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Abstract: Diabetic retinopathy is a complex disease that potentially involves increased
production of advanced glycosylation end products (AGEs) and elevated aldose reductase
(AR) activity, which are related with oxidative stress and inflammation. The aim of this
study was to investigate the effects of hesperidin on retinal and plasma abnormalities in
streptozotocin-induced diabetic rats. Hesperidin (100, 200 mg/kg daily) was given to
diabetic rats for 12 weeks. The blood-retina breakdown (BRB) was determined after
2 weeks of treatment followed by the measurement of related physiological parameters
with ELISA kits and immunohistochemistry staining at the end of the study. Elevated AR
activity and blood glucose, increased retinal levels of vascular endothelial growth factor
(VEGF), ICAM-1, TNF-a, IL-1B and AGEs as well as reduced retina thickness were
observed in diabetic rats. Hesperidin treatment significantly suppressed BRB breakdown
and increased retina thickness, reduced blood glucose, AR activity and retinal TNF-a,
ICAM-1, VEGF, IL-1 and AGEs levels. Furthermore, treatment with hesperidin
significantly reduced plasma malondialdehyde (MDA) levels and increased SOD activity in
diabetic rats. These data demonstrated that hesperidin attenuates retina and plasma
abnormalities via anti-angiogenic, anti-inflammatory and antioxidative effects, as well as
the inhibitory effect on polyol pathway and AGEs accumulation.
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1. Introduction

As a leading cause of blindness in middle age and older people, diabetic retinopathy (DR) is one of
the most common complications of type 1 and type 2 diabetes [1,2]. Almost everyone with typel
diabetes will develop retinopathy over a 15-20-year period and greater than 60% of type 2 diabetes
patients will have retinopathy after 20 years [3]. Diabetic retinopathy, which progresses from
nonproliferative abnormalities (increased vascular permeability) to proliferative diabetic retinopathy
(growth of new blood vessels), is characterized by retinal edema, hemorrhage, increased neovascularization
and neuronal degeneration in the retina [2,4].

Hyperglycemia and poor metabolic control are important factors in the development of diabetic
retinopathy [5]. Although the exact mechanism by which hyperglycemia causes vascular disruption in
retinopathy is not clear, it has been reported that, in addition to triggering oxidative stress along with
inflammatory components [6], hyperglycemia is involved in the development of diabetic retinopathy
by increasing the activity of aldose reductase (AR) [7] and protein kinase C (PKC) [8], as well as
promoting nonenzymatic glycation and glycooxidation of proteins (AGEs) [9]. Free radicals as
reactive oxygen species (ROS) are a strong stimulus for the release of proinflammatory cytokines, such
as tumor necrosis factor-o( TNF-a) and interleukin 1B (IL-1B), which damage endothelial cells and play
an important role in the pathogenesis of DR [10], and it has been reported that anti-inflammatory drugs
could prevent early diabetic retinopathy via suppression of proinflammatory cytokines like TNF-a [11].
Besides, it has been reported by Bucolo ef al. that the up-regulation of proinflammatory factors and
angiogenic parameters, such as tumor necrosis factor alpha (TNF-a), vascular endothelial growth
factor (VEGF), intercellular adhesion molecule-1 (ICAM-1) and interleukin-1 (IL-1B), contribute to
the blood-retinal barrier (BRB) breakdown, which directly leads to macular edema in DR [12—15]. An
important cytokine among the factors involved in the development of diabetic retinopathy is VEGF.
VEGF is a cytokine with strong angiogenic and mitogenic actions as a result plays major role in retinal
vascular leakage. Besides, VEGF could induce ICAM-1 expression, and inhibition of ICAM-1 activity
could significantly suppress VEGF-induced hyper-permeability and leukostasis, which indicates that
VEGF and ICAM-1 are important mediators in development of DR [16].

It has been reported that supplementation with hesperidin (Hsp, Figure 1), a compound with a
flavonone glycoside chemical structure which is abundant in citrus fruits, could significantly suppress
oxidative stress in serum, liver, and kidney as well as proinflammatory cytokine production in serum of
diabetic rats [17]. Recently it has been demonstrated that hesperidin significantly inhibited the high
glucose-induced production of ICAM-1 in human umbilical vein endothelial cells (HUVECs) [18].
Besides, it has been confirmed that hesperidin could inhibit the activity of aldose reductase in vitro [19].
In addition, in our previous research we found that hesperidin could ameliorate hyperlipidemia in
hyperlipemic mice, which is related to the retinal hard exudates in DR [20]. Given the inflammatory
and oxidative stress-related nature of DR, we investigated the effects of hesperidin administration on
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DR elicited by injection of streptozotocin (STZ) in rats and compared the effect of hesperidin to that of
calcium dobesilate (CaD). In this study, we evaluated the effects of hesperidin on retinal VEGF,
ICAM-1, TNF-a, IL-1B, and AGEs, serum SOD activity and malondialdehyde (MDA) levels and the
BRB integrity in STZ-induced diabetic rats. In addition, the effects of hesperidin on the activity of
aldose reductase and the retinal thickness in diabetic rats were also determined. In previous researches
on the activities of hesperidin, few studies have paid attention to the different configurations of
hesperidin. According to previous research, commercially available hesperidin could be easily
racemized at the C-2 position, and the hesperidin we used in the experiment, which was purchased
from a chemical company, was examined by *C-NMR, and the results (Supplementary Information)
showed that the hesperidin was a mixture of (2S5)- and (2R)-hesperidin. This study mainly discussed
the effect of the mixture of (2S5)- and (2R)-hesperidin on plasma and retina abnormalities in diabetic rats.

