culture. Blocking the GHRHR/JAK2/STAT3 axis with JAK inhibitor
ruxolitinib partially alleviated the LPS-induced acute ocular inflammation with
reduction of the clinical score, retinal-choroidal thickness, scotopic a- and
b-waves and the photopic b-wave in electroretinography (Du et al., 2021),
and infiltration of inflammatory cells and proteins to the aqueous humor.
Expressions of STAT3 target genes in rat ciliary body and iris and in human
ciliary epithelial cells were also repressed (Liang et al., 2020).

These experimental findings indicate that inflammation in the iris and ciliary
body involves the activation of GHRH signaling, which affects the recruitment
of immune cells and the production of pro-inflammatory cytokines, and thus
contributes to EIU pathogenesis. Importantly, GHRH antagonists mediate the
GHRHR/JAK2/STAT3 signaling axis and are thus potential therapeutic agents
for the treatment of acute ocular inflammation in uveitis. In another reported
study in mice treated by LPS, the antagonist MIA-690 and the agonist MR-409
have shown: anti-inflammatory, anti-oxidative and behavioral remedial effects
(Recinella et al., 2020). There is therapeutic potential of GHRHR analogs for
treating disorders that disrupt the innate immunologic system of the retina,
and further investigation is warranted.

Optic nerve injury model

Optic neuropathies can occur in common and serious ocular complications
including glaucoma, traumatic injuries, ischemia, and tumors, which are
leading causes of visual impairment and irreversible blindness. Different
forms of optic neuropathies share a common pathology of degeneration of
retinal ganglion cells (RGCs) and subsequent axonal loss. The mammalian
retina has low intrinsic regenerative ability. In experimental models, the
presence of myelin-associated inhibitors, scar formation at the injury site
and lack of trophic support contribute to the failure of regeneration after ON
injury (Cen and Ng, 2018). Inflammation contributes to deterioration of ocular
function in uveitis, following ON injury. Roles of inflammation are complicated
as revealed by animal studies. On one hand, repressing neuroinflammatory
events is effective in RGC protection (Yang et al., 2019). However, moderate
ocular inflammation induced by lens injury or macrophage generation
activated by zymosan could promote neural repair after ON injury (Zhang and
Li, 2020).

The ON is a part of the central nervous system formed by projection axons
from RGCs (Ribas and Costa, 2017). Unidirectional axonal pathways in the
optic nerve are highly susceptible to injury that causes optic neuropathies
(Carelli et al., 2017). We have previously used the rat and mouse ON injury
models to investigate the mechanisms of neural repair after ON injury,
inflammation-promoting RGC survival and axon regeneration. We have shown
that CXCL5 (Liu et al., 2021) and SDF-1 (unpublished data) are also involved
in inflammation-promoting neural repair after ON injury. Our recent study
(Cen et al. 2021) demonstrated that subcutaneous, but not intravitreal,
applications of either GHRH agonist MR-409 or antagonist MIA-602 promoted
the survival of RGCs after ON injury (Table 2) and acute intraocular pressure
elevation (unpublished data). Both MR-409 and MIA-602 activated the PI3K/
Akt pathway in the retina after ON crush injury, which was related to cyclic
adenosine monophosphate (cAMP) elevation and therefore promoted RGC
survival pathways (Nakashima et al., 2018). In contrast to our earlier study
on human non-pigmented ciliary epithelial cells, in which GHRHR antagonists
reduced the LPS-induced acute ocular inflammatory responses via STAT3
pathway (Liang et al., 2020), neither GHRH agonist nor antagonist affect the
STAT3 the pathway in RGCs after ON injury (Cen et al., 2021). In mild ocular
inflammation, MR-409 enhanced the effects of macrophage activation by
zymosan and lens injury while the antagonist MIA-602 reduced the protective
effect of zymosan and lens injury on RGCs.

