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Abstract Diabetic retinopathy (DR) is a severe complication of diabetes and the leading cause of
blindness among working adults worldwide. DR is being widely recognized as a neurodegenerative
disease of the retina, since, retinal neurons are damaged soon after diabetes onset. Diabetes-induced
oxidative stress is considered as central factor that dysregulates neurotrophic factors and activates
apoptosis, thereby damages neurons in the diabetic retina. Flavonoids being a powerful antioxidant
have been considered to protect neurons in diabetic retina. The purpose of this study was to analyze
the beneficial effects of flavonoid, quercetin to protect neurons in the diabetic rat retina. We quan-
titated the expression levels of BDNF, NGF, TrkB, synaptophysin, Akt, Bcl-2, cytochrome ¢ and
caspase-3 using Western blotting techniques in the diabetic retina with and without quercetin treat-
ments and compared with non-diabetic rats. In addition, we employed ELISA techniques to deter-
mine the level of BDNF. Caspase-3 activity and the level of glutathione were analyzed by
biochemical methods. Our results indicate that quercetin treatment to diabetic rats caused a signif-
icant increase in the level of neurotrophic factors and inhibited the level of cytochrome ¢ and
caspase-3 activity in the diabetic retina. Furthermore, the level of an anti-apoptotic protein Bcl-2
was augmented in quercetin treated diabetic retina. Thus, quercetin, may protect the neuronal dam-
age in diabetic retina by ameliorating the levels of neurotrophic factors and also by inhibiting the
apoptosis of neurons. Therefore, this study suggests that quercetin can be a suitable therapeutic
agent to prevent neurodegeneration in diabetic retinopathy.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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(M.S. Ola). of diabetes and the leading cause of blindness. It is estimated
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20 years develop some form of retinopathy (Prevention of
Blindness from Diabetes Mellitus, WHO 2005). Clinically,
DR has been mainly considered as a microvascular disease;
however, recently a neurodegenerative view of the disease
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has emerged. Numerous cellular and molecular studies of dia-
betic retinas suggest that neurons are vulnerable to be dam-
aged shortly after the onset of diabetes, before vascular
damage (Han et al., 2004; Bearse et al., 2004; Fletcher et al.,
2007; Barber et al., 1998). In addition, retinal functional tests
such as multifocal electroretinography (ERG), flash ERG,
contrast sensitivity and color vision indicate early neuronal
dysfunction in diabetic retina (Han et al., 2004; Bearse et al.,
2004; Fletcher et al., 2007). We and others have reported that
diabetes causes a chronic loss of retinal neurons by increasing
the frequency of apoptosis, dysregulated levels of neurotrophic
factors and increased oxidative stress which are key features of
retinal neurodegeneration (Barber et al., 1998; Ola and
Alhomida, 2014; Ola et al., 2013a, 2014).

Apoptosis is one of the major pathways that lead to cell
death in diabetic retina. Diabetes induced oxidative stress
may damage mitochondrial membrane that results in translo-
cation of BAX from the cytosol to mitochondria and release
the cytochrome c. This process is controlled by Bcl-2 proteins,
which either inhibit or promote cell death (Kuwana et al.,
2002). For example, Bcl-2 inhibits apoptosis while BAX is
proapoptotic whose levels were found to be dysregulated in
diabetic retina (Podesta et al., 2000). Cytochrome c released
into the cytosol activates procaspase-3 and the active
caspase-3 fragments the DNA (Li et al., 1997). Among cas-
pases, caspase-3 serves as executioner caspase, which activates
other caspases in diabetic retina (Barber et al., 2005; Busik
et al., 2008). Thus, the ideal preventive or therapeutic
approach would indeed be to target apoptosis. Recent studies
suggest that flavonoids such as hesperetin, rutin and total fla-
vonoids from Flos Puerariae inhibited the level of caspases and
ameliorated apoptotic regulatory proteins in the retina of
rodent model of diabetes (Kumar et al., 2013; Li et al., 2013;
Ola et al., 2015). In this study, we sought to analyze expression
levels of caspase-3, Bcl-2 and cytochrome ¢ proteins in the dia-
betic retina after quercetin treatments.

