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Oxidative stress and inflammation are important pathogenic factors contributing to the etiology of diabetic retinopathy (DR).
Melatonin is an endogenous hormone that exhibits a variety of biological effects including antioxidant and anti-inflammatory
functions.The goals of this study were to determine whether melatonin could ameliorate retinal injury and to explore the potential
mechanisms. Diabetes was induced by a single intraperitoneal (i.p.) injection of STZ (60mg/kg) in Sprague-Dawley rats. Melatonin
(10mg kg−1 daily, i.p.) was administered from the induction of diabetes and continued for up to 12 weeks, after which the animals
were sacrificed and retinal samples were collected. The retina of diabetic rats showed depletion of glutathione and downregulation
of glutamate cysteine ligase (GCL). Melatonin significantly upregulated GCL by retaining Nrf2 in the nucleus and stimulating Akt
phosphorylation.The production of proinflammatory cytokines and proteins, including interleukin 1𝛽, TNF-𝛼, and inducible nitric
oxide synthase (iNOS), was inhibited by melatonin through the NF-𝜅B pathway. At 12 weeks, melatonin prevented the significant
decrease in the ERG a- and b-wave amplitudes under the diabetic condition. Our results suggest potent protective functions of
melatonin in diabetic retinopathy. In addition to being a direct antioxidant, melatonin can exert receptor-mediated signaling effects
to attenuate inflammation and oxidative stress of the retina.

1. Introduction

Diabetic retinopathy (DR) is a common, potentially devas-
tating microvascular complication of diabetes. It is a leading
cause of acquired blindness among working-age people [1, 2].
Current therapeutic options, such as laser photocoagulation,
corticosteroids, antivascular endothelial growth factor agents
and vitrectomy, are limited by their considerable side effects.
Therefore, developing novel, mechanism-based therapeutic
strategies is highly desirable for clinical management of DR
patients.

It is now well accepted that oxidative stress and inflam-
mation play important roles in the pathogenesis of DR [3, 4].
Shifting the delicate balance between the production and
elimination of oxygen radicals or inflammatory cytokines
can result in cellular damage. Oxidative stress also causes
increased VEGF production in the retina in early diabetes,

which is associated with increased vascular permeability and
disruption of the blood-retinal barrier. A strong positive cor-
relation has been found between lipid peroxidation products
and VEGF concentration in the vitreous of patients with
proliferative diabetic retinopathy [5]. Thus, treatments that
limit oxidative and inflammatory effects of diabetes could be
highly beneficial toDR patients by reducing or preventing the
retinal complications.

Melatonin is synthesized primarily by the pineal gland. It
is a highly potent endogenous antioxidant [6–10] and anti-
inflammatory [11–13] protein. Previous studies have demon-
strated that melatonin could protect against several compli-
cations of diabetes such as the pancreatic, renal, liver, neural,
and corneal injury [11, 14–17]. The retina is an additional site
ofmelatonin synthesis [18], and its rate of synthesis decreased
in the rat model of streptozotocin- (STZ-) induced DR [19].
Moreover, it was recently revealed that melatonin reduced

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 3528274, 13 pages
http://dx.doi.org/10.1155/2016/3528274

http://dx.doi.org/10.1155/2016/3528274


2 Oxidative Medicine and Cellular Longevity

some retinal histopathological changes [20] including apop-
tosis in diabetic rats. Although a range of protective effects of
melatonin have been reported in DR, the underlyingmolecu-
larmechanisms of its action have not been fully evaluated.We
previously reported that melatonin augments cellular antiox-
idant defenses via the phosphoinositide-3 kinase (PI3K)/Akt-
Nrf2 signaling pathway in Müller cells [21]. In our current
study, we further explored the in vivo effects of melatonin on
retina of diabetic rats. Our results showed that the melatonin
receptors MT1 and MT2 were upregulated in STZ-induced
DR. Melatonin stimulated Akt-Nrf2-mediated antioxidant
system while it inhibited NF-𝜅B and its downstream proin-
flammatory cytokine production. The findings suggest that
modulating retinal melatonin and its receptor can be a
potential interventional strategy for DR.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley (SD) rats at 200 to 250 g
of body weight were obtained from the Animal Center of the
ChineseAcademy of Sciences, Shanghai, China.The rats were
housed in temperature- and humidity-controlled animal
quarters with a 12 h light/dark cycle and were fed with
standard rat chow and had free access to water. All the experi-
ments were conducted in accordance with the Association for
Research inVision andOphthalmology Statement for theUse
of Animals in Ophthalmic and Vision Research.

