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The neuroprotective effect of 
hesperidin in NMDA-induced retinal 
injury acts by suppressing oxidative 
stress and excessive calpain 
activation
Shigeto Maekawa1, Kota Sato1,2, Kosuke Fujita3, Reiko Daigaku1, Hiroshi Tawarayama3, 
Namie Murayama1, Satoru Moritoh1, Takeshi Yabana1, Yukihiro Shiga1, Kazuko Omodaka1,2, 
Kazuichi Maruyama1, Koji M. Nishiguchi4 & Toru Nakazawa1,2,3,4

We found that hesperidin, a plant-derived bioflavonoid, may be a candidate agent for neuroprotective 
treatment in the retina, after screening 41 materials for anti-oxidative properties in a primary retinal 
cell culture under oxidative stress. We found that the intravitreal injection of hesperidin in mice 
prevented reductions in markers of the retinal ganglion cells (RGCs) and RGC death after N-methyl-
D-aspartate (NMDA)-induced excitotoxicity. Hesperidin treatment also reduced calpain activation, 
reactive oxygen species generation and TNF-α gene expression. Finally, hesperidin treatment improved 
electrophysiological function, measured with visual evoked potential, and visual function, measured 
with optomotry. Thus, we found that hesperidin suppressed a number of cytotoxic factors associated 
with NMDA-induced cell death signaling, such as oxidative stress, over-activation of calpain, and 
inflammation, thereby protecting the RGCs in mice. Therefore, hesperidin may have potential as a 
therapeutic supplement for protecting the retina against the damage associated with excitotoxic injury, 
such as occurs in glaucoma and diabetic retinopathy.

Oxidative stress is a major cause of various neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s 
disease, and amyotrophic lateral sclerosis1. In the retina, oxidative stress is believed to be an important risk 
factor for age-related macular degeneration, diabetic retinopathy (DR), and glaucoma. A landmark study, the 
Age-Related Eye Disease Study (AREDS), showed that anti-oxidant supplements had a beneficial effect in these 
diseases and could slow their progress2. More recently, studies have shown that the level of advanced glycation end 
products (AGEs) in the skin, which can be used as a biomarker of oxidative stress, is associated with the severity 
of DR3, 4. Thus, treatments targeting oxidative stress are an important strategy for managing retinal diseases.

Among retinal diseases related to oxidative stress, glaucoma is a particularly significant cause of visual impair-
ment and blindness worldwide5. Glaucoma is an optic neuropathy characterized by the progressive death of reti-
nal ganglion cell (RGC) axons and the irreversible loss of vision6. Although elevated intraocular pressure (IOP) is 
the most important risk factor for glaucoma, in some patients progress continues despite normal IOP, suggesting 
that IOP-independent factors also influence glaucoma progression7, 8. Furthermore, many previous reports have 
indicated that oxidative stress-associated compounds increase in the eyes and bodily fluids of human glaucoma 
patients9–12, in particular oxidized DNA13. In animal models, oxidative stress is associated with RGC death in the 
retinas of GLAST- or EAAC1-deficient mice14, as well as in mice that were subjected to NMDA-induced retinal 
injury15, optic nerve crush16, and optic nerve transection17. Oxidative stress-related compounds are also present in 

1Department of Ophthalmology and Visual Science, Tohoku University Graduate School of Medicine, Sendai, 980-
8574, Japan. 2Department of Ophthalmic Imaging and Information Analytics, Tohoku University Graduate School of 
Medicine, Sendai, 980-8574, Japan. 3Department of Retinal Disease Control, Tohoku University Graduate School of 
Medicine, Sendai, 980-8574, Japan. 4Department of Advanced Ophthalmic Medicine, Tohoku University Graduate 
School of Medicine, Sendai, 980-8574, Japan. Correspondence and requests for materials should be addressed to 
T.N. (email: ntoru@oph.med.tohoku.ac.jp)

Received: 19 January 2017

Accepted: 22 June 2017

Published online: 31 July 2017

OPEN

mailto:ntoru@oph.med.tohoku.ac.jp


www.nature.com/scientificreports/

2SCIenTIfIC REPORTS | 7: 6885 | DOI:10.1038/s41598-017-06969-4

the eyes of rats with chronic elevated IOP18. Moreover, treatment to decrease oxidative stress prevents RGC death 
in animal models after optic nerve injury19, 20. Thus, if oxidative stress also directly induces RGC death in human 
glaucoma patients, antioxidant molecules may have neuroprotective effects in glaucoma.

