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The potential therapeutic effects of agonistic analogs of growth
hormone-releasing hormone (GHRH) and their mechanism of action
were investigated in diabetic retinopathy (DR). Streptozotocin-
induced diabetic rats (STZ-rats) were treated with 15 pg/kg GHRH
agonist, MR-409, or GHRH antagonist, MIA-602. At the end of treat-
ment, morphological and biochemical analyses assessed the effects
of these compounds on retinal neurovascular injury induced by hy-
perglycemia. The expression levels of GHRH and its receptor (GHRH-
R) measured by gqPCR and Western blotting were significantly
down-regulated in retinas of STZ-rats and in human diabetic retinas
(postmortem) compared with their respective controls. Treatment of
STZ-rats with the GHRH agonist, MR-409, prevented retinal morpho-
logical alteration induced by hyperglycemia, particularly preserving
survival of retinal ganglion cells. The reverse, using the GHRH an-
tagonist, MIA-602, resulted in worsening of retinal morphology and
a significant alteration of the outer retinal layer. Explaining these
results, we have found that MR-409 exerted antioxidant and
anti-inflammatory effects in retinas of the treated rats, as shown
by up-regulation of NRF-2-dependent gene expression and down-
regulation of proinflammatory cytokines and adhesion molecules.
MR-409 also significantly down-regulated the expression of vas-
cular endothelial growth factor while increasing that of pigment
epithelium-derived factor in diabetic retinas. These effects correlated
with decreased vascular permeability. In summary, our findings sug-
gest a neurovascular protective effect of GHRH analogs during the
early stage of diabetic retinopathy through their antioxidant and
anti-inflammatory properties.

GHRH | GHRH-R | GH | diabetic retinopathy | type 1 diabetes

Diabetic retinopathy (DR) is a common complication of di-
abetes mellitus and the leading cause of blindness in adults
in the Western world (1). There is a paucity of effective thera-
peutic strategies for this potentially blinding condition (2, 3)
because of the complex nature of the disease and limited
knowledge of its pathogenic mechanisms.

DR is a progressive disease that develops in defined clinical
stages (4). The early stages of DR are characterized by dysfunction
of retinal vessels, capillary loss, activation of Muller glia cells, and
progressive damage to ganglion cells (4). Although the exact se-
quence and interdependence of hyperglycemia-induced neural and
vascular alterations in retina remains to be established, there is no
doubt that the development of therapies that can halt both these
pathogenic events would be of great relevance.

Growth hormone-releasing hormone (GHRH) is a neurose-
cretory peptide, synthesized in neurons of the hypothalamus,
which regulates the secretion of growth hormone (GH) from the
pituitary gland (5-7). GHRH also possesses extrapituitary ac-
tivities, and its function has been identified and characterized in
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multiple organs, including brain, heart, kidney, and retina (8).
Numerous agonistic and antagonistic analogs of GHRH have
been synthesized (6, 7, 9) and evaluated biologically (10). In the
last few years, these investigations have been extended to di-
abetes and ophthalmology (10-12).

The presence of a GH-related axis within the retina has been
postulated for decades (5) and has been linked to ganglion cell
development and survival (13). In addition, different compo-
nents of this GH axis have been investigated for their activity in
retinal tissue (14-16). The contribution of systemic GH and in-
sulin like growth factor-1 (IGF1) to retinal diseases is somewhat
complex, and although evidence is provided supporting neuro-
protective effects (17), experimental and clinical studies also
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suggest proangiogenic activities leading to retinal neovascularization
in proliferative diabetic retinopathy (18).

Much less is known on the biological significance of retinal
GHRH, however. In agreement with the notion of retinal pro-
duction of GH from ganglion cells (19), GHRH receptors have
been identified and immunolocalized in these retinal cells (20,
21). Evidence is provided suggesting protective effects of GHRH
on retinal neurons (20); other studies have shown that GHRH
antagonism is beneficial in experimental uveitis (12). Ultimately,
the role of GHRH in the development of retinal diseases still
remains controversial and understudied.

Here we investigated the effects of diabetes on retinal ex-
pression and function of GHRH and examined the effects of
modulating its activity, by means of the specific GHRH agonist,
MR-409, and the GHRH antagonist, MIA-602, in preventing
hyperglycemia-induced retinal neurovascular injury.