2.2. Experimental Design and Induction of Diabetes. Animals
were divided into three groups: control nondiabetic, diabetic,
and melatonin- (MT-) treated diabetic rats. Diabetes was
induced by a single intraperitoneal (i.p.) injection of STZ
(60mg kg−1 body weight; Sigma-Aldrich, St. Louis, MO)
freshly prepared in citrate buffer (10mM, Na citrate; pH 4.5).
Rats in the nondiabetic group were injected with the same
volume of citrate buffer. Three days later, the development of
diabetes was confirmed by measuring glucose levels in blood
samples taken from the tail vein. Animals with a glycemia
level of 16.7mmol/L (300mg/dL) or above were considered
diabetic and were included in the experimental group. Over
80% of the diabetic rats survived after 12 weeks. After diabetes
induction, melatonin (10mg kg−1 daily) (Sigma-Aldrich, St.
Louis, MO) was administered by intraperitoneal injection to
the animals in the MT-treated group, for 4, 8, or 12 weeks.
Dosage ofmelatonin for each animal was adjusted for its body
weight over the entire period of the study. Animals in the
nondiabetic and the diabetic (without MT treatment) groups
were injected with the solvent (saline with 5% ethanol) as
given to the MT-treated group. Body weight and glycemia
were measured twice a week throughout the entire course
of the experiments. At corresponding time points, rats in
each groupwere sacrificed and their retinas were removed for
histological and biochemical examinations.

2.3. Preparation of Nuclear and Cytoplasmic Extracts. Pooled
retinas were homogenized with a Dounce mechanical
homogenizer in five volumes of Buffer A (10mMKCl, 1.5mM
MgCl

2

, 4mM 𝛽-mercaptoethanol (BME), 0.5mM phenyl-
methylsulfonyl-fluoride (PMSF), 10 𝜇g/mL leupeptin, and

10mM Hepes, pH 7.5) and protease inhibitors. After 10min
incubation at 4∘C, samples were centrifuged at 10,000 g, 4∘C
for 10min and the supernatant fractions were collected as the
cytosolic cell extracts. The pellets were further resuspended
in 5 volumes of Buffer B (0.2mMEDTA; 4mMBME; 0.5mM
PMSF; 10 𝜇g/mL leupeptin; 20% glycerol; 20mM Hepes, pH
7.5; 0.3M ammonium sulfate, pH 7.9) and shook rigorously
for 30min at 4∘C. Nuclear extracts were collected after cen-
trifugation at 10,000 g for 10min. Protein concentrations of
both cytosolic and nuclear fractions were measured with the
BCA assay.

2.4. Fluorescence Immunohistochemistry. Rats were anes-
thetized with ketamine and xylazine and tissues were fixed
by intracardial perfusion with 4% paraformaldehyde in
0.1M phosphate buffer (pH 7.4). After perfusion, eyes were
removed from the animals, placed in fixative for 4 h at
4∘C, and then sequentially transferred to 20% and 30%
sucrose in phosphate buffer for 16–20 h at 4∘C. Eyes were
then embedded and frozen in optimal cutting temperature
(OCT) embedding compound (Tissue-Tek, Sakura FineTek,
Torrance, CA). Sagittal 10 𝜇m sections were cut on a cryostat
microtome and collected on glass slides. Tissue sections
were rinsed in phosphate buffered saline PBS (pH 7.4). After
methanol permeabilization, samples were blocked with 1%
bovine serum albumin for 1 hr and then incubated overnight
at 4∘C in a humidified chamber with antibodies against mela-
tonin receptorsMT1 orMT2, glutamine synthase (Santa Cruz
Biotechnology, Santa Cruz, CA), Brn-3 (Abcam, Cambridge,
MA), or NF-𝜅B p65 (Thermo Fisher Scientific, Waltham,
MA). Afterwards, the tissues were washed three times with
PBS/0.1%Tween 20 and then incubatedwithAlexa Fluor 488-
or 555-conjugated secondary antibodies (1 : 1000 dilution,
Invitrogen, Grand Island, NY) for 1 h at room tempera-
ture. After two further washes in PBS/0.1% Tween 20, the
nuclei were further stained with 1 𝜇g/mL of 4,6-dianidino-
2-phenylindole (DAPI) in PBS for 5min. The slides were
mounted with glycerin and images were acquired with a Carl
Zeiss LSM 510 confocal microscope.