These results together indicated that the GHRHR signaling pathway, in the
presence of macrophage infiltration, regulated the ocular inflammatory
response for RGC protection after ON injury. One of our previous studies
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also demonstrated that antagonist MIA-602 alleviated endotoxin-induced
intraocular inflammation by attenuating macrophage and leukocyte infiltration
into the anterior chamber and inhibiting inflammatory cytokine secretion
(Qin et al., 2014). It would require further investigation to determine how
the GHRH agonist and antagonist show different regulatory responses in the
presence of infiltrating macrophages, and to determine how these analogs
interact with the infiltrating macrophages after ON injury for protection of
RGCs. Furthermore, the promotion of RGC survival by the GHRH agonist
could also be associated with microglia activation since the agonist MR-409
promoted microglia activation in the retina after ON injury. This is consistent
with the capability of activated microglia to protect the brain from traumatic
injury and other central nervous system diseases (Liu et al., 2021). Future
studies may investigate how microglial activation by GHRH agonists is related
to the protection of RGCs.

Potential Clinical Applications

GHRHR is present in many cells and tissues in human. There are potential
clinical applications of GHRH analogs (Schally et al., 2019). GHRH agonists
and antagonists have shown positive effects for treatment of cancers (Gan
et al., 2016; Zarandi et al., 2017), Alzheimer’s disease (Jaszberenyi et al.,
2012), diabetes (Zhang et al., 2015), dyslipidemia (Romero et al., 2016) and
heart diseases (Kanashiro-Takeuchi et al., 2015). Clinical trials have been
conducted to enhance immune effects in compromised patients (Khorram
et al., 1997), improve mild cognitive impairment (Baker et al., 2012) and
decrease serum cholesterol levels in type 2 diabetes (Clemmons et al.,
2017). For ocular diseases, there have been investigations in experimental
models on anti-inflammatory treatments and neuroprotection of RGCs.
GHRH and GHRHR have been identified in different ocular tissues, including
corneal epithelium and endothelium, ciliary body, trabecular meshwork, ON,
and retina (Dubovy et al., 2017). GHRH antagonists could alleviate ocular
inflammation in experimental uveitis (Qin et al., 2014; Ren et al., 2019) and
in pterygium (Qin et al., 2018). They should be investigated for treatment of
non-infectious ocular inflammation along with glucocorticoids, nonsteroidal
anti-inflammatory drugs, immunosuppressors, and biologics. Notably,
there is experimental evidence that GHRH agonists and antagonists exerted
neuroprotective effects on RGCs. The GHRH agonist MR-409 protected RGCs
in early experimental diabetic retinopathy through anti-oxidative and anti-
inflammatory activities (Thounaojam et al., 2017). Systematic applications
of both GHRH agonist MR-409 and antagonist MIA-602 significantly
improved survival of RGCs after ON injury in rats. In mild ocular inflammation
conditions, agonist MR-409 further enhanced the promoting effects of
macrophage activation, while antagonist MIA-602 suppressed the protective
effect of inflammation on RGCs (Cen et al., 2021). We have obtained similar
results on maintaining RGC survival in our acute high intraocular pressure
model (unpublished data). Accordingly, MIA-602 may exert protective effects
in serious inflammation that is detrimental to retinal neurons. We conclude
that presence of the GHRH/GH axis is important for the maintenance of RGC
survival. GHRH analogs not only could treat ocular inflammatory diseases, but
could also treat inflammation adequately for supporting RGC survival.

Conclusions and Perspectives

GHRHR-GHRH signaling plays a role in ocular inflammatory diseases and
warrant further experimental and clinical studies for retinal neuroprotection.
According to current and previous findings, besides applications for
treatments of cancers, diabetes, Alzheimer’s disease and heart diseases,
GHRHR analogs could also modulate inflammation progression in ocular
complications of uveitis and optic nerve injuries. Reported experimental
evidence as summarized in this review provides the proof of concept for the
use of GHRHR agonists and antagonists for clinical therapy of uveitis and ON
injury. Further studies are required to evaluate the effects of GHRHR agonists
and antagonists in other experimental ocular inflammation models and to
delineate specific signaling pathways that are involved in the regulation
of inflammation and supporting retinal neuronal survival. The progress in
understanding of GHRH agonists and antagonists improves prospects of
clinical applications in the treatment of ocular inflammation and related
complications.
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