Among antioxidant molecules, flavonoids may be a particularly promising source of new treatments. 
Flavonoids are a group of plant-derived polyphenolic compounds found in many fruits and vegetables21–23, and 
have been reported to confer a variety of physiological benefits, such as protection from cardiovascular diseases 
and cancer. Insufficient intake of some flavonoids may be associated with a higher risk of Parkinson’s disease and 
dementia24, and the intake of antioxidant flavonoids is inversely related to the incidence of dementia, including 
dementia associated with Alzheimer’s disease25.

Therefore, the objective of this study was to identify antioxidant compounds in food that could most effec-
tively protect the retinal neurons, especially the RGCs. We used a preliminary in vitro experiment, based on a ret-
inal primary culture assay, to screen a variety of food-derived compounds. Based on our findings, we performed a 
follow-up in vivo experiment to assess the neuroprotective effect of the most promising compound, hesperidin, in 
the RGCs after NMDA injury in mice. We chose this animal model because of the well-known ability of NMDA 
to promote cellular oxidative stress via the NMDA receptors and cause calcium overload in cells1, 26.

Result
Identification of compounds with an antioxidant effect: hesperidin ameliorates reduced cell 
viability in retinal primary cultures under oxidative stress. To identify compounds with the potential 
to protect retinal cells, we evaluated the effect of a variety of test compounds (see Supplementary Table 1) on the 
viability of primary cultured retinal cells under oxidative stress. To induce oxidative stress in the cultured retinal 
cells, we excluded 4 anti-oxidant supplements (vitamin E, catalase, vitamin E acetate, superoxide dismutase and 
glutathione) from a B27 supplement. Viability was assessed with an Alamar blue assay 24 h after the cells were 
harvested. Twelve candidate compounds significantly improved cell viability in comparison with cell cultures 
lacking any test compounds (Fig. 1a). However, some of the tested compounds decreased cell viability, suggesting 
that they might be toxic to the primary retinal cells under the conditions of this study.

Among the 12 candidate compounds with a neuroprotective effect, hesperidin was notable for the strength 
of its neuroprotective effect (among the top 5; Supplementary Table 1) and good repeatability (Supplementary 
Figure 1). Taken together with many previous reports showing that hesperidin has anti-apoptotic, anti-oxidative 
stress and anti-inflammatory effects27–34, we thus considered that hesperidin was the best candidate for further 
study.

An additional experiment showed that the viability of cells in cultures lacking antioxidants was 63.1% of 
the viability of cells in cultures containing antioxidants (Fig. 1b), and that treatment with 0.05% hesperidin 
had a significant ameliorative effect, increasing cell viability to 91.7%. Thus, hesperidin ameliorated oxidative 
stress-induced retinal cell damage in vitro.

Hesperidin ameliorates reductions in RGC markers after NMDA-induced retinal damage. To 
evaluate whether hesperidin could protect against RGC damage in the eyes of mice in vivo, we measured the gene 
expression of various RGC markers with real-time RT-PCR. First, to determine the optimal concentration of 
hesperidin for protecting the RGCs, we injected the mice with 2 μl/eye of 15 μM NMDA intravitreously, without 
hesperidin or with 0.17%, 1.7% or 17% (w/v) of hesperidin. We then evaluated the effect of these injections on 
the gene expression of RGC markers. This experiment showed that a concentration of 17% hesperidin was the 
most effective at suppressing the reduction of RGC markers (Supplementary Figure 2). In addition, we found that 
NMDA treatment lowered the expression of specific markers of the RGCs, including RNA binding protein with 
multiple splicing (Rbpms), Brn3b and Brn3c35, 36, in comparison with PBS-treated retinas. Hesperidin treatment 
in the NMDA-treated retinas significantly mitigated this reduction (Fig. 2a). Similarly, NMDA treatment lowered 
the transcriptional levels of Brn3b and Brn3c, and hesperidin treatment significantly mitigated the reduction 
(Fig. 2b,c). This result suggests that the intravitreal injection of hesperidin reduced excitotoxic damage to the 
RGCs in mice.

Hesperidin prevents RGC death after NMDA injury in mice. To evaluate whether hesperidin protected 
against excitotoxic RGC death in mice, we performed RBPMS immunostaining of the RGCs, in addition to retro-
grade labeling with Fluorogold (FG). These techniques have been established as effective for determining the sur-
vival of RGCs37, 38. We found that 24 h after NMDA injury, the number of RBPMS-positive RGCs was lower in the 
NMDA-treated group than the PBS-treated group (PBS: 109.1 ± 37.2 cells/mm vs. NMDA: 34.4 ± 6.7 cells/ mm).  
The reduction of RBPMS-positive RGCs after NMDA injury was attenuated after treatment with hesperidin 
(53.1 ± 5.9 cells/mm) (Fig. 3m).