Results

Effects of Diabetes on Expression of GHRH and GHRH-R in Rat and
Human Retinas. We assessed the expression of GHRH receptors
(GHRH-Rs) in normal and diabetic rat retinas (SI Appendix, Fig. S1
A-C). Western blotting analysis showed a 2.5-fold reduction of
GHRH-R-specific immunoreactivity in retinas of STZ-rats after 8§ wk
of hyperglycemia in comparison with age-matched normoglycemic
control rats (*P < 0.01; n = 8) (SI Appendix, Fig. S14). Immuno-
fluorescence, in normal tissue, showed GHRH-R immunolocaliza-
tion predominantly in ganglion cell (GCL) and outer plexiform
layers (SI Appendix, Fig. S1B, white arrows). This analysis confirmed
a marked reduction of GHRH-R-specific immunoreactivity in the
diabetic retina, particularly in the GCL (SI Appendix, Fig. S1C).

Assessment of GHRH expression by qPCR showed a signifi-
cant reduction of specific mRNA levels in the diabetic rat retina at
8 wk of hyperglycemia in comparison with normoglycemic control
rats (SI Appendix, Fig. S1D). Finally, qPCR analysis measuring
retinal expression of GH showed a fivefold down-regulation (*P <
0.001; n = 8) of GH-specific mRNA in the STZ-rat retinas versus
control (SI Appendix, Fig. S1E).

The expression patterns of GHRH-R, GHRH, and GH were
also assessed in retinas of diabetic and nondiabetic human do-
nors (postmortem). Levels of GHRH-R protein, measured by
Western blotting, were significantly down-regulated (*P < 0.01;
n = 8) in the human diabetic postmortem retina compared with
nondiabetic control donors (SI Appendix, Fig. S2A). Significant
loss of expression of mRNA for GHRH (*P < 0.01; n = 8) and
for GH (*P < 0.01; n = 8), measured by qPCR, was also detected
in the human postmortem diabetic retinas compared with non-
diabetic donors (SI Appendix, Fig. S2 B and C, respectively).

Analog MR-409 Enhances the Expression of GHRH and GHRH-R in the
Diabetic Retina. Next we determined the effects of GHRH ago-
nist, MR-409, and the antagonist, MIA-602, in STZ-rats. These
peptides were administered subcutaneously at a dose of 15 pg/kg
every other day. The treatment started 2 wk after the onset of
diabetes and was prolonged for a further 6 wk. Neither MR-409 nor
MIA-602 changed blood glucose and glycated hemoglobin
(HbAlc) levels, and they did not prevent diabetes-induced
body weight loss (SI Appendix, Table S2) or corrected diabetes-
induced alterations of other metabolic parameters [i.e., alanine
aminotransferase (ALT), aspartate transaminase (AST), alkaline
phosphatase (ALP), blood urea nitrogen (BUN), creatinine, se-
rum albumin and total protein, cholesterol, and triglycerides] (S/
Appendix, Table S3).

Immunofluorescence analysis of GHRH-R (Fig. 1 A-D)
showed a marked increase in specific immunoreactivity of
GHRH-R, particularly in the neurofibrillar retinal layer of STZ-
rats treated with the GHRH agonist, MR-409 (Fig. 1C), whereas
GHRH-R immunoreactivity in retinas of STZ-rats treated with
the GHRH antagonist, MIA-602, was unchanged (Fig. 1D).

Western blotting (Fig. 1E) analysis showed that treatment of
STZ-rats with the agonist, MR- 409 boosted the expression of
GHRH-R in the diabetic retina (“P < 0.001; # = 8) whereas the
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Fig. 1. Effects of GHRH agonist MR-409 or antagonist MIA-602 on GHRH-R and
GHRH expression levels. (A-D) Microimages illustrating GHRH-R-specific immu-
noreactivity (green fluorescence and white arrows) in retinal cryosections of
STZ-rats (Diabetic) (B-D) compared with age-matched normal rats (Control, A).
In C and D, the STZ-rats received, every other day, s.c. injections of 15 pg/kg
MR-409 or MIA-602 (respectively). Treatment was started 2 wk after the onset
of diabetes and prolonged for 6 wk (6 wk treatment in a total of 8 wk hy-
perglycemia). These images show that GHRH-R is down-regulated in the di-
abetic retina, particularly in the GCL (Diabetic) (B), but treatment with MR-409
(Diabetic+MR-409) drastically increased GHRH-R-specific immunoreactivity in
the GCL and neurofibrillary layer (C, green fluorescence, white arrows). (E)
Representative immunoblotting showing GHRH-R-specific immunoreactivity
measured in retinal extracts of rats subjected to different treatment conditions.
Bar histograms represent the optical density values normalized to the loading
control, p-actin. Diabetes suppressed GHRH-R protein levels in comparison with
normal age-matched controls (*P < 0.001 vs. Control; n = 8). MR-409 stimulated
a significant increase in levels of GHRH-R protein in STZ-rats at 8 wk of hyper-
glycemia (Diabetic+MR-409; #P < 0.001 vs. Diabetic; n = 8). (F) gPCR analysis
measuring GHRH mRNA expression levels in retinas of rats from the different
experimental groups. These data show that GHRH-specific mRNA levels are
down-regulated in the diabetic retina (*P < 0.001 vs. Control; n = 8), and
treatment with MR-409 partially rescues GHRH mRNA (*P < 0.05 vs. Diabetic),
whereas the antagonist, MIA-602, has no effect.