Another key factor for neurodegeneration is the imbalance
of neurotrophic factors in the diabetic retina which correlate
with the pathogenesis of diabetic retinopathy (Carmeliet and
Tessier-Lavigne, 2005; Suchting et al., 2006). Neurotrophic
factors play important roles in the interactions between neu-
ronal and vascular cells, and thereby regulate survival, growth,
and functional maintenance of neuronal cells (Park et al.,
2008). Retinal brain derived neurotrophic factor (BDNF)
and nerve growth factor (NGF) are produced by neurons
and glial cells which are known for maintenance and survival
of neuronal and vascular cells (von Bartheld, 1998; Seki
et al., 2005, Hackam, 2008; Cohen-Cory et al., 2010;
Nagahara and Tuszynski, 2011). BDNF activates several intra-
cellular signaling pathways, including the activation of Akt
through high affinity tropomyosin-related kinase B (TrkB)
receptor (Patapoutian and Reichardt, 2001). Activation of
protein kinase B/Akt has been demonstrated to result in inhi-
bition of apoptotic signals and promotion of cell survival sig-
nals (Nufez and del Peso, 1998). Downregulation in the levels
of neurotrophic factors or altered signaling through BDNF-
TrkB-Akt might cause serious alterations in retinal and brain
function (Rohrer et al., 1999; Yoshii and Constantine-Paton,
2010; Yao et al., 2012). We and others have reported decreased
levels of BDNF and NGF in the retina of diabetic animals
(Ola et al., 2013b, 2015; Krabbe et al., 2007; Yamanaka

et al., 2008). Furthermore, we also showed the increased
expression of BDNF and NGF in the diabetic retina after rutin
treatments (Ola et al., 2015). However, it is not clear whether
quercetin (a plant based flavonoid) supplementation regulates
their levels and signaling through them to protect neurons in
the diabetic retina. Therefore, we investigated the effects of
quercetin on neuroprotective pathway through BDNF-Trk
B—Akt-synaptophysin in the diabetic rat retina.

Oxidative stress is considered as the major factor that
causes neurodegeneration by dysregulating neurotrophic fac-
tors and activating apoptosis in the diabetic retina. Therapeu-
tic approaches have shown that supplementation with
antioxidants that reduce oxidative stress may play important
roles in the treatment of diabetic neurological complications
(Ola and Alhomida, 2014). Flavonoids are known for their
strong antioxidant activities and thereby ameliorate neurode-
generation in diabetic retina (Ola et al., 2014; Sasaki et al.,
2010; Gupta et al., 2011; Silva et al., 2013). However, the ben-
eficial effects of quercetin towards oxidative stress, apoptosis
and neurotrophic factors in the diabetic retina are not well
characterized. Quercetin is the main representative of the fla-
vonol subclass of the flavonoid family found in vegetables
and fruits, with beneficial pharmacological effects on biologi-
cal systems. In this study, we used streptozotocin-induced rats
and measured the level of glutathione, neurotrophic factors
and apoptotic markers in the retina with and without oral
treatments of the flavonoid, quercetin.

2. Materials & methods

2.1. Animals and experimental model

Three months aged male Wistar albino rats, weighing 250-280 g
were used for experiments. Single dose of streptozotocin 65 mg/
kg body weight made in citrate buffer injected intraperitoneally
to make rats diabetic. Diabetes was confirmed after 3 days by
measuring fasting blood glucose level more than 250 mg/dl.
For drug treatments, animals were divided into three groups
(n = 7) as follows; (1) control (C), (2) diabetic (D), (3) diabetic
treated with quercetin at a dose 50 mg/kg/day (D + Q). Quer-
cetin dissolved in normal saline was administered orally by gav-
age to those rats. Vehicle and quercetin treatments started once
a day, after one week of diabetes induction and continued for
five consecutive weeks. All procedures including euthanasia
were conducted in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals,
and the Ethical Guidelines of the Experimental Animal Care
Center, King Saud University, Saudi Arabia.