2.5. Real-Time Quantitative RT-PCR. Expression levels of
the mRNA transcripts of VEGF, iNOS, IL-1𝛽, TNF-𝛼 were
measured by real-time RT-PCR. Retinal total RNA was iso-
lated (Trizol Reagent; Invitrogen), and cDNAwas synthesized
usingM-MLV reverse transcriptase (Promega,Madison,WI)
and random hexamer (Applied Biosystems, Foster City, CA).
All quantitative PCR reactions were performed on an ABI
7300 system, using the SYBR Green-based detection method
(Applied Biosystems). Primer sequences are listed in Table 1.
Average threshold cycle (Ct) values were used to determine
the relative differences between control and treated groups
and were normalized to 𝛽-actin mRNA in each sample.

2.6. Western Blot Analyses. Western blot analyses were per-
formed using specific antibodies. Anti-Nrf2 (H-300) and
Anti-IL-1𝛽 antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-iNOS, anti-
VEGF, anti-glutamate cysteine ligase (GCL), and anti-𝛽-actin
antibodies were purchased from Abcam (Cambridge, MA).
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Table 1: Primer sequences for RT-PCR analyses.

Genes Primer Sequence Product

TNF-𝛼 For 5-GCCACCACGCTCTTCTGTCTACT-3 174
Rev 5-CGCTTGGTGGTTTGCTACGAC-3

IL-1𝛽 For 5-TGGCAACTGTCCCTGAACTCAACTG-3 251
Rev 5-GAAGCTCCACGGGCAAGACATAGGT-3

iNOS For 5-GCAACATCAGGTCGGCCATTACT-3 171
Rev 5-AGCCCAGGTCGATGCACAAC-3

VEGF For 5-GTCCAAGATCCGCAGACGTGT-3 286
Rev 5-ACCCAAAGTGCTCCTCGAAGAGT-3

𝛽-actin For 5-CTGAACCCTAAGGCCAACCGTGAAA-3 274
Rev 5-TGAAGCTGTAGCCACGCTCGGTC-3

Other primary antibodies were purchased from Cell Signal-
ing Technology (Beverly, MA, USA). Retinal samples were
mechanically lysed in RIPA buffer (50mM Tris-Cl, pH 7.5,
150mMNaCl, 1% NP-40, 0.5% DOC, 0.1% SDS) with a cock-
tail of protease and phosphatase inhibitors (Sigma). Equal
amounts of proteins were separated on 10% SDS polyacry-
lamide gels and transblotted onto polyvinylidene fluoride
(PVDF) sheets (Immobilon TM-P, Millipore Corp., Bedford,
MA, USA). Western signals were developed using HRP-
conjugated secondary antibodies. Images were scanned from
X-ray films and the band intensities were quantifiedwithNIH
Image J software.

2.7. Measurement of Total Glutathione. Total glutathione
levels were measured using an assay kit (Beyotime Institute
of Biotechnology, Haimen, China) which is based on DTNB
(5,59-dithiobis(2-nitrobenzoic acid)), the Ellman reagent,
as the assay substrate. Retinas were homogenized, depro-
teinated, and centrifuged at 10,000 g for 10min. Supernatants
were added to a 96-well plate and assay was then per-
formed according to the manufacturer’s instructions. DTNB
reacts with reduced glutathione (GSH) to generate 2-nitro-
5-thiobenzoic acid (TNB), with peak absorbance at 412 nm.
The other reaction product, the GSTNB mixed disulfide, is
reduced back to GSH and TNB by glutathione reductase.The
amount of total glutathione was calculated based on an exter-
nal standard curve and normalized to the protein content in
each sample.

2.8. Electroretinography (ERG). ERG activity was assessed
after 12 weeks of treatment. Briefly, rats after overnight dark
adaptation were anesthetized by ketamine and xylazine and
their pupils were dilated with 1% tropicamide (Santen Phar-
maceutical, Japan). The cornea was topically anesthetized by
the 0.4% oxybuprocaine hydrochloride (Santen Pharmaceu-
tical). A gold electrode was placed in contact with the central
cornea. Vidisic gel (Bausch & Lomb, USA) was used as a
conducting medium for the corneal electrode. A reference
electrode was placed hypodermically on central forehead and
a grounding electrode was attached to the tail. ERG responses
were recorded from both eyes simultaneously with an
ESPION Console (Diagnosys LLC, Littleton, MA, USA).
The light pulses were delivered with a commercial Ganzfeld

stimulator (ESPION ColorDome Handheld Ganzfeld stim-
ulator, Diagnosys LLC). Body temperature of the testing
animal was maintained at 37∘C with a heating pad. Ten
responses to flashes of white light (4ms, 0.2Hz) elicited at
60-second intervals from a photic stimulator set at maximum
brightness (20 cd⋅s/m2) were amplified and averaged. The
stimulus intensities were 0.01 and 20 cd⋅s/m2. Before photopic
conditions, there was ten-minute adaption. Responses were
stored for analysis after an average of 10–15 individual
measurements.The amplitudes of the a-waves weremeasured
from baseline to the troughs of the a-waves, and the ampli-
tudes of the b-wave were determined from the troughs of the
a-waves to the peaks of the b-waves.The resultantmean value
was used to compute the means of a- and b-wave amplitude
for each experimental group.