antagonist, MIA-602, normalized it to the control level (Fig. 1E).
MRNA for GHRH was significantly increased in retinas of STZ-
rats treated with MR-409 (Fig. 1F). Conversely, GHRH expression
levels in STZ-rats treated with the antagonist, MIA-602, remained
unchanged (Fig. 1F). Changes in GHRH and GHRH-R may affect
the production of GH and of genes belonging to the GH axis. We,
therefore, assessed by qPCR the retinal expression levels of these
related factors. Levels of mRNAs specific for GH (SI Appendix, Fig.
S34), IGF1 (SI Appendix, Fig. S3B), insulin-like growth factor
binding protein 3 (IGFBP-3) (SI Appendix, Fig. S3C), and somato-
statin (SST) (SI Appendix, Fig. S3D) were significantly down-regu-
lated in retinas of STZ-rats versus control age-matched normoglycemic
rats (*P < 0.05; n = 8). Treatment with the GHRH agonist, MR-409,
enhanced the expression levels of all of the mRNAs tested (SI Ap-
pendix, Fig. S3) and particularly boosted the expression of SST (S
Appendix, Fig. S3D). Treatment of the STZ-rats with the GHRH an-
tagonist, MIA-602, also promoted a slight increase of mRNAs for GH,
IGF1, and IGFBP-3; however, these differences did not reach statistical
significance (SI Appendix, Fig. S3 A-C). Interestingly, MIA-
602 further decreased the level of SST, although the obtained
values failed statistical significance. Retinal expression of glu-
cagon-like peptide-1 (GLP-1), another GH- and diabetes-related
hormone, was down-regulated in the diabetic retina, and systemic
treatment with the GHRH agonist increased its expression even
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above control levels (SI Appendix, Fig. S3E). Treatment of the
STZ-rats with the GHRH antagonist, MIA-602, had no effect.

GHRH Agonist MR-409 Preserves the Structural Morphology of the
Diabetic Retina. Morphological and morphometric analyses were
conducted in retinal cryosections stained with hematoxylin and
eosin (Fig. 2 A-D) and showed that diabetes promotes a re-
duction of total retinal thickness (Fig. 2B) compared with control
age-matched normoglycemic rats (Fig. 24). Administration of
the GHRH agonist, MR-409, normalized the morphology of
retinal layers (Fig. 2C), whereas the GHRH antagonist, MIA-
602, further altered retinal morphology by promoting distortion
of the retinal layers, particularly the outer retina (Fig. 2D).
Morphometric analysis showed a significant preservation of total
retinal thickness in STZ-rats treated with the GHRH agonist,
MR-409, whereas MIA-602 had no effects (Fig. 2F).