2.2. Retina harvesting

At the end of the treatments, animals were fasted overnight
and blood samples were collected though cardiac puncture
under deep anesthesia. Retinas were quickly dissected, rinsed
in ice-cold phosphate buffer saline to remove any blood/serum
from the retina. Retinas were transferred into eppendorf tubes,
flash frozen in liquid nitrogen and stored at —70 °C until assay.
Blood samples were kept on ice for 30 min, centrifuged, and
serum glucose levels were assayed using a commercially avail-
able kit (RANDOX Laboratories Ltd., UK).
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2.3. Quantification of BDNF by enzyme-linked immunosorbent
assay

Retinal homogenate was prepared by lysing each retinal tissue
in the 150 pl of 10 mM HEPES lysis buffer, pH 7.4, containing
100 mM NaCl, 1% triton X-100, 0.2% SDS, and a protease
inhibitor cocktail by applying short burst of ultrasonication.
After homogenization, retinal lysates were centrifuged at
15,000g for 10 min and supernatants decanted and the protein
concentrations estimated using the Bio-Rad protein assay kit
(Bio-Rad, USA). Equal volumes of supernatant from non-
diabetic, diabetic and quercetin rat retinas were used for quan-
titative determination of BDNF using enzyme-linked
immunosorbent assay (ELISA) kits (Quantikine Human Brain
Derived Neurotrophic Factor, R&D Systems, Minneapolsis,
MN) according to the manufacturer’s instruction. The level
of BDNF was measured in 50 pl retinal homogenate. Each
assays were performed in duplicate. Using the 4-parameter
fit logistic (4-PL) curve equation, the actual concentration of
BDNF in each sample was calculated. The detection limit of
BDNF ELISA kit was 20 picograms/mL (pg/mL). The ELISA
plate readings were done using Auto Bio Labtech Instruments,
Co, Ltd, China.

2.4. Western blotting

To determine the BDNF protein levels in the retinas of
non-diabetic and diabetic rats, retinal tissues were lysed by
ultrasonication in the 10 mM HEPES lysis buffer, pH 7.4,
containing 100 mM NaCl, 1 mM Na;VO,, 10 mM sodium
pyrophosphate, 10 mM NaF, 2mM EDTA, 1 mM PMSF,
1 mM benzamidine, 1% triton X-100, 0.2% SDS, and a
protease inhibitor cocktail. Samples were centrifuged at
15,000g for 10 min and supernatants decanted and the protein
concentrations estimated using the Bio-Rad protein assay kit
(Bio-Rad, USA). Protein samples were boiled in Laemmli’s
sample buffer for 5 min, and 50 pg proteins in each lane were
separated on 10-12% SDS—polyacrylamide gels and trans-
ferred onto nitrocellulose membranes. After transferring pro-
teins, the membranes were blocked for 1.5h at room
temperature with 5% non-fat milk made in Tris-buffered saline
containing 0.1% Tween-20 (TBS-T). The membranes were
incubated overnight with anti-BDNF and anti-TrkB (1 pg/ml,
R&D system, Minneapolis, MN); anti-synaptophysin, anti-
cytochrome ¢ and anti-NGF (1 pg/ml; Abcam, Cambridge,
MA); anti-Bcl-2 and anti-caspase-3 (1 pg/ml; Santa Cruz
Biotechnology, Santa Cruz, CA); anti-phospho Akt (ser473)
and anti-Akt (1 pg/ml; Cell Signaling, Beverly, MA) antibodies.
After overnight incubation with primary antibodies, mem-
branes were washed three times with TBS-T (5 min each) and
then incubated with their respective secondary horseradish
peroxidase-conjugated antibodies (1:2000, Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) at room temperature for 1.5 h.
Membranes were then washed four times with TBS-T, 5 min
each, and the immunoreactivity of bands were visualized on a
LI-COR C-digit blot scanner from Biosciences, Lincoln,
USA, using enhanced chemiluminescence (Western blotting
luminol reagents (1:1). For internal control, membranes were
washed and incubated with a mouse monoclonal B-actin anti-
body (1:2000, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), and all remaining steps were followed as detailed above.

2.5. Glutathione (GSH) assay

The total GSH levels were measured in the retina of quercetin
treated and non-treated diabetic and non-diabetic rats using
Cayman’s GSH assay kit (Cayman Chemical Company, Ann
Arbor, MI). Retinal homogenate was prepared as described
above. Retinal homogenate was deproteinized by adding an
equal volume of metaphosphoric acid (2.5% w/v). After
Smin, the mixture was centrifuged at 10,000 rpm and
supernatant collected. In the supernatant, Sul of 4 M
triethanolamine per 100 pl was added and assay was per-
formed using 50 pl supernatant from the retina. A standard
curve of GSH was prepared from 0 to 10 pM, and unknown
concentration of GSH in the samples was calculated by using
linear regression program. The level of total GSH was
measured as nM/pg retinal protein.