Ten days after NMDA injection, we extracted the eyes from the animals and counted FG-labeled RGCs in the 
whole retinas. The pattern of changes was similar to the changes in RBPMS-labeled cells. Again, there were sig-
nificantly fewer FG-labeled RGCs after NMDA injection than after PBS injection (PBS: 3150 ± 979 cells/mm2 vs. 
NMDA: 922 ± 351 cells/mm2), and the number of RGCs was significantly higher after treatment with hesperidin 
(2177 ± 404 cells/mm2) (Fig. 4d). This finding suggests that hesperidin prevented RGC death associated with 
NMDA-induced retinal damage.

Hesperidin attenuates NMDA-induced lipid peroxidation in the retina. Given previous studies 
demonstrating the oxidant scavenging function of hesperidin39, we next investigated whether hesperidin could 
ameliorate NMDA-induced oxidative stress. We performed a 2-Thiobarbituric Acid Reactive Substances (TBARS) 
assay of retinas extracted from mice that had undergone the intravitreal administration of NMDA and hesperi-
din. This allowed us to quantify the amount of malondialdehyde (MDA). MDA in control retinas injected with 
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PBS was below the detection limit (Fig. 5). By contrast, the amount of MDA in retinas that underwent the intra-
vitreal injection of NMDA was strikingly increased (299.1 ± 59.8 nmol/mg protein; Fig. 5). This finding is con-
sistent with previous reports that NMDA injection leads to increased oxidative stress in the retina40. Treatment 
with NMDA and hesperidin led to a lower level of MDA than treatment with NMDA alone (73.9 ± 22.0 nmol/mg 
protein, Fig. 5). Thus, we found that hesperidin attenuated NMDA-induced oxidative stress.

Hesperidin inhibits calpain activation after NMDA treatment in mouse retinas. Previous studies 
have shown that the underlying mechanism of RGC death after NMDA treatment involves excess calpain acti-
vation, which is induced by elevated oxidative stress41, 42. To determine whether hesperidin suppressed excess 
calpain activation, we analyzed the fragmentation of α-fodrin, an endogenous substrate of calpain43, in the retinas 
of mice after the intravitreous injection of NMDA. Immunoblot analysis showed that the level of cleaved α-fodrin 
(both the 145 kDa and 150 kDa fragments) was significantly lower with hesperidin treatment than without 1, 3, 
6, and 12 hours after NMDA injection (Fig. 6b). Moreover, the fragmentation of α-fodrin was re-analyzed by 
measurement of the 145 kDa fragments. This showed that it was also significantly lower with hesperidin treatment 
than without 1, 3, 6, 12 hours after NMDA injection (Supplementary Figure 3). These data show that hesperidin 
contributed to the suppression of calpain activation after NMDA injury in mouse retinas.

Hesperidin suppresses the gene expression of pro-inflammatory cytokines in NMDA-treated 
retinas. Past research has shown that TNF-α, a cytokine associated with inflammation, and Ddit3, a protein 
associated with endoplasmic reticulum (ER) stress, increase in the retina after NMDA injection and cause RGC 
death44, 45. Thus, we used quantitative RT-PCR to investigate whether hesperidin attenuated the expression of 
the TNF-α and Ddit3 genes after NMDA injury. Without hesperidin treatment, we found that the intravitreal 

Figure 1. Anti-oxidant compound screening with a mouse retinal primary culture. (a) Primary retinal cells 
were cultured for 18 h under oxidative stress without an antioxidant supplement, in media containing candidate 
materials. Cell viability was then assessed with an Alamar blue assay. The Y-axis shows the ratio of fluorescence 
intensity in these cultures, with the intensity of cultures without candidate materials set as 1.0. Individual 
materials that significantly increased cell viability are represented by black circles (⚫) and materials that did 
not significantly increase cell viability are represented by squares (◾). Hesperidin is represented by a white 
circle (⚪). (b) Primary retinal cells were cultured with 0.05% hesperidin, and cell viability was assessed with 
an Alamar blue assay. Fluorescence intensity was measured and the value was normalized as the percentage 
of the intensity of culture containing an antioxidant supplement. Data represent mean ± SD (n = 6 each). 
***p < 0.001.
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injection of NMDA increased the gene expression of TNF-α to 183% of its expression in animals injected with 
PBS, and increased the gene expression of Ddit3 to 169%. Animals that received hesperidin treatment in addition 
to NMDA injection had a significantly lower TNF-α mRNA level, but a statistically similar Ddit3 mRNA level 
(Fig. 7a,b). This finding suggests that although hesperidin may be able to suppress pro-inflammatory cytokines, 
such as TNF-α, it cannot suppress ER stress signaling, represented here by Ddit3 expression.