2.9. Statistical Analysis. All experiments were repeated at
least three times. Data were analyzed with the SPSS 17.0
software (IBM). Means ± SD were calculated for each group.
The significance of differences between two groups was eval-
uated using Student’s 𝑡-test. For multiple comparisons, one-
way ANOVA followed by Tukey’s multiple comparison tests
was used. Differences were considered statistically significant
when the 𝑃 value was less than 0.05.

3. Results

3.1. Melatonin-Mediated Antioxidative and Anti-Inflamma-
tory Effects in Diabetic Retina. We monitored the changes in
body weight and blood glucose in response to STZ andmela-
tonin.Theblood glucose levels in diabetic ratswith orwithout
melatonin treatment did not differ at the end of the 12-week
experiment, and both were significantly elevated than the
control nondiabetic group (Figure 1(a)). Animals in all three
groups had the same initial body weights (Figure 1(b)). After
12 weeks, control nondiabetic rats had 50% increase in their
body weight. In contrast, there was time-dependent decrease
in body weight after STZ treatment and melatonin did
not affect the loss in body weight in the diabetic animals
(Figure 1(b)).

Retinal total glutathione content was measured as an
indicator of oxidative stress in the retina. After 8 and 12 weeks
of hyperglycemia, STZ-treated rats lost nearly 50% of total
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Figure 1: Blood glucose (a) and body weight (b) of rats before (baseline) and after 4, 8, and 12 weeks of treatment. ∗∗𝑃 < 0.01 versus
nondiabetic group as determined by one-way ANOVA. Control, nondiabetic group; diabetes, diabetic group; and diabetes+Mel, melatonin-
treated diabetic group.

glutathione in the retina (Figure 2(a)). Consistently, protein
levels of both the modulatory and the catalytic subunits of
GCL, the rate-limiting enzyme for GSH synthesis, decreased
after 8 weeks (Figure 2). Melatonin treatment prevented the
glutathione depletion and GCL downregulation, indicating
its antioxidant functions in the diabetic retina.

Inflammatory cytokines are important mediators of dia-
betic retinopathy. As shown in Figure 3, both the mRNA and
the protein levels of TNF-𝛼, IL-1𝛽, and iNOS were elevated
after 4 weeks of diabetes. Melatonin treatment markedly
inhibited the expression of those proinflammatorymolecules
in the retina. Compared to the STZ-alone group, at 8 weeks,
melatonin inhibited TNF-𝛼, IL-1𝛽, and iNOS by 2.65 ± 0.63-,
2.89 ± 0.95-, and 2.94 ± 0.65-fold, respectively (Figures 3(a)–
3(c)). The changes at protein levels were also confirmed by
immunoblot analysis (Figures 3(d)–3(g)).

3.2. Signaling Pathways Regulated by Melatonin in Diabetic
Retina. Melatonin has two cell surface receptors, MT1 and
MT2. As shown in Figure 4(a), immunocytochemistry using
the anti-MT1 or anti-MT2 antibody identified strong and
specific immunoreactivity in the ganglion cell layer and
inner plexiform layer of the retina. By 8 weeks after diabetes
induction, increased expressions of both MT1 and MT2 were
observed in the retina of diabetic rats compared with those
in the nondiabetic group. MT1 expression was identified in
cells with positive staining of either Brn-3 (Figure 4(b)) or
glutamine synthetase (Figure 4(c)), which are markers of
ganglion cells and Muller glial cells, respectively.

We further explored the in vivo effects of melatonin on
retinal signaling pathways. Antioxidant responses, including
GSH synthesis, are largely controlled by the transcription
factor Nrf2. Previous studies reported that the transcriptional
activity of Nrf2 decreased in models of diabetic retinopathy.

We measured the amount of Nrf2 protein in the nuclear
extract of retina. Results (Figure 5) showed that the amount
of Nrf2 in the nucleus was markedly decreased in diabetic
retinas at 8 and 12 weeks as compared to the control counter-
parts, and melatonin treatment restored it to control level. In
addition to its subcellular location, the transcription activity
of Nrf2 is also controlled by the PI3K-Akt pathway. Akt phos-
phorylation was significantly reduced in retinas of diabetic
rats at 8 and 12 weeks but was retained in melatonin-treated
animals (Figure 6).