GHRH Agonist MR-409 Prevents Loss of Ganglion Cells in the Diabetic Rat
Retina. Next we assessed the extent of retinal cell death in the dif-
ferent treatment conditions. Terminal deoxynucleotidyl transferase
dUTP Nick-End Labeling (TUNEL) assay showed (Fig. 2 F-I)
more TUNEL-positive cells in the diabetic retina in comparison
with normoglycemic control rats (Fig. 2 G and F, respectively).
However, treatment of STZ rats with MR-409 (Fig. 2H) markedly
decreased the number of TUNEL-positive nuclei, whereas the
GHRH antagonist, MIA-602, had no effects (Fig. 21).
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Fig. 2. Effects of MR-409 and MIA-602 on retinal morphological changes and
apoptosis in diabetic retinas. Histopathological analysis assessing retinal mor-
phology in response to the different treatment conditions was conducted by
using H&E staining of retinal cryosections (A-D). In D, a pronounced distortion
of the outer nuclear layer (ONL) is evidenced. Morphometric analysis assessing
total retinal thickness (F) values measured in H&E retinal cryosections obtained
from the different treatment groups. The sum of the results obtained from
these analyses demonstrates a significant preservation of the retinal inner nu-
clear layer (INL) in the STZ-rats. (F-/) TUNEL staining to measure apoptosis in
retinal cryosections of the different groups. Higher number of TUNEL-positive
cells_evident in_diabetic retina (G) compared with control rats (F); whereas
treatment with MR-409 (H) reduced the number of apoptotic cells, MIA-602 (/)
treatment did not alter the rate of apoptosis in STZ-rats.

TUNEL
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We also analyzed the expression pattern and retinal immu-
nolocalization of the 17-19-kDa active form of caspase-3, an
early marker of cellular apoptosis. Western blotting showed an
up-regulation of cleaved caspase-3 in retinas of diabetic rats,
which was significantly down-regulated in STZ-rats treated with
the GHRH agonist, MR-409, but not with the antagonist, MIA-
602 (SI Appendix, Fig. S44). Immunohistochemistry showed
increased immunoreactivity for the cleaved (active) form of
caspase-3 in the inner retina of STZ-rats (diabetic; SI Appendir,
Fig. S4C, white arrows) in comparison with control rats (SI Ap-
pendix, Fig. S4B). Treatment of STZ rats with the GHRH ago-
nist, MR-409, markedly decreased immunoreactivity to cleaved
caspase-3, particularly in the GCL (SI Appendix, Fig. S4D),
whereas MIA-602 had no effect (ST Appendix, Fig. SAE).

Furthermore, immunostaining of retinal cryosections with the
neuronal marker B-III tubulin (SI Appendix, Fig. S5 A-D)
showed a significant reduction of retinal immunoreactivity to this
neuronal marker in STZ-rats (SI Appendix, Fig. SSB) compared
with control rats (SI Appendix, Fig. S54). MR-409, however,
increased retinal immunoreactivity to B-III tubulin (S Appendix,
Fig. S5C) in diabetic rats, whereas the antagonist, MIA-602, had
no effect (SI Appendix, Fig. S5D).

On the basis of the existence of a GHRH-related axis in
ganglion cells, we directly assessed survival of retinal ganglion cells in
the different treatment groups. As shown in SI Appendix, Fig. S5 E
and F, double-labeling of retinal neurons with the neuronal marker
NeuN (red) and the retinal ganglionic cell-specific marker Brn3a
(green) showed loss of double-labeled (yellow) nuclei in the GCL in
the diabetic retina (SI Appendix, Fig. S5F) compared with control
rat retinas (SI Appendix, Fig. S5E). Treatment of the STZ-rats with
MR-409 increased the number of double-labeled nuclei (SI Appendix,
Fig. S5G), whereas MIA-602 had no effect (SI Appendix, Fig. SSH).
Finally, counting of double-labeled nuclei within the retinal GCL
further confirmed the previous data (SI Appendix, Fig. S5I).