Electrophysiological evaluation of the RGCs with visual evoked potential. In order to evaluate the 
relationship between RGC viability and visual function in mice, we measured the electrophysiological response of 
the visual cortex, i.e., visual evoked potential (VEP), using a slight modification of a technique that we have previ-
ously described46. We recorded VEP in waking mice because some anesthetics may act directly or indirectly upon 
the NMDA receptors47. In eyes that were treated with NMDA alone or with NMDA and hesperidin, we evaluated 
the amplitude ratio of the first positive wave (P1)/first negative wave (N1) and the N1/second positive wave (P2), 
after normalization to the untreated contralateral eye. We found that the intravitreal injection of NMDA reduced 
the amplitude ratio of the photopic VEP at a range of stimulus intensities between 0.0 and 2.0 log cd-s/m−2.  
Specifically, the P1-N1 amplitude ratio and the N1-P2 amplitude ratio decreased. This reduction in VEP was 
partially lessened when the treatment included both hesperidin and NMDA. Hesperidin treatment increased the 
N1-P2 amplitude ratio by 200% and 170% at stimulus intensities of 0.0 and 0.5, respectively, in comparison with 
to NMDA injection without hesperidin (Fig. 8d). However, hesperidin treatment had no effect on the decrease in 
the P1-N1 amplitude ratio (Fig. 8c).

Optomotry evaluation of ethology. The results of our VEP experiment showed that the intravitreous 
injection of hesperidin partially ameliorated the cortical changes associated with NMDA-induced RGC injury. 
Thus, we performed a further experiment to determine if the electrophysiological changes observed at the cortical 
level had any physiological relevance. We used a technique that we have previously reported, with minor modifi-
cations48. We assessed visual acuity in NMDA-injured mice with and without hesperidin treatment by measuring 
the opto-kinetic tracking ability of the animals. We found that the visual acuity of the hesperidin-treated mice 
(0.42 ± 0.0034 cycle/degree) was better than that of the untreated mice (0.17 ± 0.0089 cycle/degree; Fig. 8e).

Discussion
In this study, we found that the intravitreal injection of hesperidin prevented excitotoxicity-induced RGC death 
and improved the electrophysiological and behavioral visual function of mice after NMDA injury. Detailed inves-
tigation of the effects of hesperidin treatment showed that it suppressed the effects of oxidative stress both in 
vitro and in vivo, while an investigation of the underlying mechanism showed that hesperidin suppressed the 
over-activation of calpain in NMDA-treated retinas and reduced the up-regulation of TNF-α, an inflammatory 
cytokine. However, hesperidin had no effect on ER stress.

Dietary supplementation with antioxidants has previously been reported to ameliorate RGC damage caused 
by glutamate excitotoxicity and oxidative stress in NMDA-treated mice49. NMDA is a common choice for animal 
research in this area because the neuronal death pathways after NMDA injury have been described in detail. In 
human trials, higher dietary nitrate and green leafy vegetable intake has been shown to be associated with a lower 
risk of POAG, particularly the risk of POAG with early paracentral visual field loss at the time of diagnosis50. 
These findings suggest that antioxidant compounds present in the diet may have benefits as therapeutic supple-
ments and may help to prevent glaucoma.

Figure 2. Gene expression of RGC markers in NMDA-injured mouse retinas with and without hesperidin 
treatment. The transcriptional levels of Rbpms (a), Brn3b (b) and Brn3c (c) were compared in the eyes of mice 
treated with PBS without NMDA (white bars), treated with PBS (black bars), and treated with hesperidin 
(gray bars) 24 h after NMDA injection. The gene expression of each RGC marker was normalized to Gapdh. 
Expression levels are shown as percentages of the average expression in eyes treated with PBS without NMDA. 
Data represent mean ± SD (Rbpms: n = 14, Brn3b, Brn3c: n = 6 each). *p < 0.05, **p < 0.01, ***p < 0.001.
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Flavonoids are promising candidates for such supplements, because animal studies have shown that they gen-
erally have low toxicity at a wide range of doses and lengths of administration. In the current study, we found 
that among flavonoids, hesperidin was particularly promising. We found that this compound had an antioxidant 