Figure 1. The chemical structure of hesperidin {(%)-2-5-hydroxy-2-(3-hydroxy-4-
methoxyphenyl)-7-[(25,3R,4S,5S,6R)-3,4,5-trihydroxy-6-[[(2R,3R,4R,5R,65)-3,4,5-trihydroxy-
6-methyloxan-2-ylJoxymethyl]oxan-2-ylJoxy-2,3-dihydrochromen-4-one}.
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2. Results and Discussion
2.1. Body Weight and Glycemic Parameters

As shown in Figure 2, compared with the NC group, the body weights of the DC group were
significantly decreased (p < 0.05), and the body weight losses were not prevented by treatment with
Hsp and CaD (p > 0.05). Blood glucose levels were significantly increased in STZ-induced diabetic
rats (p < 0.01), and treatment with Hsp and CaD led to a significant fall in blood glucose levels (p < 0.05).

Diabetic retinopathy is a complication induced by high blood glucose levels, and it has been
confirmed by previous researches that the retinal and plasma abnormalities in diabetic rats are similar
to that observed in diabetic patients [21,22]. In this study, diabetes was induced by a single injection of
STZ [23], which could damage the insulin secreting cells of the pancreas and result in high blood
glucose levels that last for a long period. The results showed that the treatment with Hsp and CaD did
not change the decreased body weight but significantly lowered the elevated blood glucose levels,
though the blood glucose levels are still high above normal levels to cause diabetic complication.
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Figure 2. Effects of Hsp and CaD on body weight and blood glucose levels. (A) Effects of
Hsp and CaD on body weight among different study groups over a duration of 12 weeks in
diabetic rats; (B) Effects of Hsp and CaD on blood glucose levels over a course of
12 weeks. * p < 0.05, ** p < 0.01 as compared with the DC group; NC, Normal Control;
DC, Diabetic Control. The data represent means = SD.
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2.2. BRB Breakdown

To investigate whether the treatment with Hsp could attenuate the retina abnormalities in the
development of DR, we investigated the effects of Hsp and CaD on BRB breakdown first and a
dramatic leakage was observed in diabetic rats (Figure 3A). Hsp treatment (100 and 200 mg/kg)
suppressed diabetes-related BRB breakdown by 34.7% and 48.1%, respectively, compared with
diabetic group (p < 0.01) while calcium dobesilate treatment suppressed BRB breakdown by 42.3%
(p <0.01).

Increased permeability of the BRB, a hallmark of diabetic retinopathy, was observed after 2 and
12 weeks of STZ-induced diabetes in rats as reported previously [24]. The alternation in BRB is closely
related to the development of diabetic retinopathy, which is associated with the abnormalities in the
secretion of angiogenic and proinflammatory cytokines such as VEGF, ICAM-1, TNF-a and IL-1p [25].

The data (Figure 3A) showed that the treatment with Hsp significantly suppressed BRB breakdown
and the effect was comparable to that of CaD, which indicated that the treatment with Hsp may be
helpful in the treatment of diabetic retinopathy and a 12 weeks study was then carried out to investigate
the underlying mechanisms.