GHRH Agonist Halts Oxidative/Nitrative Stress Markers in the Diabetic
Retina and Promotes Up-Regulation of Endogenous Antioxidant
Activities. We further characterized the protective effects of the
GHRH agonist, MR-409, by investigating the potential molecular
mechanisms involved in this process. Retinal cell injury in diabetes
results from metabolic and redox stress (22). As shown in Fig. 3. 4-C,
probing retinal tissues with the superoxide indicator dihydroethi-
dium showed increased staining in the diabetic rat retinas (Fig. 3B)
compared with control (Fig. 34). This effect was partially blocked by
treatment of the STZ-rats with MR-409 (Fig. 3C).
Overproduction of reactive oxygen species in the diabetic
retina rapidly results in oxidative modifications including for-
mation of 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE).
Specific immunoreactivity to 3-NT and 4-HNE were found to be
augmented in the STZ-rat retinas (Fig. 3 E and H, respectively)
compared with control retinas (Fig. 3 D and G). Treatment of
STZ-rats with MR-409 considerably decreased both 3-NT and
4-HNE immunoreactivity (Fig. 3 F and I, respectively). Dot blot
analysis of 3-NT and 4-HNE confirmed the immunohistochemis-
try data and showed a marked reduction in 3-NT and 4-HNE in
retinas of diabetic rats treated with MR-409 (Fig. 3J).
Oxidative/nitrative stress in the diabetic retina may result from
the combination of increased production of free radicals and the
down-regulation of endogenous antioxidant activities (22). The
nuclear factor, erythroid-related factor 2 (NRF2), is a master
regulator of genes expressing endogenous antioxidants (23, 24).
We analyzed the expression pattern of NRF2-dependent genes
including hemeoxygenase-1, NAD(P)H quinone dehydrogenase,
glutathione peroxidase-1, glutamate-cysteine ligase catalytic
subunit, and glutamate-cysteine ligase modifier subunit (S Ap-
pendix, Fig. S6). Retinal expression at the mRNA level of these
NRF2-dependent genes (SI Appendix, Fig. S6 A-E) was signifi-
cantly down-regulated in diabetic rats, and treatment with
MR-409 restored the expression of all the analyzed NRF2-
dependent genes (SI Appendix, Fig. S6 A-E). We also analyzed
the expression levels of another key endogenous antioxidant,
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Fig. 3. Oxidative/nitrative markers. (A-C) Dihydroethidium (DHE) staining
to evaluate superoxide production. Retinal sections from diabetic rats (B) show
higher intensity of DHE staining indicating increased superoxide levels com-
pared with control rats (A). Treatment with MR-409 (C) reduced diabetes-as-
sociated superoxide production. (D-F) Immunostaining for 3-NT and double
staining with isolectin B4 for double labeling with retinal vessels. Immunore-
activity for 3-NT is evidenced around blood vessels (green, 3-NT; red, isolectin
B4; yellow, merging; white arrows), particularly in the diabetic retina (E, Di-
abetic). Treatment with GHRH agonist (F, Diabetic+MR-409) prevents this effect.
(G-/) 4-HNE immunostaining (green fluorescence) in retinal cryosections shows
increased immunoreactivity in the diabetic retina (H, Diabetic) versus normo-
glycemic age-matched control (G, Control). Treatment of STZ-rats with MR-409
(/) decreased retinal immunoreactivity of 4-HNE (green fluorescence, white ar-
rows, at 20x magnification). (J) Dot blot analysis assessing 3-NT and 4-HNE and
showing increased immunoreactivity for both these markers in diabetic retina
(Diabetic), which is prevented by treatment of STZ-rats with MR-409 (Diabetic+
MR-409). Beta-actin was used as loading control.

thioredoxin-1 (Trx-1) (ST Appendix, Fig. S6F). Although the Trx-1
gene is not transcriptionally regulated by NRF2, its expression is
augmented in conditions of oxidative stress and can be used as a
marker of cellular/tissue redox imbalance (22). Trx-1 gene was
significantly up-regulated in the diabetic retina (SI Appendix, Fig.
S6F) compared with controls, and treatment with MR-409 down-
regulated it, thus confirming the antioxidant effects of MR-409.

GHRH Agonist MR-409 Normalizes the Expression of Markers of Gliosis
and Inflammation in the Diabetic Rat Retina. Reactive gliosis and
up-regulation of intercellular adhesion molecule-1 (ICAM-1) are
key features of hyperglycemia-induced retinal injury (4). In the
diabetic retina, we found that (SI Appendix, Fig. S7B) there was
an up-regulation in glial fibrillary acidic protein (GFAP), a marker
of gliosis, in comparison with controls (SI Appendix, Fig. S7A).
GFAP staining displayed a typical localization in Muller glial cells
(white arrows), thus suggesting reactive gliosis. Treatment of STZ-
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rats with MR-409 down-regulated GFAP immunoreactivity (S/
Appendix, Fig. S7C). Direct assessment of GFAP protein levels by
immunoblotting (SI Appendix, Fig. S7G) confirmed these data
(*P < 0.001 vs. control and #P < 0.01 vs. diabetic).

The same trend was observed by analyzing the expression
pattern of ICAM-1. As shown in SI Appendix, Fig. S7 D, E, and H,
ICAM-1 expression was increased in the STZ-rat retina compared
with controls (SI Appendix, Fig. S7 E and D, respectively).
Treatment with MR-409 significantly down-regulated ICAM-1 to
control level (ST Appendix, Fig. STF). Western blotting to assess
ICAM-1 protein levels (SI Appendix, Fig. STH) confirmed the
immunohistochemistry data (SI Appendix, Fig. STH).