Figure 3. Hesperidin treatment preserved RGC marker-positive cells after NMDA injury. Representative 
photographs at lower (a–c) and higher (d–l) magnification with nuclear staining (DAPI) and immunostaining 
with anti-RBPMS antibody, taken 24 h after intravitreal injection with PBS (a,d,g,j), 30 nmol NMDA (b,e,h,k), 
or NMDA with hesperidin (c,f,i,l). RBPMS-positive cells in the GCL are shown by the arrows. (m) Histogram 
showing the average number of RBPMS-positive cells in the retinas. Data represent mean ± SD, (vehicle, n = 6, 
NMDA, n = 8, NMDA with hesperidin, n = 7) ***p < 0.001. A-C scale bar: 500 µm, D-L scale bar: 50 µm. GCL; 
ganglion cell layer, INL; inner nuclear layer, ONL; outer nuclear layer.
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effect, and that it could improve cell viability in retinal cells in vitro and in vivo. These findings reinforce previous 
reports that hesperidin has a vitamin-like activity as an antioxidant29, has anti-inflammatory effects33, attenuates 
the activity of caspase-327, 28, attenuates the elevation of intracellular free calcium30, improves neuronal energy 
metabolism31, reverses mitochondrial dysfunction51, and exerts an antioxidant effect in hepatic L02 cells and 
PC-12 cells30–32. Additionally, hesperidin has been shown to have a preventive effect against neuronal cell death 
that likely involves the PI3 and MAP kinase pathways52. Finally, hesperidin has been shown to reduce excitotox-
icity and ROS levels53. The current study confirms that hesperidin can reduce oxidative stress and prevent RGC 
death in vivo, suggesting that hesperidin has potential as a new antioxidant supplement to prevent the degenera-
tion of the RGCs in various retinal diseases.

The effect of hesperidin on calpain was a particularly significant finding of this study. Calpain, a member of the 
cysteine protease family, is activated by an elevated intracellular level of calcium through Ca2+ gated ion channels. 
Calpain modulates cell motility, differentiation, proliferation, apoptosis, signal transduction and gene expres-
sion by causing the limited proteolysis of specific substrates54, 55. Apoptotic cell death caused by excess calpain 
activation occurs via both caspase 3-dependent and -independent pathways. These pathways are augmented by 
reactive oxygen species (ROS) from the mitochondria and induce the expression of apoptosis-inducing factors56. 
Previous studies have reported that calpain is activated during retinal damage, such as from ischemia-reperfusion 
injury57, axotomy58, retinal detachment59, and excitotoxic injury60, 61. Our previous work has also demonstrated 

Figure 4. Increase in RGC survival after NMDA injury with hesperidin treatment. Representative images of 
FG-labeled RGCs 10 days after the intravitreal injection of vehicle (a), NMDA (b), or NMDA with hesperidin 
(c). Histogram showing the average number of FG-positive cells in each group (d). Data represent mean ± SD 
(vehicle, n = 9; NMDA, n = 8; NMDA/hesperidin, n = 10). ***p < 0.001. Scale bar: 50 µm.

Figure 5. Hesperidin attenuated lipid peroxidation after NMDA injury. The amount of MDA in the retina 
was quantified using a TBARS assay 6 hours after the intravitreal injection of PBS, NMDA or NMDA with 
hesperidin. The average amount of MDA was calculated and is shown per mg of retinal protein. (n = 6 each) 
Data represent mean ± SD. ***p < 0.001.
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that the over activation of calpain occurs in various experimental models of glaucoma, such as NMDA-induced 
excitotoxicity, optic nerve crush and axonal damage induced by tubulin destruction41, 62. The administration of 
SNJ-1945, a calpain inhibitor, is highly effective at inhibiting RGC death in these disease models, indicating that 

Figure 6. Hesperidin ameliorated cleavage of α-fodrin in the retina after NMDA injury. (a) Immunoblot 
analysis of α-fodrin in retinas with or without hesperidin treatment, 1, 3, 6 and 12 hours after NMDA injury. 
Representative immunoreaction image with anti-α-fodrin showing intact α-fodrin (280 kDa), caspase-3-
cleaved fragmented α-fodrin (150 kDa) and calpain-cleaved fragmented α-fodrin (145 and 150 kDa). β-actin 
was used as an internal control. (b) The relative density of the cleaved-fodrin immunoreactive band. Relative 
density was based on the cleaved-fodrin immunoreactive band one hour after NMDA injection. Full-length 
blots are shown in Supplementary Figure 6. Data represent mean ± SD (no treatment and 3 h after NMDA: 
n = 5, other groups: n = 6 each). *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 7. Alterations in the mouse retina in the expression of gene markers for inflammation and ER stress 
after treatment with NMDA and hesperidin. Damage to the retina after the injection of PBS, NMDA or NMDA/
hesperidin was investigated with quantitative RT-PCR measurement of TNF-α (a) and Ddit3 (b), which are 
markers of inflammation and ER stress, respectively (n = 6–7). The expression of each gene was normalized to 
Gapdh. Data represent mean ± SD. *p < 0.05, **p < 0.01.
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over activation of calpain has a critical role in promoting RGC death under pathological conditions. In particular, 
we found that in retinas that underwent oxidative damage caused by the intravitreous injection of 2,2′-azobis 
(2-amidinopropane) dihydrochloride (AAPH), a ROS generator that induces oxidative stress, calpain was acti-
vated and RGC death increased42. This finding showed that oxidative stress played a significant role in calpain 
activation and RGC death.