2.6. Caspase-3 assay

The caspase-3 colorimetric assay kit (R&D Systems,
Minneapolis, MN, USA) measured the increased enzymatic
activity of the caspase-3 class of proteases in retinal tissue as
per manufacturer’s instructions. Briefly, the enzymatic reaction
for caspase activity was carried out by the addition of 250 pg
protein/50 ul of rat retinal homogenate in a 96 well microplate.
The cleavage of caspase-3 colorimetric substrate (DEVD-
pNA) by the caspase, releases the chromophore pNA, which
was quantitated spectrophotometrically at a wavelength of
405 nm using microplate reader (Auto Bio Labtech Instru-
ments, Co, Ltd, China). The results are expressed as fold
increase in caspase activity as represented by an increase in
optical density in diabetic retina over control retina.

2.7. Statistical analysis

All values are expressed as the means + standard error of
mean (SEM). The Mann—Whitney test was used to compare
means from two independent groups in the case of quercetin
treated and untreated control and diabetic rats. Statistical
Package for the Social Sciences Version 12 (SPSS 12.0) was
used for the statistical analyses. P value <0.05 was considered
as significant.

3. Results

3.1. Blood glucose

Blood glucose levels in the diabetic rats (428.50 + 23.46 mg/dl)
was significantly higher than in the normal rats (92.85
+ 6.5mg/dl) (p < 0.001) at the end of 5 weeks period. How-
ever, the level was significantly lower (325.52 £+ 29.82 mg/dl)
in quercetin-treated rats (50 mg/kg body weight) compared to
untreated diabetic rats (p < 0.05).

3.2. Effects of quercetin on retinal BDNF levels

The levels of BDNF in the retinal homogenate of quercetin
treated and untreated control and diabetic rats were
measured using ELISA method. The level of BDNF in the
retina of diabetic rats was significantly lower as compared to
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corresponding non-diabetic control group (37.3 £ 3.5 wvs.
21.42 + 2.6 pg/ug protein; p < 0.01). However, quercetin
treatment significantly increased the level of BDNF in the
retina of diabetic rats as compared to untreated diabetic rats
(31.2 £ 2.7 vs. 21.42 £ 2.6 pg/ug protein), p < 0.05) (Fig. 1).

3.3. Effects of quercetin on BDNF, NGF, synaptophysin and
TrkB protein expression levels in the diabetic rat retinas

Brain derived neurotrophic factor (BDNF), NGF and TrkB
and synaptophysin protein expression levels were quantified
in retinas of non-diabetic control, diabetic and quercetin trea-
ted diabetic rats by Western blotting techniques (Figs. 2 and
3). Densitometric analysis of the protein bands showed a sig-
nificant reduction in the expression level of retinal BDNF in
diabetic rats as compared to controls (100 £ 6.2 vs. 40
+ 4.9%; p < 0.01) (Fig. 2). However, quercetin treatment to
diabetic rats caused a significant increase in the level of BDNF
in the retina compared to the untreated diabetic rats (40 + 4.9
vs. 65 = 6.1%; p < 0.05). Similarly, the level of NGF signifi-
cantly decreased in the diabetic retina as compared to the con-
trol rats (100 £ 5.0 vs. 35 + 4.5%; p < 0.01), but the
quercetin treatment improved the NGF level in the retina of
diabetic rats (35 + 4.5 vs. 60 £ 6.2%; p < 0.03). The level
of TrkB, the specific receptor of BDNF was significantly low
in diabetic retina compared to the non-diabetic rats (100
+ 6.4vs.35 £ 4.5; p < 0.01) (Fig. 2). In the quercetin treated
diabetic rats retina, the level of TrkB was significantly
increased as compared to the diabetic rats (35 £+ 4.5 vs. 80
+ 7.2%; p < 0.05). In addition, the level of synaptophysin
observed was also low compared to control (100 = 7.4 vs.
60 £ 6.3%; p < 0.05). However, in the quercetin treated dia-
betic groups, the level was only slightly increased (Fig. 3).
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Figure 1  Quantification of BDNF level in the retina of quercetin
treated and untreated control and diabetic rats. BDNF levels were
measured by ELISA kit. Reduced levels of BDNF in diabetic
groups were compared to the level from control and diabetic rats
treated with quercetin. Values are means &= SEM (standard error
of mean) for six determinations, “#P < 0.05 compared to control
and diabetic rats respectively. Experiments were repeated twice. C
represents control, D as diabetic, and D + Q as quercetin treated
diabetic rats.
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Figure 2 Western blot analysis of the expression of BDNF and
TrkB in retinas from control, diabetic, and quercetin-treated
diabetic rats. The intensities of the bands were quantified by
densitometry. Panel A; Representative immunoblots of BDNF,
TrkB, and B-actin bands. Panel B; Data presented as percent of
control of band intensities ratios of those protein bands to B-actin.
Values are means + SEM for six determinations. “P < 0.01,
significantly different from their controls; #P < 0.05, significantly
different from diabetic. Immunoblotting experiments were
repeated twice. Brain derived neurotrophic factor (BDNF).