We further investigated the expression pattern of in-
flammatory cytokines implicated in DR pathogenesis, such as
interleukin-1p (IL-1B), IL-6, tumor necrosis factor alpha (TNF-
a), transforming growth factor beta (TGF-p), and the anti-in-
flammatory IL-10. We used a custom cytokine ELISA plate array
and found that protein levels of IL-1p, IL-6, TNF-«, and TGF-p
were significantly up-regulated in the diabetic retina compared
with controls (Fig. 44). This effect was blocked by treatment of
the STZ-rats with MR-409 (*P < 0.05; n = 8; Fig. 44). On the
contrary, IL-10 protein levels were significantly down-regulated
in the untreated diabetic retina versus controls (*P < 0.05; n =
8), and treatment with MR-409 increased IL-10 levels even above
the control (Fig. 44). Western blotting analysis further showed
increased levels of a cleaved 17-kDa form of IL-1p in the di-
abetic retina, but MR-409 blocked this effect (Fig. 4B).

The GHRH Agonist MR-409 Normalizes Expression of Growth Factors in
the Diabetic Retina. Hyperglycemia alters the expression pattern of
growth factors such as vascular endothelial growth factor (VEGF)
and pigment epithelium-derived factor (PEDF) (4, 25), which may
result in breakdown of the blood-retinal barrier. Protein levels and
immunolocalization of VEGF and PEDF in the different experi-
mental groups were assessed by Western blotting and immuno-
histochemistry (SI Appendix, Fig. S8). As shown in SI Appendix,
Fig. S8 A-C, specific immunoreactivity for PEDF demonstrated
lower intensity in retinas of STZ-rats (SI Appendix, Fig. S8B)
compared with control rats (SI Appendix, Fig. S84) and MR-409-
treated STZ-rats showed an increase in PEDF immunoreactivity
(SI Appendix, Fig. S8C). Conversely, retinas of STZ-rats showed
higher intensity of VEGF immunoreactivity compared with control
(SI Appendix, Fig. S8 D and E), while treatment with the agonist,
MR-409, decreased the intensity (SI Appendix, Fig. S8F). Immu-
noblotting demonstrating protein levels of PEDF (SI Appendix, Fig.
S8G) and VEGF (SI Appendix, Fig. S8H) further confirmed the
immunohistochemistry data.

The GHRH Agonist MR-409 Prevents Hyperglycemia-Induced Vascular
Leakage in the Diabetic Retina. Dysfunction of retinal blood vessels
was assessed by monitoring the integrity of the blood retinal
barrier (4). Fundoscopy (Fig. 4 C-E) and fluorescein angiogra-
phy (Fig. 4 F-H) were performed in rats after different treatments
and showed that the agonist, MR-409 (Fig. 4 E and H), signifi-
cantly down-regulated the fluorescein extravasation induced by
hyperglycemia (Fig. 4 D and G), an effect that was evident despite
the high endogenous autofluorescence of the (albino) rat fundus.
Morphometric analysis measuring fluorescence intensity (Fig. 41)
demonstrated statistical significance of the detected differences
(*P < 0.01 vs. control; *P < 0.01 vs. diabetic; n = 8). Finally, al-
bumin extravasation was measured by Western blot in retinal ex-
tracts obtained from rats after perfusion. As shown in Fig. 4/,
albumin levels were up-regulated in retinas of STZ-rats versus
controls (*P < 0.05 vs. control; n = 8), and MR-409 significantly
decreased them (*P < 0.01 vs. diabetic; n = 8; Fig. 4/).