2.3. Retinal VEGF, ICAM-1, TNF-o, IL-15, and AGEs Levels

Significantly increased levels of VEGF, ICAM-1, TNF-a, IL-1p and AGEs were observed in retinas
of diabetic rats at the end of the study (Figure 3B—F). Treatment with Hsp and CaD significantly
reduced the levels of retinal VEGF, ICAM-1, TNF-a, IL-1p and AGEs compared with diabetic control
group (p < 0.01) and the effect of Hsp was comparable to that of CaD (Figure 3B—F). Many studies
have identified flavonoids in various foods that are associated with a reduction in the risk of advanced
retinal macular degeneration. For example, Bucolo ef al. found that, eriodictyol, a strong antioxidative
flavonoid extracted from Eriodictyon californicum, could significantly reduce the retinal levels of
VEGF, ICAM-1, TNF-o and eNOS in diabetic rats [14]. Therefore, there is considerable interest in
understanding the potential role and benefit of flavonoids in ocular health and disease prevention.
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Figure 3. Effects of Hsp and CaD on (A) BRB breakdown; retinal levels of (B) VEGF;
(C) ICAM-1; (D) TNF-q; (E) IL-1pB; and (F) AGEs in rats. ™ p < 0.05 as compared with
the NC group; * p < 0.05, ** p < 0.01 as compared with the DC group; NC, Normal
Control; DC, Diabetic Control. The data represent means + SD.
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Although various initiators of diabetic retinopathy have been proposed, increased oxidative stress
induced by hyperglycemia seems to be the unifying mechanism of diabetic complications, which could
activate the polyol pathway, increase AGE formation, activate PKC and hexosamine pathways and
lead to the development of DR eventually [26,27]. Free radicals as ROS are also the strong stimulus
for the release of proinflammatory cytokines, such as TNF-a and IL-1B, which damage endothelial
cells and play an important role in the pathogenesis of DR [10], and it has been reported that
anti-inflammatory drugs could prevent early diabetic retinopathy via suppression of proinflammatory
cytokines like TNF-a [27]. Among all the cytokines involved in DR, VEGF, which has been identified
as a primary initiator of proliferative DR and as a potential mediator of nonproliferative retinopathy [28],
is a cytokine with strong angiogenic and mitogenic actions as a result plays major role in retinal
vascular leakage. In the retina and elsewhere, VEGF can induce ICAM-1 expression and leucocyte
adhesion [29,30], which together with VEGF lead to the BRB breakdown [31], and it has been
reported that retinal VEGF and ICAM-1 levels are strongly correlated with neovascularization in
patients with DR [32,33].
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According to previous research, as the product of nonenzymatic glycation, AGEs is localized to
retinal vessels and retinal pericytes. AGEs deposition occurs prior to retinal microvasculature changes
and AGEs could colocalize with AGE receptors, induce vascular basement membrane (BM) thickening
and lead to upregulation of ICAM-1 and cause BRB breakdown [34].

The data (Figure 3B—F) showed that the retinal levels of VEGF, ICAM-1, TNF-a, IL-1p and AGEs
were significantly decreased after 12 weeks treatment with Hsp and CaD compared with diabetic
group, and the inhibitory effect of Hsp on AGEs production is more prominent than that of CaD, which
suggests that hesperidin may prevent the BRB breakdown and the development of diabetic retinopathy
via the anti-angiogenic, anti-inflammatory and antioxidative effects, as well as the inhibitory effect on
AGESs accumulation in rat retina.

2.4. Aldose Reductase (AR) Activity

To investigate the effect of hesperidin on the polyol pathway, we examined AR activity in rat eyes.
The results showed that when compared with rats in normal control group, diabetic rats showed
significantly higher AR activity (p < 0.01). Both CaD and Hsp treatments resulted in a signficant
decrease in AR activity in treated diabetic rats compared to untreated diabetic rats (p < 0.01) (Figure 4A).

Figure 4. Effects of Hsp and CaD on (A) aldose reductase activity in rat eyes; (B) SOD
activity and (C) MDA levels in serum of rats. “ p < 0.05 as compared with the NC group;

* p < 0.05 ** p < 0.01 as compared with the DC group; NC, Normal Control,
DC, Diabetic Control. The data represent means =+ SD.
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As reported in previous studies, AR, as the first enzyme in the polyol pathway, is responsible for the
early abnormalities in the pathogenesis of DR, leading to a cascade of retinal lesions including BRB
breakdown, loss of pericytes, neovascularization and glial reactivation [7]. Besides, increased AR
activity has been shown to contribute to increased oxidative stress by promoting nonenzymatic
glycation and the activation of PKC [35].

The result (Figure 4A) showed that aldose reductase activity was extremely high in diabetic rats as
reported [36]. Treatment with Hsp and CaD both significantly inhibit the elevated AR activity in
diabetic rat eyes, which indicates that Hsp may suppress the development of diabetic retinopathy by
inhibiting the activation of polyol pathway.
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2.5. SOD Activity and MDA Levels in Blood

The results showed that compared with rats in the normal control (NC) group, MDA levels in
diabetic rats were significantly increased, while SOD activity was significantly decreased at the end of
the study (p < 0.01, p < 0.01), which is consistent with previous research [37]. Compared with
untreated rats in the DC group, CaD and Hsp treatments significantly suppressed diabetes-related lipid
peroxidation (p < 0.01, p < 0.01). In addition, the decreased SOD activity in diabetic rats was
significantly increased by the treatment with CaD and hesperidin (Figure 4B,C).