Next we explored whether the anti-inflammatory effects
of by melatonin can be attributed to the NF-𝜅B pathway.
Compared with the values obtained from the nondiabetic
group, phosphorylated I𝜅B and the nuclear and cytosolic NF-
𝜅B protein were increased in retina of diabetic rats (Figures
7(a)–7(d)). However, melatonin exerted inhibitory effects
on the activation of NF-𝜅B and the degradation of I𝜅B
(Figure 7(e)). Immunostaining of the p65 subunit of NF-𝜅B
showed diffused distribution throughout the inner and outer
retina and colocalizationwithMT1 expression in the ganglion
cell layer (Figure 4(d)).

3.3. Protective Effects of Melatonin on the Retinal Function in
Diabetic Rats. Scotopic and photopic ERG responses were
measured as indicators of retinal functional changes caused
by diabetes. At 12 weeks, the average amplitudes of a- and b-
wave were significantly reduced in diabetic animals (Figure 8,
Table 2).The decreased ERG responsewas alleviated bymela-
tonin treatment. No statistical differences in the ERG a-wave
and b-wave latencies were observed among groups (data not
shown).

Dysregulated retinal VEGF production during DR is one
of the most devastating responses to oxidative stress [22,
23]. Compared with the nondiabetic group, VEGF mRNA
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Figure 2: Effect of melatonin on antioxidant GSH and the enzyme GCL expressions in retinas from diabetic rats. (a) Measurement of
glutathione contents by the DTNB method. The value from the retinas of the nondiabetic group was considered as 100% (control). (b–
d) Western blot of GCL proteins in retinas from the study groups. Quantification data from the Western blot after normalizing to 𝛽-actin.
∗

𝑃 < 0.05 and ##
𝑃 < 0.05when comparedwith theND group. ND, nondiabetic group. D8/D12, diabetic group at 8 and 12 weeks; DM8/DM12,

melatonin-treated diabetic group at 8 and 12 weeks.

and protein levels were significantly increased in retinas
of diabetic rats. However, this upregulation was attenuated
with melatonin treatment, significantly at 4 and 8 weeks of
treatment (Figure 9).

4. Discussion

Melatonin has been found to be a highly effective endogenous
antioxidant in various experimental situations [24–26] and it
also exerts strong anti-inflammatory effects [27]. Compared
to other antioxidant drugs, melatonin has many advantages.
It can directly detoxify the highly damaging hydroxyl rad-
ical [28]. Furthermore, several of the metabolites that are
generated when melatonin inactivates toxic reactants are
themselves direct free radical scavengers. Beyond its actions
as a direct free radical scavenger, melatonin also stimulates
a number of antioxidative enzymes [24]. Melatonin also has
been shown to reduce electron leakage at the mitochondrial

level, thereby avoiding radical generation [29]. These com-
bined actions of melatonin, along with its low toxicity and its
ability to penetratemorphophysiologicalmembranes,make it
a ubiquitously acting and highly beneficial antioxidant. Our
current study investigated the protective effect of melatonin
on diabetic retinopathy in STZ-induced diabetic rats. The
STZ model is the most widely accepted animal model for
the evaluation of retinal complications in diabetes. Various
biochemical and histological alterations closely resemble the
initial process of diabetic retinopathy that occurs in humans
[30], such as thickening of the basement membrane, microa-
neurysms, decreased pericyte number, increased vascular
permeability, and breakdown of the blood-retinal barrier
[31–33]. In addition, reduced electroretinographic (ERG)
responses can be detected as early as 2 weeks after the onset of
diabetes in rats [34]. We found that melatonin can attenuate
diabetic retinal injury by protecting against oxidative and
inflammatory stress and preserve the retinal ERG responses
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Figure 3: Retinal levels of TNF-𝛼, IL-1𝛽, and iNOS after melatonin treatment in rats with diabetes. The mRNA levels of IL-1𝛽 (a), iNOS (b),
and TNF-𝛼 (c) were measured by real-time RT-PCR. (d) Western blot of TNF-𝛼, IL-1𝛽, and iNOS proteins in retinas from different groups.
(e–g) Quantification data from the western blot after normalizing to 𝛽-actin. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ##

𝑃 < 0.05 when compared with the
ND group. ND, nondiabetic group; D4/D8/D12, diabetic group at 4, 8, and 12 weeks; DM4/DM8/DM12, melatonin-treated diabetic group at
4, 8, and 12 weeks.