3.4. Effects of quercetin on phospho-Akt protein levels in the
diabetic rat retinas

Amelioration of BDNF pathway by quercetin was reflected by
the activation of the Akt survival pathway. Akt protein phos-
phorylation was decreased to almost 62% in the diabetic
retina, while quercetin augmented its level to almost normal
level relative to the control group (Fig. 4).

3.5. Effects of quercetin on the protein expression levels of Bcl-2,
caspase-3 and cytochrome c in the diabetic rat retinas

The expression of proapoptotic proteins (cleaved caspase-3
and cytochrome c), and anti-apoptotic protein Bcl-2, were
examined in the retinas of control, diabetic, and quercetin-
treated diabetic rats by Western blot analysis (Fig. 5). Densit-
ometric analyses of the bands show that expression levels of
anti-apoptotic Bcl-2 reduced significantly in the diabetic retina
compared to controls (100 £+ 8.2 vs. 30 £ 4.3%; P < 0.01).
However, the decreased level of Bcl-2 in diabetic retinas was
significantly augmented when treated with quercetin (30
+ 4.3 vs. 60 + 7.2; P < 0.05). Expression levels of proapop-
totic, caspase-3 and cytochrome c increased significantly in
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Figure 3 Western blot analysis of the expression of NGF and
synaptophysin in retinas from control, diabetic, and quercetin-
treated diabetic rats. The intensities of the bands were quantified
by densitometry. Panel A; Representative immunoblots of NGF,
synaptophysin and B-actin bands. Panel B; Data presented as
percent of control of band intensities ratios of those protein bands
to B-actin. Values are means + SEM for six determinations. *
#p < 0.05, significantly different from their controls; #p < 0.03,
significantly different from diabetic. Experiments were repeated
twice.

the diabetic retinas as compared to controls (P < 0.01). How-
ever, quercetin administration to diabetic rats lowered the
levels of both caspase-3 and cytochrome c in the diabetic retina
to their control levels (P < 0.05) (Fig. 5).

3.6. Capase-3 activity

We measured the caspase-3 activity in the retina of quercetin
treated diabetic rats and compared with controls. Capsase-3
activity in the diabetic rat retinas was increased significantly
in the retina of diabetic rats as compared to the control groups
(» < 0.01) (Fig. 6). However, quercetin treatment to diabetic
rats significantly decreased the caspase-3 activity in the retina
nearly to the control level (p < 0.05).

3.7. Effect of quercetin on glutathione level

Glutathione (GSH) is the endogenous antioxidant in the
retina. The level of GSH was measured with and without quer-
cetin treatment in the retina of diabetic rats as a measure of
oxidative stress. The level of GSH significantly decreased
(P < 0.05) in diabetic retinas as compared to controls. Querce-
tin treatments significantly increased the GSH level in the

Figure 4 Western blot analysis of the expression of p-Akt and
Akt in retinas from control, diabetic, and quercetin-treated
diabetic rats. The intensities of the bands were quantified by
densitometry. Panel A; Representative immunoblots of p-Akt and
Akt, bands. Panel B; Data presented as percent of control of band
intensities ratios of those protein bands to Akt. Values are means
+ SEM for six determinations. “P < 0.01, significantly different
from their controls; #p < 0.05, significantly different from
diabetic. Experiments were repeated twice.

retina of diabetic rats as compared to non-treated diabetic rats
(P < 0.05) (Fig. 7).