In the current study, hesperidin suppressed retinal cell damage under oxidative stress in vitro, the genera-
tion of lipid oxides in vivo, and prevented the over activation of calpain in mouse retinas, resulting in a strong 
protective effect in the RGCs. Hesperidin likely inhibits calpain activation not only by suppressing oxidative 

Figure 8. Reductions in visual function after NMDA injury were ameliorated by hesperidin treatment. 
Representative VEP wave patterns in eyes that were untreated, treated with NMDA, or treated with NMDA and 
hesperidin (a,b). P1: initial positive wave, N1: initial negative wave, P2: second positive wave. Graphs showing 
the amplitude ratio for the P1N1 (c) and N1P2 (d) waves after treatment with NMDA or NMDA/hesperidin. 
No treatment: contralateral left eye, NMDA: right eye after NMDA injury (n = 10), NMDA/hesperidin: right 
eye after NMDA and hesperidin injection (n = 8). Data represent mean ± SD, *p < 0.05, **p < 0.01. Histogram 
showing visual acuity (e). Visual acuity in the eyes that received NMDA or NMDA/hesperidin injections 
represents the response to motion in the counterclockwise direction, and visual acuity in the untreated 
eyes represents the response to motion in the clockwise direction (n = 5 each). Data represent mean ± SD, 
***p < 0.001.
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stress, but also by reducing calcium influx through the NMDA receptors, as suggested by previous studies show-
ing that hesperidin lowered intracellular calcium (II)30 and reduced ROS levels in H2O2-induced cytotoxicity63. 
Moreover, we found that hesperidin markedly suppressed NMDA-induced elevation in the gene expression of 
TNF-α, reinforcing previous work29. However, we also found that hesperidin could not suppress NMDA-induced 
elevated Ddit3 gene expression. This suggests that although hesperidin can suppress cell death pathways involving 
inflammation, it does not suppress those involving ER stress. Moreover, previous studies have found that calcium 
influx increased Ddit3 gene expression64, 65 and ROS production after staurosporine-induced damage in PC12 
cells66. This may explain why hesperidin did not inhibit calcium influx, despite its suppressive effect on ROS in 
the signaling pathway of retinal cell death. Furthermore, to confirm that the neuroprotective effects of hesperidin 
observed in this study were not due to a reaction between hesperidin and NMDA, we performed an additional 
experiment in which we injected NMDA and hesperidin separately. This showed that even when hesperidin was 
injected 10 min after NMDA, it still acted to protect against RGC damage in vivo (Supplementary Figures 4 and 5).  
This result provides additional evidence that the effect of hesperidin does not rely on binding with NMDA.

An additional finding of this study was that VEP was partially preserved in NMDA-injured eyes that were also 
treated with hesperidin. However, it is unclear whether this protective effect had any functional visual impact in the 
test animals, although behavioral quantification of visual acuity in the injured animals was 50% higher with hes-
peridin treatment than without. The relatively large effect on visual acuity was beyond our expectations, considering 
the small improvement observed in the VEP. It may be possible that visual acuity can improve in behavioral testing 
with a relatively small number of RGCs, while a greater number are necessary to improve VEP measurements.

In conclusion, the results of this study show that hesperidin administration prevented RGC death and 
improved both electrophysiological function and visual acuity in a mouse model of NMDA-induced excitotox-
icity. We obtained evidence that the mechanism of hesperidin’s protective effect involves the suppression of ROS 
generation, the inhibition of calpain activation, and the suppression of inflammatory cytokines. Therefore, dietary 
supplementation with food containing hesperidin also promises to have beneficial neuroprotective effects in ret-
inal excitotoxicity-related diseases, such as diabetic retinopathy and glaucoma.

Methods
Animals. C57BL/6 J mice (male, 8–12 weeks old) were purchased from SLC Co. (Shizuoka, Japan). All ani-
mals were treated in accordance with the principles presented in the guidelines of the Declaration of Helsinki 
and its guiding principles in the care and use of animals. The Ethics Committee for Animal Experiments at 
Tohoku University Graduate School of Medicine approved all experimental procedures, in accordance with the 
Association for Research in Vision and Ophthalmology.

NMDA-induced retinal injury and hesperidin treatment. NMDA injury was induced in the animals as 
previously described67. A 15-µM solution of NMDA (Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered 
saline (PBS) was injected intravitreally (2 µl/eye). Hesperidin, including hesperetin, (αG hesperidin PAT-T; Glico, 
Tokyo) in PBS was mixed with NMDA, and the final concentration of hesperidin was 17% and NMDA was 
15-µM. The PBS vehicle was injected as a control. Animals with lens injury or vitreous hemorrhage were excluded.