(Table 2). The findings are consistent with previously pub-
lished observations from Salido et al. [26]. In addition, the
preventive effect of melatonin on the decrease in the oscilla-
tory potential amplitude and similar functional protection by
the delayed treatment with melatonin (started 3wk after STZ

injection) have been reported in their study. Collectively, this
further supports the potential application ofmelatonin inDR.

In the current study, we found that melatonin was unable
to ameliorate metabolic abnormalities such as body weight
loss and hyperglycemia in diabetic rats (Figure 1). The effects
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Figure 7: Effect of melatonin onNF-𝜅B expression in retinas from diabetic rats. (a)Western blot of cytosolic NF-𝜅B, nuclear NF-𝜅B, I𝜅B, and
phosphorylated I𝜅B proteins in retinas from different groups. (b–e) Quantification data from the western blots after normalizing to 𝛽-actin.
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12 weeks; DM4/DM8/DM12, melatonin-treated diabetic group at 4, 8, and 12 weeks.
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Table 2: Effect of melatonin on retinal function. The average amplitudes of scotopic and photopic ERG a-wave and b-wave at 12 wk of
treatment were shown. These parameters were significantly reduced in diabetic animals as compared with the control groups, whereas the
amplitudes decrease could be inhibited by melatonin treatment. ND, age-matched nondiabetic group; D12, diabetic group at 12 weeks; DM12,
melatonin-treated diabetic group at 12 weeks. ∗𝑃 < 0.05 when compared with the ND group; #𝑃 < 0.05 when compared with the diabetic
group.

Groups a-wave (uV) (mean ± SD) b-wave (uV) (mean ± SD)
Scotopic ERG Photopic ERG Scotopic ERG Photopic ERG

ND −122.02 ± 41.29 −37.43 ± 5.54 294.14 ± 28.61 395.83 ± 13.12
D12 −64.52 ± 23.76∗ −24.21 ± 3.43∗ 193.27 ± 14.95∗ 158.47 ± 19.18∗

DM12 −121.13 ± 33.08 # −28.03 ± 3.69 273.48 ± 19.81# 277.36 ± 24.39
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Figure 8: Effect of melatonin on retinal function. Representative ERG traces from all experimental groups. ND, nondiabetic group; D12,
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Figure 9: Effects of melatonin on VEGF expression in retinas of diabetic rats. (a) Western blots of VEGF protein in retinas obtained from
rats in the three study groups. (b) Quantification data from the western blots after normalizing to 𝛽-actin. (c) VEGF expression measured
by real-time RT-PCR and normalized to 𝛽-actin mRNA. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ##

𝑃 < 0.05 when compared with the ND group. ND,
nondiabetic group; D4/D8/D12, diabetic group at 4, 8, and 12 weeks; DM4/DM8/DM12, melatonin-treated diabetic group at 4, 8, and 12
weeks. As there was no significant difference at all the time points of nondiabetic group, results just showed a random age-matched control
group as normal control group.
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ofmelatonin on glucosemetabolism in a diabetic background
are controversial. While we and others only found limited
systemic effects [25, 26], some previous studies reported that
melatonin could reduce fasting hyperglycemia and improve
insulin desensitization [35, 36]. The differences are likely due
to the experimental species and models used for the studies,
as well as the route of melatonin delivery. Nonetheless, the
retina is a site of extrapineal melatonin production and the
tissue-specific functions are at least partly mediated through
its receptors.

Ocular melatonin receptors have been characterized in
the retina of a number of different species, and their distribu-
tions have been identified inmultiple layers of the retina such
as photoreceptors, the inner nuclear layer (INL), and ganglion
cell layer (GCL) [37, 38]. In the present study, MT1/MT2
immunohistochemistry showed a high level of labeling,
which was primarily restricted to the ganglion cell layer
and inner plexiform layer of the nondiabetic retina and was
upregulated under diabetic conditions (Figure 4(a)). Mecha-
nisms underlying such change remain to be determined. In
our previous study, we demonstrated the expressions of both
MT1/MT2 receptors in the Müller cells which are upregu-
lated in hyperglycemic conditions [21]. Immunostaining data
(Figure 4(c)) showed the expression of MT1 in Müller cell
processes around the ganglion cells. The preventive effect
of melatonin on the reactive expression of GFAP in Müller
cells, which is widely used as a molecular indicator for
retinal stress, has been reported [26]. Thus, we conclude that
the increase in MT1 and MT2 levels in diabetic retinas is
likely due to Müller gliosis after ganglion cell damage in
DR. Another explanation is that it may be a compensatory
response as there is a melatonin synthesis reduction in dia-
betic retinas [19]. MT1 and MT2 participate in many impor-
tant functions of the retina [39] and the effects of melatonin
can be either receptor dependent or receptor independent
[40, 41]. In our previous study in vitro, we demonstrated
that the antioxidative and antiangiogenic effects of melatonin
in Müller cells are largely receptor dependent [21]. The role
of the two receptors in the protective effect of melatonin in
diabetic retinas should be investigated further and additional
future studies can be performed to examine the potential neu-
roprotective roles of those receptor proteins. Given the diver-
sity of cell types that exist in these layers, the cell type-specific
distribution of MT1/MT2 receptors in either control or
diabetic animals remains unclear and needs to be further
investigated.