It has been reported that the oxidative stress seems to be the unifying mechanism of diabetic
complication, and regulation of mitochondrial superoxide levels by SOD attenuates oxidative stress,
mitochondrial dysfunction and prevents the development of diabetic retinopathy in mice [38]. As the
production of lipid peroxidation, plasma MDA levels have been found to be significantly high in
diabetic patients, and MDA may serve as a good marker of oxidative stress in the pathological process [21].
In this study, treatment with hesperidin significantly decreased plasma MDA levels and increased SOD
activity compared with DC group, and the effect of hesperidin was comparable to that of CaD, which
means that hesperidin may reduce reactive oxygen free radicals and show protective effect in diabetic
retinopathy by decreasing oxidative stress.

2.6. Histopathological and Immunohistochemical Studies

Morphology study showed that retinal thickness in diabetic rats was significantly reduced compared
with that in normal rats (Figure 5), which is in accordance with previous research [39,40]. Although
the reason for this change is not clear, the data showed that, compared with DC group, both CaD and
Hsp effectively prevented the loss of retinal thickness in treated rats (p < 0.01, p <0.01) (Figure 6). As
shown in Figure 5, in diabetic rats (DC group), the immunohistochemical staining for VEGF and
ICAM-1 revealed that the strong immunoreactivities of VEGF and ICAM-1 were detected in ganglion
cell layer (GCL) and inner nuclear layer (INL), while the expression of VEGF and ICAM-1 in NC
group showed little brown immunostaining (black arrow). Both Hsp and CaD reduced the expression
of VEGF and ICAM-1, which is in accordance with the results determined by ELISA assay.

Figure 5. The effects of Hsp and CaD on morphological changes of retinas and expression
of VEGF and ICAM-1 in diabetic rat retinas (SP x 200).
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Figure 6. The effects of Hsp and CaD on the thickness of retinas. ™ p < 0.05 as compared
with the NC group; * p < 0.05, ** p < 0.01 as compared with the DC group; NC, Normal
Control; DC, Diabetic Control. The data represent means + SD.
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3. Experimental
3.1. Chemicals and Drugs

The ELISA kits for measurement of VEGF, ICAM-1, AGEs, IL-1p and TNF-a protein levels were
purchased from R&D Co. (Minneapolis, MN, USA). The kits for measurement of blood glucose,
superoxide dismutase (SOD) activity and malondialdehyde (MDA) levels were purchased from
Jiancheng Bioengineering Institute (Nanjing, China). BCA kit was bought from Beyotime Institute of
Biotechnology (Shanghai, China). Evans blue dye, NADPH, DL-glyceraldehyde and streptozotocin
(STZ) were purchased from Sigma (St. Louis, MO, USA). Calcium dobesilate (CaD) was purchased
from Lijun International Pharmaceutical Co. (Xi’an, China) and hesperidin (purity > 98%) was
purchased from Linuo Biotechnology (Zhengzhou, China). All solvents used in this study were of
analytical reagent grade.

3.2. Animals

Male Sprague-Dawley rats (200 + 20 g) were purchased from the Qinglongshan Animal Center
(Nanjing, China). The animals were housed in standard polypropylene cages (four rats/cage) at 22 £ 2 °C,
45%—75% relative humidity, and 12 h light and 12 h dark cycle. All the rats were provided with
normal pellet diet (NPD) (Qinglongshan) and water ad libitum for 1 week to acclimatize. All the
experimental procedures were performed in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of China Pharmaceutical University. The protocol was approved
by the Animal Study Committee of China Pharmaceutical University.

3.3. Induction of Diabetes

Diabetes was induced by a single injection of streptozotocin (STZ, 60 mg/kg, i.p.) in rats after 12 h
of fasting. Age-matched control rats received an equal volume of vehicle (0.01 M citrate buffer, pH 4.5).
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72 h after injection, the blood samples were collected from the tail vein and blood glucose levels were
measured using OneTouch UltraEasy blood glucose meter (Johnson & Johnson, New Brunswick, NJ,
USA). Rats with a blood glucose level over 16.7 mmol/L were considered as diabetes-induced rats.
The animals were randomly divided into five groups: (1) normal rats (NC, n = 20), (2) STZ-induced
diabetic rats (DC, n = 20), (3) STZ-induced diabetic rats treated with calcium dobesilate, a positive
control for treating diabetic retinopathy (DC+CaD, 150 mg/kg body weight, n = 20), (4) STZ-induced
diabetic rats treated with hesperidin (DC+Hsp-100, 100 mg/kg body weight, n = 20), (5) STZ-induced
diabetic rats treated with hesperidin (DC+Hsp-200, 200 mg/kg body weight, n = 20). Day 3 (72 h) after
injection of STZ was designated as day 1 for the treatment of hesperidin and calcium dobesilate in
diabetic rats. Hesperidin and calcium dobesilate were administered intragastrically (i.g.) once a day in
all rats. 10 rats from each group were sacrificed for the measurement of BRB breakdown at day 14
(2 weeks) of the treatment while other rats were kept and treated with hesperidin and calcium
dobesilate for another 10 weeks. At the end of the treatment (12 weeks), blood and retina samples were
collected for analysis of AR activity, plasma MDA levels and SOD activity, retinal TNF-a, ICAM-1,
VEGF, IL-1p and AGEs levels, as well as histopathological and immunohistochemical studies.The
selection of doses was based on preliminary experiments, wherein, doses of 100 and 200 mg/kg were
tried and confirmed to be suitable and effective in test rats.