Discussion

We have investigated the effects of drugs altering GHRH signaling
in the diabetic retina during the early stages of the disease. The
presence of a GH- and GHRH-related axis on retinal neurons (5,
13) and studies demonstrating that its inhibition may halt retinal
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Fig. 4. Effects of MR-409 on retinal expression of

cytokines and blood retinal barrier integrity. (A) Ex-

pression of IL-1f, IL-6, IL-10, TNF-o, and TGF-B were
t evaluated in retinal tissue using a customized ELISA
kit. Bar histograms showing a significant up-regula-
tion of retinal levels of IL-1B, IL-6, TNF-o, and TGF-f
and decreased levels of IL-10 in diabetic rats (light
gray bars) compared with control (black bars).
Treatment with MR-409 normalized the levels of mea-
sured cytokines (dark gray bars). (B) Western blot
analysis of IL-1B in the different treatment conditions
showing the mature (active) 17-kDa form of IL-1p and
the pro-IL-1p isoform (31 kDa). Representative images
of fundus photographs (C—£) and fluorescein angiog-
raphy (F-H) of rat eyes of control, diabetic, and diabetic
treated with MR-409. Pictures were taken at constant
interval for every rat studied in each experimental
group. The fluorescence intensity per rat retina was
calculated by Image J software and expressed as arbi-
trary units of fluorescence intensity (/). This analysis
shows increased fluorescence intensity (extravasation)
in diabetic rat retinas (D and G) compared with control
normoglycemic rats (C and F) (Diabetic, *P < 0.01 vs.

>
‘§ s 2 3 . Control; n = 8). Treatment of STZ-rats with the GHRH
Y 1 . 4 - . 230 £ - T agonist, MR-409, significantly decreases fluorescein ex-
-g, J ' %60‘ # $ travasation (Diabetic+MR-409; *P < 0.01 vs. Diabetic;
& F G H c 20 n = 8) (E and H). (J) Western blot analysis assessing al-
'5 §4o< £ bumin protein levels in retinal extracts of perfused rats
2 o §0_5 from the different experimental groups. This analysis
5 S209 g shows increased albumin immunoreactivity in the reti-
2 Ll 0.0 nal lysates of STZ-rats after perfusion (Diabetic, *P <
: - ‘\\‘&‘oe,\‘;e(\“@ Albumin 0.05 vs. Control; n = 8). Albumin-specific immunoreac-
Control Diabetic Diabetic +MR-409 O IR o ) tivity is significantly reduced in retinal extracts of (per-
» p-actin © x© fused) STZ-rats treated with MR-409 (Diabetic+MR-409,
00(\“ .\,50° . \,soe‘)g‘b #P < 0.01 vs. Diabetic; n = 8). The data are expressed as
o Ox & arbitrary units of optical density and normalized for the

inflammation and neovascularization (11, 12, 18, 26) prompted the
present study assessing the effect of GHRH in the diabetic retina
during the early stages of DR, where loss of capillaries and retinal
neurons have an important pathogenic role (4).

Our findings confirmed the presence of GHRH-R and of a
GHRH-dependent axis on retinal neurons and demonstrated
that these are significantly down-regulated in experimental DR
and human postmortem retinas of diabetic donors. Despite the
documented effects of GH in promoting retinal neovascularization
and contributing to proliferative diabetic retinopathy (11, 18, 26),
our findings show that loss of GHRH and its receptors during the
early stages of experimental DR may play a potential pathogenic
role, as treatment of STZ-rats with the agonist, MR-409, signifi-
cantly preserves retinal ganglion cell survival and normalizes vas-
cular barrier function. On the contrary, the GHRH antagonist,
MIA-602, had no effects on survival of retinal neurons and wors-
ened tissue morphology by altering the integrity of ONL (outer
nuclear layer), a highly undesirable effect.

Full-length (pituitary) and spliced isoforms (SV1) of GHRH
receptors have been identified and shown to have tissue-specific
functions (27, 28). Both forms of these receptors are expressed in
retina (12). The agonistic analog, MR-409, boosted GHRH-R
expression particularly in the retinal neurofibrillar layer (Fig.
1C). Interestingly, the antagonist, MIA-602, also partially stim-
ulated GHRH-R expression to levels higher than the diabetic but
not different from control (Fig. 1E). This effect could result from
a compensatory mechanism triggered by complete loss of
GHRH-dependent retinal signaling (as a result of the combined
action of diabetes and the antagonistic analog, MIA-602), thus
further underscoring the importance of the maintenance of
GHRH function on retinal homeostasis.

Neuroprotective effects of GHRH in the diabetic retina were
remarkably accompanied by preservation of the blood-retinal
barrier, of which dysfunction is another important pathological

13252 | www.phas.org/cgi/doi/10.1073/pnas. 1718592114

loading control p-actin.

feature of DR (4). Interestingly, previous studies have shown
that a related GHRH agonist, JI-34, displayed antipermeability
effects (29). Macular edema and increased retinal vascular per-
meability have been associated with up-regulation of VEGF,
ICAM-1, and inflammatory cytokines (4). Our findings show that
MR-409 prevented retinal expression of VEGF and ICAM-1 and
suppressed the effects of diabetes in promoting retinal levels of
IL-1B, IL-6, TNF-a, and TGF-f while up-regulating protein
levels of the anti-inflammatory cytokine, IL-10.