Mouse retinal primary cultures. The mouse retinas were incubated at 37 °C for 5 min and maintained 
in a humidified atmosphere of 5% CO2 with a Neural Tissue Dissociation Kit (P) (Miltenyi Biotec, Bergisch 
Gladbach, Germany). Single cell digestion was performed with Gentl MACS according to the manufacturer’s pro-
tocol. Incubation time was as follows: m_brain_01: 3 min, m_brain_02: 5 min, and m_brain_03: 5 min; this was 
followed by additional incubation for 5 min. Single cells were prepared with a cell strainer (40 µm). Manipulation 
of the primary retinal cultures was performed as previously described, with minor modifications44, 62. Cell density 
was adjusted to 1.5 × 105 cells/50 µl in each well of a 96-well plate (Falcon, NY, USA), and the cultures were incu-
bated for 15 min in a CO2 incubator at 37 °C. The culture medium was neurobasal A (Invitrogen, Carlsbad, CA, 
USA), containing a B27 supplement without anti-oxidants (NBA/B27AO-, Invitrogen), as well as 1 µg/ml insulin, 
2 mM L-glutamate and 12 µg/ml gentamicin. Fifteen minutes after the retinal cells were harvested, hesperidin was 
applied to the primary retinal cells. Two hours later, Alamar blue (Invitrogen) was added. Eighteen hours later, the 
fluorescence intensity was measured (560-nm excitation and 590-nm emission) with an absorption spectrometer 
(Vmax; Molecular Devices, Sunnyvale, CA, USA).

Quantitative real-time PCR. Total RNA extraction and cDNA synthesis was performed as previously 
described68, 69. Predesigned primers and probes, purchased from Life Tec, were used as follows, with the relevant 
genes in italics: Pou4f2 (Mm00454754_s1), Pou4f3 (Mm04213795_s1), and Rbpms (Mm00803908_m1), TNF-1a 
(Mm00441883_g1), Ddit3 (Mm00492097_m1) and Gapdh (Mm01256744_m1). The data was normalized to an 
endogenous control (GAPDH mRNA).

Immunohistochemistry and cell counting. Immunohistochemical analysis was performed as previously 
described70–72. The cryosections were blocked with blocking buffer (10% donkey serum in Tw-PBS) at room tem-
perature for 1 h and incubated with a primary antibody against RBPMS (1:200, Abcam, Cambridge, UK) at 4 °C 
overnight. After washing with Tw-PBS, the sections were then incubated with Alexa Fluor 488 conjugated goat 
anti-rabbit IgG antibody (1:500, Invitrogen) in blocking buffer at room temperature for 1 h. The sections were 
mounted on Vectashield mounting media with DAPI (Vector Laboratories, Burlingame, CA, USA). Photographs 
of whole retinal sections were taken through a microscope (Axiovert 200; Carl Zeiss, Berkochen, Germany). 
RPBMS-positive RGCs in the ganglion cell layer (GCL) were counted in the whole retinal sections in a blind fashion.

http://4
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Counting FG-labeled RGCs in flat-mounted retinas. Retinal whole mounts were prepared as previ-
ously described71. Briefly, three days after the NMDA injection, deep anesthesia was induced in the mice with 
ketamine (100 mg/kg) and xylazine (9 mg/kg) and FG labeling was then performed by injecting 2 µL of 2% aque-
ous FG containing 1% dimethylsulfoxide (DMSO) into the superior colliculus, using a Hamilton syringe with a 
32-gauge needle. Seven days later, the retinas were dissected, fixed in 4% paraformaldehyde (PFA), flat-mounted 
onto glass slides and mounted with Vectashield mounting media (Vector Laboratories, Burlingame, CA, USA). 
The number of FG-labeled RGCs was then counted in 12 distinct areas, and the average value in these 12 areas 
was used for the statistical analysis, as previously described71. Photographs were captured with fluorescence 
microscopy (Axiovert 200, Carl Zeiss). Counting of the FG-labeled RGCs was conducted in a masked fashion by 
two independent investigators.

Immunoblotting. Retinal protein extraction, SDS-PAGE and immunoblot analysis were performed as 
described previously70. Briefly, a BCA protein assay was used to measure the quantity of protein. Protein from 
the retina was separated with 7.5% polyacrylamide gel (Bio Rad, USA) and transferred to a PVDF membrane 
(Merck-Millipore, Darmstudt, Germany). After blocking with 2% skim milk, the membrane was incubated in 
a blocking buffer containing rabbit anti-α-fodrin antibody (1:2000; Abcam) at room temperature for 1 h. The 
membrane was incubated with HRP-conjugated anti-rabbit IgG (dilution 1:5,000; Sigma). The immunoreactive 
band was developed with ECL prime (GE Healthcare, WI, USA) and examined with ChemiDoc XRS + (Bio-rad). 
As an internal control, the membrane was incubated with rabbit anti-β-actin antibody (dilution 1:1000; Sigma) 
at 4 °C overnight. The density of the immunoreactive band was then determined with a digital scanner and Image 
J software.