Previous work from our group demonstrated the cyto-
protective effect of melatonin in Müller cells under hyper-
glycemic conditions [21]. In the present study, we further
showed that melatonin can prevent the glutathione depletion
in the diabetic retina (Figure 2). GCL is the rate-limiting
enzyme of glutathione synthesis [42, 43], and Nrf2 is consid-
ered a key transcription factor for the regulation of GCL [44].
When measured for the amount of Nrf2 in nuclear extract
of the retina, a significant decrease was observed at 8 and 12
weeks in the diabetic animals (Figure 5), with concomitantly
decreased GCL protein level (Figure 2). The results are
consistent with a previous study reported by Zhong et al.,
who showed that although the overall expression of Nrf2 was

increased in DR, its nuclear level was decreased [45]. Mela-
tonin treatment prevented the loss of nuclear Nrf2 (Figure 5).
The DNA binding activities of Nrf2 at promoter regions of
specific downstream genes were not examined in this study
and can be further explored in future studies.

Nrf2 is subjected to regulation by a number of upstream
signaling pathways, including the PI3K/Akt pathway [46,
47]. In diabetic retina, Akt phosphorylation was markedly
reduced (Figure 6) [48, 49]. In our previous in vitro study, we
showed that melatonin can elevate Nrf2 activity by increasing
Akt phosphorylation [21]. Similar effects were observed in
the diabetic retina (Figure 6) where melatonin enhanced
Akt phosphorylation in vivo. Collectively, such findings have
shown that melatonin can reduce retinal injury from oxida-
tive stress through the PI3K/Akt-Nrf2 signaling pathway.

Retinal VEGF expression is correlated with diabetic
blood-retinal barrier breakdown, increased vascular perme-
ability, and ischemia-related neovascularization [50, 51] and
is implicated in the pathogenesis of both background and
proliferative diabetic retinopathy [52].Therefore, therapeutic
maneuvers that suppress VEGF overproduction should be
able to prevent or attenuate the development or progression of
DR. In the present study, treatment with melatonin reduced
the elevatedVEGF expression considerably in diabetic retinas
(Figure 9), which is consistent with previous reports [25,
26]. Such a finding suggests a novel therapeutic effect of
melatonin inDR,whichmay be partly attributed to its antiox-
idant effects. The protection of melatonin on the functional
integrity of the BRBhas been reported in the retina of hypoxic
rats [53]. In our future study, we will further detect the exact
effect of melatonin on the integrity of the BRB by intravenous
injection.

Chronic, low-grade subclinical inflammation is respon-
sible for many of the signature vascular lesions of diabetic
retinopathy [54].The levels of proinflammatory cytokines are
increased in the retina and vitreous in diabetes [55, 56]. Our
study confirmed that TNF-𝛼, IL-1𝛽, and iNOS expressionwas
markedly upregulated in diabetic retinas. The induction was
significantly inhibited bymelatonin (Figure 3). Similar results
have been reported in the therapeutic effect of melatonin
on uveitis [57] and diabetic retinas [26]. NF-𝜅B is a prime
molecular target for anti-inflammatory therapy. Its function
is based on regulating transcription ofmultiple inflammatory
genes such as TNF-𝛼, IL-1𝛽, and iNOS. Physiologically, NF-
𝜅B remains sequestered in the cytosol by inhibitory kappa B
(I𝜅B-𝛼) that keeps it inactive. But when I𝜅B-𝛼 is phosphory-
lated by a number of different stimuli, NF-𝜅B can be activated
to translocate into the nucleus where it interacts with the
promoter regions of target genes and enhances their tran-
scription [58]. Previous studies have revealed a contribution
of the NF-𝜅B pathway to diabetes-induced retinal inflam-
mation, providing a mechanistic reason to target NF-𝜅B for
the treatment of diabetic retinopathy [59]. Consistent with
previous studies [11, 27], our results have shown that mela-
tonin reduced the elevated cytoplasmic and nuclear protein
expressions of NF-𝜅B (p65 subunit) (Figure 7), associated
with the decreased phosphorylation of I𝜅B-𝛼 (Figure 7). Col-
lectively, these findings demonstrate the anti-inflammatory
effect of melatonin in diabetic retina by inhibiting NF-𝜅B.
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This is consistent with the report about the effect ofmelatonin
on experimental uveitis [60]. It has been revealed that not
only are proinflammatory cytokines active downstream in the
NF-𝜅B cascade but they also contribute to NF-𝜅B activity
[61]. Therefore, besides NF-𝜅B inhibition, melatonin may
directly regulate proinflammatory genes via epigenetic on/off
mechanisms [62].