3.4. Body Weight and Blood Glucose

The rats were weighed every two weeks and blood samples were collected from the tail vein every
4 weeks since the induction of diabetes and the blood glucose was estimated using OneTouch
UltraEasy blood glucose meter (Johnson & Johnson).

3.5. Measurement of BRB Breakdown

2 weeks after the treatment begun, 10 rats in each group were anesthetized and BRB breakdown
was measured using Evans blue dye (Sigma-Aldrich) injected through the tail vein over 10 s at a
dosage of 45 mg/kg [41]. Two minutes after the injection of Evans blue, 0.2 mL blood was drawn from
the iliac artery to obtain the initial Evans blue plasma concentration. Subsequently, at 15-minute
intervals, 0.1 mL blood was drawn from the iliac artery up to 2 h to obtain the time-averaged Evans
blue plasma concentration. 120 min after injection, 0.2 mL blood was drawn from the left ventricle to
obtain the final Evans blue plasma concentration. Then, the chest cavity was opened and the rats were
perfused via the left ventricle with paraformaldehyde (0.05 M, pH 3.5, 1% (w/v)) at 37 °C for 2 min at
a physiological pressure; immediately after perfusion, both eyes were enucleated and the retinas were
carefully dissected and thoroughly dried for 5 h. The dry weight was recorded for the quantitation of
Evans blue leakage. Evans blue was extracted in 120 uL formamide for 18 h at 70 °C, the supernatant
was ultra-centrifuged at a speed of 70,000 rpm for 40 min at 4 °C, and 60 pL of the supernatant
was used for triplicate spectrophotometric measurements. A background-subtracted absorbance was
determined by measuring each sample at both 620 nm (the absorbance maximum for Evans blue) and
740 nm (the absorbance minimum). The concentration of dye in the extracts was calculated from a
standard curve of Evans blue in formamide. BRB breakdown was calculated by Equation (1):
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Evans blue (ug) / retina dry weight (g)
BRB breakdown = —; - 1
Time — averaged Evans blue concentration (pg/mkL/h) (D

We expressed results as percentage of non-diabetic controls (NC group).
3.6. Retinal VEGF, ICAM-1, TNF-o, IL-15 and AGEs Levels

At the end of treatment, rat eyes were collected and the left ones were used for the measurements of
VEGF, ICAM-1, TNF-a, IL-1B and AGEs, each retina was dissected and homogenized in 120 pL of
lysis buffer supplemented with protease inhibitors (Beyotime). Samples were centrifuged at a speed of
10,000 rpm for 10 min at 4 °C and the supernatant was used for the determination of VEGF, ICAM-1,
TNF-a, IL-1B and AGEs levels with respective ELISA kits. The protein concentration of each sample
was assessed with the bicinchoninic acid (BCA) assay. All the measurements were performed in
duplicate and the tissue sample concentration was calculated from a stand curve and corrected for

protein concentration.
3.7. Measurements of SOD and MDA Levels in Serum

At the end of the experiment, blood samples were collected from femoral artery and centrifuged at a
speed of 3,500 rpm for 10 min, the serum was used for the determination of SOD and MDA levels
according to the instruction of commercial kits.

3.8. Aldose Reductase Enzyme (AR) Activity

The right eyes were enucleated and six eyes from each group were homogenized in 1 mL PBS
supplemented with 0.5 mM EDTA and 10 mM 2-mercaptoethanol (pH 7.0), then the tissue samples
were centrifuged at 5,000 xg for 5 min. The pellet was placed into PBS and centrifuged once more
(10 min at 4 °C, 25,000 xg); the supernatant was used for the measurement of AR activity and the
quantity of protein. AR activity was determined spectrophotometrically according to previous research
by monitoring the decrease in NADPH absorption at 340 nm at 37 °C using DL-glyceraldehyde as
substrate [36]. Unspecific NADPH dehydrogenase activity was recorded for 5 min; then DL-glyceraldehyde
was added and the incubation was continued for another 5 min. Values of AR activity given in this
study represent the difference between the rate of NADPH oxidation in the presence and absence of
substrate (umol/mg/hour).

3.9. Histopathological and Immunohistochemical Studies

Eyes were fixed in 10% formaldehyde and embedded in paraffin, and 4 um thick sections were
prepared. The sections were stained with haematoxylin and eosin. Pictures were taken at both sides of
the optic nerve and mid-retina at 200x using a LEICA DM 1000 microscope with MiniSee system.
The thickness of retina was measured from inner nuclear layer to inner limiting membrane using
Image-Pro Plus 6.0 [40].