4. Discussion

The purpose of the present study was to analyze the neuropro-
tective effects of the oral treatment of quercetin in the retina of
diabetic rats, specifically at the level of key neurotrophic fac-
tors and apoptosis. We found ameliorative effects of quercetin
by alleviating the expression levels of BDNF, NGF, TrkB
receptor, synaptophysin and phosphorylation of Akt (p-Akt)
in the diabetic rat retinas. In addition, quercetin treatments
attenuated the increased expression levels of proapoptotic
caspase-3 and cytochrome c, and increased the expression of
anti-apoptotic Bcl-2 in the diabetic rat retinas. Furthermore,
the decreased level of antioxidant GSH in diabetic retina was
enhanced by the quercetin treatment.

Neurotrophic factors play important roles in neuronal sur-
vival and maintenance. Reduced levels of BDNF and NGF
have been shown to affect systemically by impairing insulin
function, and dysregulating glucose and lipid metabolism
and locally causing neurodegeneration in diabetic rodents
retina (Krabbe et al., 2007; Fujinami et al., 2008; Arentoft
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Figure 5 Western blot analysis of Bcl-2, caspase-3 and cytochrome c proteins in the retinas from control (C), diabetic (D), and quercetin-
treated diabetic rats (D + Q). Western blot analysis was performed using antibodies against and Bcl-2 caspase-3 and cytochrome c
followed by antibody against B-actin. The intensities of the bands were quantified by densitometry. Panel A; Representative immunoblots
of Bcl-2, caspase-3, cytochrome ¢ and B-actin bands. Panel B, C & D; Data presented as percent of control of band intensities ratios of
those protein bands to B-actin. Values are means + SEM for six determinations. “P < 0.01, significantly different from their controls (C)
and #P < 0.05, significantly different from diabetic rats (D). Experiments were at-least repeated twice.
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Figure 6  Effect of quercetin on caspase-3 activity in diabetic rat
retinas. The enzymatic activity of caspase-3 in retinal tissue of
control, diabetic, and quercetin-treated diabetic rats was measured
by caspase-3 colorimetric assay. The results are expressed as fold
increase in the caspase activity as represented by an increase in
optical density. The diabetic retina had significantly higher caspase
activity compared to that of controls ("P < 0.01). Quercetin
treatments to diabetic rats reduced the increased caspase activity
significantly (*P < 0.05). Values are means = SEM (n = 7).
Experiments were repeated three times.
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Figure 7  Effect of quercetin on the levels of total glutathione in
the control and diabetic rats. Reduced levels of GSH in diabetic
groups were compared with controls and diabetic rats treated with
quercetin. The level of GSH was significantly decreased in diabetic
retina compared to control rats. Quercetin treatments to diabetic
rats increased GSH level significantly in the retina compared to
non-treated diabetic retina. Values are means = SEM for six
determinations (**P < 0.05). C represents control, D as diabetic,
and D + R as diabetic rats treated with quercetin. Experiments
were repeated twice.
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et al., 2009; Navaratna et al., 2011). Previous studies by us and
others reported a significant reduction in the level of BDNF in
the retina of diabetic rats compared to that of non-diabetic
controls (Ola et al., 2013b; Sasaki et al., 2010). Consistent with
previous studies, in this study, we found a decreased level of
both BDNF and NGF in the retina of diabetic rats, which
may cause neurodegeneration in the retina. Interestingly, treat-
ments with quercetin could markedly increase their levels in
diabetic retinas. Our results are in agreement with other studies
that quercetin may induce synthesis and secretion of neu-
rotrophic factors as reported in glial cells and brain (Xu
et al., 2013; De Nicolo6 et al., 2013). More recently, we found
the potential of another flavonoid rutin supplementation to
enhance both the levels of BDNF and NGF in the diabetic
retinas (Ola et al., 2015). Thus, increased levels of neurotrophic
factors induced by quercetin may be neuroprotective in the
diabetic retina.