A variety of experiments have confirmed that retinal
neuron apoptosis is an important component of diabetic
retinopathy [63, 64]. The effects of melatonin on RGCs have
been reported bymany previous studies. Li et al. [65] reported
the protection against RGC apoptosis after 8 weeks of
diabetes. Others reported that melatonin can promote RGC
survival under conditions of retinal ischemia [66].Therefore,
the protective effect of melatonin on the retinal ganglion cells
should be analyzed in our further study.

In conclusion, melatonin was found to have potent
protective roles in diabetic retinopathy, and the effects were
mediated through the attenuation of inflammation by NF-𝜅B
inhibition and the prevention of decreased activity of antiox-
idant enzymes via the Akt-induced Nrf2 pathway. Melatonin
also reduced elevated VEGF expression and reversed the reti-
nal dysfunction due to diabetes mellitus. Melatonin appears
to have no effect on control nondisease retina [26] and its
safety after long-term use has been proved by human clinical
study [67]. Thus, melatonin is a candidate compound with
potential for therapeutic applications in diabetic retinopathy.

Competing Interests

The authors declare that there is no duality of interest
associated with this paper.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (Grants no. 81371041 and no. 81500734)
and the NIH EY021937. The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the paper.

References

[1] R. N. Frank, “Diabetic retinopathy,”TheNew England Journal of
Medicine, vol. 350, no. 1, pp. 48–58, 2004.

[2] R. Williams, M. Airey, H. Baxter, J. Forrester, T. Kennedy-
Martin, and A. Girach, “Epidemiology of diabetic retinopathy
and macular oedema: a systematic review,” Eye, vol. 18, no. 10,
pp. 963–983, 2004.

[3] R. A. Kowluru and P.-S. Chan, “Oxidative stress and diabetic
retinopathy,” Experimental Diabesity Research, vol. 2007, Article
ID 43603, 12 pages, 2007.

[4] J. Tang and T. S. Kern, “Inflammation in diabetic retinopathy,”
Progress in Retinal and Eye Research, vol. 30, no. 5, pp. 343–358,
2011.

[5] A. J. Augustin, A. Keller, F. Koch, B. Jurklies, and B. Dick, “Effect
of retinal coagulation status on oxidative metabolite and VEGF
in 208 patients with proliferative diabetic retinopathy,”Klinische
Monatsblätter für Augenheilkunde, vol. 218, no. 2, pp. 89–94,
2001.

[6] D. Bonnefont-Rousselot and F. Collin, “Melatonin: action as
antioxidant and potential applications in human disease and
aging,” Toxicology, vol. 278, no. 1, pp. 55–67, 2010.

[7] A. Galano, D. X. Tan, and R. J. Reiter, “Melatonin as a natural
ally against oxidative stress: a physicochemical examination,”
Journal of Pineal Research, vol. 51, no. 1, pp. 1–16, 2011.

[8] A. Galano, D. X. Tan, and R. J. Reiter, “On the free radical
scavenging activities of melatonin’s metabolites, AFMK and
AMK,” Journal of Pineal Research, vol. 54, no. 3, pp. 245–257,
2013.

[9] A. Romero, E. Ramos, C. de Los Rı́os, J. Egea, J. Del Pino, and R.
J. Reiter, “A review of metal-catalyzed molecular damage: pro-
tection by melatonin,” Journal of Pineal Research, vol. 56, no. 4,
pp. 343–370, 2014.

[10] A. Agil, R. J. Reiter, A. Jiménez-Aranda et al., “Melatonin
ameliorates low-grade inflammation and oxidative stress in
young Zucker diabetic fatty rats,” Journal of Pineal Research, vol.
54, no. 4, pp. 381–388, 2013.

[11] G. Negi, A. Kumar, and S. S. Sharma, “Melatonin modulates
neuroinflammation and oxidative stress in experimental dia-
betic neuropathy: effects on NF-𝜅B and Nrf2 cascades,” Journal
of Pineal Research, vol. 50, no. 2, pp. 124–131, 2011.

[12] J. L. Mauriz, P. S. Collado, C. Veneroso, R. J. Reiter, and J.
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