Immunohistochemical staining of vascular endothelial growth factor (VEGF) and Intercellular
Adhesion Molecule 1 (ICAM-1) was carried out on sections of paraffin-embedded rat eyes. The slides
were incubated with the primary VEGF antibody (1:200, US biological, Marblehead, MA, USA) or the
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primary ICAM-1 antibody (1:100, Santa Cruz, CA, USA) in a humidity chamber overnight. After
washing with phosphate-buffered saline, the sections were hybridized with secondary antibodies
according to the instruction of MaxVision Kit (Maixin Bio, Fuzhou, China) and colored with DAB,
respectively. Images were obtained using an LEICA DM 1000 microscope with MiniSee system.
Brown staining in the cytoplasm and/or nucleus was considered an indicator of positive expression.

3.10. Statistical Analysis

Data are expressed as means = SD and P-values were determined using Student’s #-test (when
comparing two groups) or one-way analysis of variance (ANOVA) (when comparing more than two
groups). Differences with a value of p < 0.05 were considered statistically significant.

4. Conclusions

The results of our study showed for the first time that the effect of hesperidin on the abnormalities
of physiological parameters closely related with development of DR is prominent. The protective
effects of hesperidin on retinal abnormalities could be due to its direct effects on angiogenic
parameters and its antioxidant, anti-inflammatory properties, as well as the inhibitory effect on aldose
redutase activity and AGEs accumulation in retina, with additional hypoglycemia effect, and the
inhibitory effect of hesperidin on AGEs formation in retina is more prominent than the effect of CaD.

Little previous researches on the biological activities of hesperidin took the differences in
configuration into consideration. Recently, Daxin et al. found that both (25)- and (2R)-hesperidin
could prevent the formation of AGEs in vitro and the activities are not affected by differences in
configuration [42], but Brand et al. reported that there are some significant differences in the
metabolism and transport characteristics between (25)- and (2R)-hesperetin, although these differences
are relatively small [43]. Taken together, these findings implicate that the differences in the in vivo
activities of (25)- and (2R)-hesperidin are worth thorough investigation. Based on the results in our
experiment and well established ocular bioactivity of hesperidin [44], further studies are still needed to
explore the exact effect of hesperidin on DR as well as the relationship between configurations and
in vivo activities.

Supplementary Materials

Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/17/11/12868/s1.
Conflict of Interest

The authors declare no conflict of interest.
References

1. Javitt, J.C.; Aiello, L.P.; Chiang, Y.; Ferris, F.L., III; Canner, J.K.; Greenfield, S. Preventive eye
care in people with diabetes is cost-saving to the federal government. Implications for health-care
reform. Diabetes Care 1994, 8, 909-917.



Molecules 2012, 17 12879

10.

11.

12.
13.

14.

15.

16.

17.

18.

Moss, S.E.; Klein, R.; Klein, B.E. The 14-year incidence of visual loss in a diabetic population.
Ophthalmology 1998, 105, 998—1003.

Hazin, R.; Colyer, M.; Lum, F.; Barazi, M.K. Revisiting diabetes 2000: Challenges in establishing
nationwide diabetic retinopathy prevention programs. Am. J. Ophthalmol. 2011, 152, 723-729.
Frank, R.N. Vascular endothelial growth factor—Its role in retinal vascular proliferation.
N. Engl. J. Med. 1994, 331, 1519-1520.

Adler, A.L; Stevens, R.J.; Neil, A.; Stratton, I.M.; Boulton, A.J.; Holman, R.R. UKPDS 59:
Hyperglycemia and other potentially modifiable risk factors for peripheral vascular disease in type
2 diabetes. Diabetes Care 2002, 5, 894-899.

Arden, G.B.; Sivaprasad, S. Hypoxia and oxidative stress in the causation of diabetic retinopathy.
Curr. Diabetes Rev. 2011, 7, 291-304.

Chung, S.S.; Chung, S.K. Aldose reductase in diabetic microvascular complications. Curr. Drug
Targets 2005, 6, 475-486.

Curtis, T.M.; Scholfield, C.N. The role of lipids and protein kinase Cs in the pathogenesis of
diabetic retinopahy. Diabetes Metab. Res. Rev. 2004, 20, 28—43.

Ahmed, N. Advanced glycation endproducts-role in pathology of diabetic complications. Diabetes
Res. Clin. Pract. 2005, 1, 3-21.

Gustavsson, C.; Agardh, E.; Bengtsson, B.; Agardh, C. TNF-a is an independent serum marker for
proliferative retinopathy in type 1 diabetic patients. J. Diabetes Complicat. 2008, 22, 309-316.
Joussen, A.M.; Poulaki, V.; Mitsiades, N.; Kirchhof, B.; Koizumi, K.; Dohmen, S.; Adamis, A.P.
Nonsteroidal anti-inflammatory drugs prevent early diabetic retinopathy via TNF-a suppression.
FASEB J. 2002, 16, 438—440.