2-Thiobarbituric acid reactive substances (TBARS) assay. The retinas of the mice were extracted 
6 hours after the intravitreal injection of 15 mM NMDA and/or 17% (w/v) hesperidin in PBS (2 µl/eye). The 
retinas were then homogenized in RIPA buffer with 0.05% (w/v) butylated hydroxytoluene (BHT; Wako Pure 
Chemical, Osaka, Japan) and a protease inhibitor cocktail (Cayman Chemical Company, Ann Arbor, MI, USA) 
using a Bioruptor Sonicator (UCD-300; Tosho Denki, Kanagawa, Japan). Next, the retinal homogenates were cen-
trifuged to obtain the lysates required for the TBARS assay. The TBARS assay was performed following a proce-
dure described previously73. The fluorescence of the extract was measured at an excitation wavelength of 530 nm 
and an emission wavelength of 590 nm, with a fluorescence microplate reader (SpectraMax Gemini; Molecular 
Devices LLC, Sunnyvale, CA)

Surgical preparation of electrodes. The mice were anesthetized with a single intraperitoneal injection of 
medetomidine (0.6 mg/kg; Meiji Seika Pharma Co. Ltd., Tokyo, Japan) and ketamine (36 mg/kg; Daiichi Sankyo 
Co. Ltd., Tokyo, Japan). A surgical procedure was then performed to implant electrodes for the measurement 
of VEP46. Briefly, the VEP electrodes were placed at the right and left primary visual cortices (3.6 mm caudal to 
the bregma and 2.3 mm lateral). The negative electrode was placed at the area of the right prefrontal cortex (2.0 
mm rostral to the bregma). Three stainless steel pan-head screws (M0.6 × 3.0 mm), used to secure the electrodes, 
were screwed 1.0 mm into the skull so that the tip made light contact with the brain surface. These screws were 
then fixed using a cyanoacrylate adhesive (Toagosei Co. Ltd., Tokyo, Japan). Subsequently, a polycarbonate bolt 
(M3 × 10.0 mm) was glued to the exposed skull caudal to the electrodes. The mice were kept warm on a heat-
ing pad during the procedure. After the procedure, the mice were administered a reversal agent, atipamezole 
(0.35 mg/kg; Meiji Seika Pharma Co. Ltd., Tokyo, Japan).

Recording of VEP in waking mice. Waking VEP recordings were obtained as previously described46. A 
setup consisting of a ganzfeld dome, an acquisition system (PuREC), and an LED stimulator (LS-100; all from 
Mayo Corp., Inazawa, Japan) were used. After the mice were dark-adapted for at least 6 h, the pupils were dilated 
with 2.5% phenylephrine and 1.0% tropicamide eye drops. The head of the mouse was firmly fixed to the restrain-
ing device while the mouse was allowed to run freely on a rotating cylinder. The mouse and the device were 
carefully placed in front of the ganzfeld dome after connecting the positive and negative electrodes. First, scotopic 
VEPs were recorded with a series of white flashes at intensities of −7.0, −6.0, −5.0, −4.0, −3.0, −2.0, −1.0, and 
0.0 log cd-s/m2. After light adaptation with a white background light (30 cd/m2) for 5 min, photopic VEPs were 
recorded with white flashes at intensities of 0.0, 0.5, 1.0, 1.5, and 2.0 log cd-s/m2. The VEP responses were aver-
aged 100 times for each intensity. The VEP signals were band-pass filtered between 0.3 and 50 Hz.

Optokinetic head-tracking response. The optokinetic head-tracking threshold (OptoMotry; Cerebral 
Mechanics Inc., Lethbridge, AB, Canada) is a method of measuring the spatial visual sensitivity of mice. The 
protocol for its use has been described previously48. Briefly, this technique yields independent measures of right- 
and left-eye acuity, based on the differing sensitivity of the two eyes to a rotating pattern. This difference arises 
because only motion in the temporal-to-nasal direction evokes a tracking response. As a result, the right eye is 
more sensitive to counterclockwise rotation, while the left eye is more sensitive to clockwise rotations74. In the 
current study, a single researcher measured the optokinetic head-tracking threshold on three days (9, 10, and 11 
days after injection with NMDA and hesperidin).

Statistical analysis. Statistical analysis was performed with JMP Pro 12 software (SAS Institute Inc.) for 
Windows. Continuous variables were expressed as means. Statistical comparisons were made with a one-way 
ANOVA followed by the Student t-test or Dunnett’s test, with Bonferroni correction for multiple comparisons. 
The significance level was set at P < 0.05 (*).
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