Furthermore, our analysis of the expression of TrkB, the
specific receptor of BDNF indicated a lowered expression of
the receptor downstream of BDNF, which may implicate in
neuronal dysfunction. Reduced levels of both BDNF and its
receptor might exacerbate glutamate excitotoxicity of postsy-
naptic neurons by overstimulating glutamate receptor as sug-
gested previously by others (Kohara et al., 2001; Dai et al.,
2012). Consequently, excitotoxicity may decrease the level of
synaptic protein (synaptophysin) as observed in the diabetic
retina. Notably, quercetin treatment caused an increase in
the expression level of both TrkB and synaptophysin in the
diabetic retina. Previously, Al-Gayyar et al. (2011) reported
the beneficial effects of another flavonoid, epicatechin towards
improving expression and signaling through NGF and its
receptor in protecting neurons in diabetic retina (Al-Gayyar
et al., 2011). In addition, the level of p-Akt in diabetic retinas
was decreased however; quercetin markedly enhanced its level.
Activation of Akt has been demonstrated to result in inhibi-
tion of apoptotic signals and promotion of cell survival signals
(Nuiiez and del Peso, 1998). Wang et al. (2010) reported that
stimulation of Akt reduced oxidative stress in diabetic
retinopathy (Wang et al., 2010). The enhanced expression of
p-Akt in diabetic retinas by quercetin treatment may con-
tribute to the anti-apoptotic effects. Thus, the flavonoid, quer-
cetin possesses neuroprotective effects in the diabetic retina by
ameliorating neurotrophic factors and their downstream sig-
naling molecules.

Apoptosis is the hallmark of neurodegeneration in diabetic
retina, which is regulated by both proapoptotic and antiapop-
totic molecules in diabetic retinas. Pro-apoptotic molecules
including caspase-3 and cytochrome c activate other caspases
in the diabetic retina to cause apoptosis while Bcl-2 protein
serves as an inhibitor of apoptosis (Podesta et al., 2000;
Barber et al., 2005; Busik et al., 2008). In agreement with
few previous studies, we also found relatively increased expres-
sion of those pro-apoptotic proteins and lowered expression of
anti-apoptotic Bcl-2 protein in the diabetic rat retina. Remark-
ably, quercetin ameliorated the dysregulated levels of those
apoptotic regulatory proteins. Our results are well supported
by other studies that flavonoids inhibited the level of caspases
and ameliorated apoptotic proteins in the retina of diabetic
rodents (Kumar et al., 2013; Li et al., 2013; Ola et al., 2015;
Sasaki et al., 2010). More recently, Kumar et al. (2014),
showed lower expression of caspase-3 in the quercetin treated
diabetic rat retinas (Kumar et al., 2014). Thus, quercetin exerts

potential anti-apoptotic effects via BDNF-TrkB/Akt-synapto
physin signaling pathway in the diabetic retina which may pro-
tect neuronal damage.

Flavonoids are known for their strong antioxidant activities
and thereby to ameliorate neurodegeneration in diabetic retina
(Ola et al., 2014; Sasaki et al., 2010; Gupta et al., 2011; Silva
etal., 2013). Indeed, quercetin supplementation to diabetic rats
showed significant effects towards amelioration of oxidative
stress by increasing glutathione level in the diabetic retina.
The antioxidant activities of quercetin is consistent with many
previous studies, showing other flavonoids such as rutin,
lutein, epigallocatechin gallate, and curcumin supplementation
lowered oxidative stress in the diabetic rodents’ retina (Ola
et al., 2015; Sasaki et al., 2010; Gupta et al., 2011; Silva
et al., 2013; Muriach et al., 2006; Kowluru and Kanwar,
2007). Neuronal cell culture studies also suggest that quercetin
prevented neuronal death when subjected to oxidative insult by
increasing the level of glutathione (Arredondo et al., 2010).
Since, oxidative stress is known to activate pro-caspases and
also lower survival factor in diabetic retina (Barber et al.,
1998; Mohr et al., 2002; Kowluru et al., 2004; Lopes et al.,
2012). Thus, our results indicate that supplementation of quer-
cetin may protect neurons in the diabetic retina by inhibiting
oxidative stress, proapoptotic caspases and activating neu-
rotrophic support in the diabetic retina. Therefore, quercetin
can prove to be a suitable drug in neuroprotection and thereby
in prevention of diabetic retinopathy early in diabetes.
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