Tang, J.; Kern, T.S. Inflammation in diabetic retinopathy. Prog. Retin. Eye Res. 2011, 30, 343-358.
Miyamoto, K.; Khosrof, S.; Bursell, S.E.; Rohan, R.; Murata, T.; Clermont, A.C.; Aiello, L.P.;
Ogura, Y.; Adamis, A.P. Prevention of leuostasis and vascular leakage in streptozotocin-induced
diabetic retinopathy via intercellular adhesion molecule-1 inhibition. Proc. Natl. Acad. Sci. USA
1996, 96, 10836—-10841.

Bucolo, C.; Leggio, G.M.; Drago, F.; Salomone, S. Eriodictyol prevents early retinal and plasma
abnormalities in streptozotocin-induced diabetic rats. Biochem. Pharmacol. 2012, 84, 88-92.
Kusari, J.; Zhou, S.X.; Padillo, E.; Clarke, K.G.; Gil, D.W. Inhibition of vitreoretinal VEGF
elevation and blood-retinal barrier breakdown in streptozotocin-induced diabetic rats by
brimonidine. Invest. Ophthalmol. Vis. Sci. 2010, 51, 1044—1051.

Miyamoto, K.; Khosrof, S.; Bursell, S.E.; Moromizato, Y.; Aiello, L.P.; Ogura, Y.; Adamis, A.P.
Vascular endothelial growth factor (VEGF)-induced retinal vascular permeability is mediated by
intercellular adhesion molecule-1 (ICAM-1). Am. J. Pathol. 2000, 156, 1733—1739.

Mahmoud, A.M.; Ashour, M.B.; Abdel-Moneim, A.; Ahmed, O.M. Hesperidin and naringin
attenuate hyperglycemia-mediated oxidative stress and proinflammatory cytokine production in
high fat fed/streptozotocin-induced type 2 diabetic rats. J. Diabetes Complicat. 2012, in press.
Kim, S.W.; Kim, C.E.; Kim, M.H. Flavonoids inhibit high glucose-induced up-regulation of
ICAM-1 via the p38 MAPK pathway in human vein endothelial cells. Biochem. Biophys. Res.
Commun. 2011, 415, 602—-607.



Molecules 2012, 17 12880

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Liu, X.R.; Zhang, Y.; Lin, Z.Q. Advances in studies on the biological activities of hesperidin and
hesperetin. Chin. J. New Drugs 2011, 20, 329-333.

Chew, E.Y.; Klein, M.L.; Ferris, F.L.; Remaley, N.A.; Murphy, R.P.; Chantry, K.; Hoogwerf, B.J.;
Miller, D. Association of elevated serum lipid with retinal hard exudate in diabetic retinopathy.
Arch. Ophthalmol. 1996, 114, 1079—-1084.

Jain, S.K.; McVie, R. Hyperketonemia can increase lipid peroxidation and lower glutathione
levels in human erythrocytes in vitro and in type 1 diabetic patients. Diabetes 1999, 48, 1850—1855.
Kern, T.S. Contributions of inflammatory processes to the development of the early stages of
diabetic retinopathy. Exp. Diabetes Res. 2007, 2007, 95-103.

Agrawal, S.S.; Naqvi, S.; Gupta, S.K.; Srivastava, S. Prevention and management of diabetic
retinopathy in STZ diabetic rats by Tinospora cordifolia and its molecular mechanisms.
Food Chem. Toxicol. 2012, 50, 3126-3132.

Klaassen, I.; Hughes, J.M.; Vogels, LM.; Schalkwijk, C.G.; van Noorden, C.J.; Schlingemann, R.O.
Altered expression of genes related to blood—retina barrier disruption in streptozotocin-induced
diabetes. Exp. Eye Res. 2009, 1, 4-15.

Leal, E.C.; Martins, J.; Voabil, P.; Liberal, J.; Chiavaroli, C.; Bauer, J.; Cunha-vaz, J.; Ambrosio, A.F.
Calcium Dobesilate Inhibits the Alterations in Tight Junction Proteins and Leukocyte Adhesion to
Retinal Endothelial Cells Induced by Diabetes. Diabetes 2010, 59, 2637-2645.

Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes
2005, 54, 1615-1625.

Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001,
414, 813-820.

Aiello, L.P.; Wong, J.S. Role of vascular endothelial growth factor in diabetic vascular
complications. Kidney Int. 2000, 58, 113-119.