Finally, MR-409 prevented the up-regulation of stress factors
(i.e., GFAP) and of oxidative/nitrative stress markers induced by
hyperglycemia, which are also important pathological features of
DR (4). This suggests that the protective effects of MR-409 are
associated with decreased reactive gliosis and possibly linked to
its antioxidant properties. This was confirmed by our results
showing that MR-409 restored NRF-2-dependent gene expres-
sion and normalized stress-induced Trx-1 overexpression. The
protective effects of the GHRH agonist, MR-409, could be direct
and/or indirect. GHRH-mediated rescue of IGF1, IGFBP-3,
GLP-1, and GH could indirectly contribute to the observed
neuroprotective effects during the early stages of DR (30-37). Of
particular interest are our results on the expression pattern of
SST, which was boosted above control levels by the GHRH ag-
onist, MR-409, and was further down-regulated below control
levels in response to the antagonist, MIA-602 (SI Appendix, Fig.
S3D). Along with previous evidence demonstrating that SST can
promote GHRH expression at the hypothalamic level (38), these
data support the existence of positive feedback between the
GHRH and SST pathways, further emphasizing the stringency of
the system and its homeostatic importance at retinal level. On
the basis of the documented beneficial effects of SST analogs in
DR (39, 40), it is possible that this boost in SST expression could
be contributing to the protective effects of MR-409 in the diabetic
retina. GHRH protective effects in DR may also directly involve
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antioxidant activities. This hypothesis is supported by our data
indicating that the agonistic analog, MR-409, stimulates NRF2-
dependent gene expression. Previous studies have demonstrated
that impairment of the NFR2 pathway plays a key contributing
role in the pathogenesis of diabetic retinopathy (as reviewed in
refs. 41 and 42). Further studies should be conducted to analyze
GHRH-R-mediated activation of the NRF2 pathway.

Our results are in agreement with previous evidence suggest-
ing the existence of a supportive GH-related axis in retinal neurons
(20), but partially differ from other studies showing that the GHRH
antagonist (MIA-602) prevents lipopolysaccharide-induced experi-
mental uveitis (12). Acute versus chronic retinal inflammatory re-
sponses may involve alternate pathways and explain the different
effect of GHRH modulation on diverse retinal diseases. Moreover,
some of us have previously shown that in STZ-rats, higher doses
(25 mg/kg/d) of GHRH antagonist, MIA-602, prevent hyper-
triglyceridemia and exert general vasculoprotective effects (43). We
did not observe the same results, and although different dosage and
treatment conditions can partially explain the observed differences,
there is little doubt that differential expression of GHRH receptor
isoforms could influence tissue-specific responses, further in-
creasing complexity of the biology of this hormone.

In conclusion, our results suggest the merit of further studies to
investigate the mechanisms involved in GHRH protective effects in
the diabetic retina. These investigations may lead to therapeutic
tools to halt retinal neurovascular injury in the early stages of DR,
thus potentially preventing visual loss in diabetes.
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Materials and Methods

Human Samples. Deidentified, postmortem human retina samples were
obtained from the Georgia Eye Bank through their approved research pro-
gram and used in the present study per protocol approved by the institutional
biosafety committee at Augusta University. All tissue samples were dei-
dentified prior to receipt; therefore, IRB approval was not required.

Animals and Treatments. All the animal procedures were performed in
compliance with the Association for Research in Vision and Ophthalmology
Statement for the humane use of laboratory animals. All experiments involving
animals adhered to the Public Health Service Policy on Humane Care and Use of
Laboratory Animals (revised July 2017) and were approved by the Augusta
University institutional animal care and use committee. Adult male Sprague-
Dawley rats (250-300 g) obtained from Evigo Laboratories were made diabetic
by a single intravenous injection of STZ (Sigma-Aldrich). In some experiments,
STZ-rats received, on alternate days, s.c. injections of 15 pg/kg of GHRH agonist,
MR-409, or the antagonist, MIA-602. Control rats received vehicle injection.

For a detailed description of materials and methods used, please see
SI Appendix.
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