Detmar, M.; Brown, L.F.; Schon, M.P.; Elicker, B.M.; Velasco, P.; Richard, L.; Fukumura, D.;
Monsky, W.; Claffey, K.P.; Jain, R.K. Increased microvascular density and enhanced leukocyte
rolling and adhesion in the skin of VEGF transgenic mice. J. Invest. Dermatol. 1998, 111, 1-6.
Adamis, A.P. Is diabetic retinopathy an inflammatory disease? Br. J. Ophthalmol. 2002, 86, 363—-365.
Ishida, S.; Usui, T.; Yamashiro, K.; Kaji, Y.; Ahmed, E.; Carrasquillo, K.G.; Amano, S.; Hida, T.;
Oguchi, Y.; Adamis, A.P. VEGF164 is proinflammatory in the diabetic retina. Invest. Ophthalmol.
Vis. Sci. 2003, 5, 2155-2162.

Aiello, L.P.; Avery, R.L.; Arrigg, P.G.; Keyt, B.A.; Jampel, H.D.; Shah, S.T.; Pasquale, L.R.;
Thieme, H.; Iwamoto, M.A.; Park, J.E. Vascular endothelial growth factor in ocular fluid of
patients with diabetic retinopathy and other retinal disorders. N. Engl. J. Med. 1994, 331, 1480—1487.
McLend, D.S.; Lefer, D.J.; Merges, C.; Lutty, G.A. Enhanced expression of intracellular adhesion
molecule-1 and pselectin in the diabetic human retina and choroids. Am. J. Pathol. 1995, 147,
642-653.

Luo, D.W.; Fan, Y.; Xu, X. The effects of aminoguanidine on retinopathy in STZ-induced
diabetic rats. Bioorg. Med. Chem. Lett. 2012, 13, 4386—4390.

Drel, V.R.; Pacher, P.; Ali, T.K.; Shin, J.; Julius, U.; EI-Remessy, A.B.; Obrosova, 1.G.
Aldose reductase inhibitor fidarestat counteracts diabetes-associated cataract formation, retinal
oxidative-nitrosative stress, glial activation, and apoptosis. Int. J. Mol. Med. 2008, 6, 667-676.



Molecules 2012, 17 12881

36.

37.

38.

39.

40.

41.

42.

43.

44,

Yiilek, F.; Or, M.; Ozogul, C.; Isik, A.C.; Ari, N.; Stefek, M.; Bauer, V.; Karasu, C. Effects of
Stobadine and Vitamin E in Diabetes-Induced Retinal Abnormalities: Involvement of Oxidative
Stress. Arch. Med. Res. 2007, 38, 503-511.

Kamper, M.; Tsimpoukidi, O.; Chataigeorgiou, A.; Lymberi, M.; Kamper, E.F. The antioxidant
effect of angiotensin II receptor blocker, losatan, in streptozotocin-induced diabetic rats. Transl. Res.
2010, 7, 26-36.

Kowluru, R.A.; Kowluru, V.; Ho, Y.S.; Xiong, Y. Overexpression of mitochondrial superoxide
dismutase in mice protects the retina from diabetes-induced oxidative stress. Free Radic. Biol. Med.
2006, 41, 1191-1196.

Park, J.W.; Park, S.J.; Park, S.H.; Kim, K.Y.; Chung, J.W.; Chun, M.H.; Oh, S.J. Up-regulated
expression of neuronal nitric oxide synthase in experimental diabetic retina. Neurobiol. Dis. 2006,
1,43-49.

Zhang, Q.; Guy, K.; Pagadala, J.; Jiang, Y.; Walker, R.J.; Liu, L.; Soderland, C.; Kern, T.S.;
Ferry, R., Jr.; He, H.; et al. Compound 49b prevents diabetes-induced apoptosis through increased
IGFBP-3 levels. Invest. Ophthalmol. Vis. Sci. 2012, 53, 3004-3013.

Bucolo, C.; Ward, K.W.; Mazzon, E.; Cuzzocrea, S.; Drago, F. Protective effects of a coumarin
derivative in diabetic rats. Invest. Ophthalmol. Vis. Sci. 2009, 50, 3846—3852.

Li, D.; Mitsuhashi, S.; Ubukata, M. Protective effects of hesperidin derivatives and their
stereoisomers against advanced glycation end-products formation. Pham. Biol. 2012,
doi:10.3109/13880209.2012.694106.

Brand, W.; Shao, J.; Hoek-van Den Hil, E.F.; van Elk, K.N.; Spenkelink, B.; de Haan, L.H.;
Rein, M.J.; Dionisi, F.; Williamson, G.; van Bladeren, P.J.; et al. Stereoselective Conjugation,
Transport and Bioactivity of S- and R-Hesperetin Enantiomers in Vitro. J. Agric. Food Chem.
2010, 58, 6119-6125.

Srirangam, R.; Hippalgaonkar, K.; Avula, B.; Khan, [.A.; Majumdar, S. Evaluation of the
Intravenous and Topical Routes for Ocular Delivery of Hesperidin and Hesperetin. J. Ocul.
Pharmacol. Ther. 2012, doi:10.1089/jop.2012.0040.

Sample Availability: Samples of hesperidin are available from the authors.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



