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Abstract
Background: Glaucoma is a leading cause of blindness worldwide and is characterized by degeneration
associated with the death of retinal ganglion cells (RGCs). It is believed that glaucoma is a group of
heterogeneous diseases with multifactorial pathomechanisms. Here, we investigate whether anti-
in�ammation treatment with an ER stress blockade can selectively promote neuroprotection against
NMDA injury in the RGCs.

Methods: Retinal excitotoxicity was induced with an intravitreal NMDA injection. Microglial activation and
neuroin�ammation were evaluated with Iba1 immunostaining and cytokine gene expression. A stable
HT22 cell line transfected with an NF-kB reporter was used to assess NF-kB activity after hesperidin
treatment. CHOP-de�cient mice were used as a model of ER stress blockade. Retinal cell death was
evaluated with a TUNEL assay.

Results: In the NMDA injury group, Iba1-positive microglia increased 6 h after NMDA injection. Also at 6 h,
pro-in�ammatory cytokines and chemokines increased, including TNFα, IL-1b, IL-6 and MCP-1. In
addition, the MCP-1 promoter-driven EGFP signal, which we previously identi�ed as a stress signal in
injured RGCs, also increased; hesperidin treatment suppressed this in�ammatory response and reduced
stressed RGCs. In CHOP-de�cient mice that received an NMDA injection, the gene expression of pro-
in�ammatory cytokines, chemokines, markers of active microglia, and in�ammatory regulators was
greater than in WT mice. In WT mice, hesperidin treatment partially prevented retinal cell death after
NMDA injury; this neuroprotective effect was enhanced in CHOP-de�cient mice.

Conclusions: These �ndings demonstrate that ER stress blockade is not enough by itself to prevent RGC
loss due to neuroin�ammation in the retina, but it has a synergistic neuroprotective effect after NMDA
injury when combined with an anti-in�ammatory treatment based on hesperidin.

Introduction
Glaucoma has become the most frequent cause of irreversible blindness worldwide. It is characterized by
a progressive loss of retinal ganglion cells (RGCs) that results in characteristic visual �eld defects[1]. One
of the most important risk factors is elevated intraocular pressure (IOP), which promotes mechanical
stress in RGCs and leads to the development of glaucoma. However, many patients, especially in Asia,
experience a continued progression of visual �eld defects despite normal IOP, suggesting that IOP-
independent factors also in�uence glaucoma progression[2]; thus, glaucoma is a multifactorial disease.
Studies of in vitro human samples and in vivo animal models have provided some evidence of the
triggers that cause RGC loss. These include many well-known contributors to the pathogenesis of RGC
death, and include such events and molecules as oxidative stress[3][4], a low level of ocular blood �ow[5],
genetics[6], excessive calpain activation[7], glutamate excitotoxicity[8], and neuroin�ammation[9].

In animal models, N-methyl- D-aspartate (NMDA), an agonist of the glutamate receptors, is commonly
used to induce excitotoxicity and RGC death. NDMA was chosen after research revealed that glutamate
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levels were elevated in the vitreous body of humans and monkeys with glaucoma [10]. Moreover, mice
de�cient in GLAST, a glutamate transporter, have become established as a model of normal tension
glaucoma (NTG); furthermore, an NMDA receptor antagonist (memantine) prevents RGC
degeneration[11], suggesting that glutamate receptor-mediated neurotoxicity has an important role in
RGC loss in glaucoma. Finally, memantine has been found to prevent RGC loss in a high-IOP model of
glaucoma [12]. Together, these �ndings indicate that NMDA receptors are involved in RGC loss in
glaucoma even when IOP is not elevated, making it important to clarify the pathomechanism of
excitotoxicity to prevent RGC death.

After NMDA injury is induced, the �rst event is a calcium in�ux into the cells via the NMDA receptors. This
calcium overload has been shown to promote excessive calpain activation, oxidative stress and ER stress
in the retina[13][14]. These �ndings reveal that multiple cell death signaling pathways are activated, and
that therapeutic approaches with a single target may be not su�cient to prevent RGC death caused by
NMDA injury. On the other hand, approaches with multiple targets may be effective. Our previous work
showed that hesperidin, a plant-derived bio�avonoid, was a noteworthy candidate for a multifunctional
treatment. We found that hesperidin countered oxidative stress, suppressed calpain activation, and was
an anti-in�ammatory, with the result that it could prevent RGC death in mice after NMDA injury[14]. This
led us to hypothesize that combining hesperidin treatment with an ER stress blockade might be even
more effective, and have the potential to rescue RGCs more effectively than a single-target therapeutic
approach. To test this hypothesis, we examined the proposed combined treatment in C/EBP homologous
protein (CHOP)-de�cient mice, which we chose because CHOP is well-known as a key molecule for the
promotion of RGC death under ER stress[15][16]. Thus, the present study investigated whether anti-
in�ammatory treatment with hesperidin had a synergistic effect in mice with genetic CHOP deletion, and
attempted to determine whether this was a practical approach to preventing RGC death in mice after
NMDA injury.

Material And Methods
Animals

Eight-to-twelve-week-old male C57BL/6 mice were purchased from SLC). CHOP knockout mice (C57BL/6
background) were used in this study, and their littermates were used as controls [17]. The animals were
maintained at Tohoku University Graduate School of Medicine under a cycle of 12 h of light and 12 h of
dark. The animal experiments in this study adhered to the Association for Research in Vision and
Ophthalmology (ARVO) statement on the use of animals in ophthalmic and vision research, and were
approved by the institutional animal care and use committee of the Guidelines for Animals in Research.

NMDA-induced retinal injury and hesperidin treatment

NMDA injury was induced in the animals as previously described[14]. In brief, 15 µM of NMDA (Sigma-
Aldrich, St. Louis, MO, USA) in phosphate-buffered saline (PBS) was injected intravitreally (2 µl/eye) under
anesthesia, which was administered with sodium pentobarbital diluted with PBS (78 mg/kg). The
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hesperidin treatment comprised an injection of 15 µM of NMDA and 17% hesperidin (αG hesperidin PAT-T;
Glico, Tokyo) in PBS[14]. PBS vehicle was also injected by itself as a control.

RGC stress reporter assay using an AAV2/2 vector in vivo

To detect RGC damage, we used an AAV2/2-EGFP vector driven with an Mcp-1 promoter, as in our
previous report[18]. This virus (1 × 1012 gc/ml) was injected (2 μ l/injection) into the vitreous cavity of the
mice, under anesthesia. After four weeks, NMDA with or without hesperidin was injected into the vitreous.
Six hours later, whole retinal mounts were prepared and �uorescence images were captured. EGFP-
positive cells were counted as previously described[14].

Immunohistochemistry

Retinal cryosections were prepared as previously described[19]. The cryosections were blocked with
blocking buffer (10% donkey serum in Tw-PBS) at room temperature for 1 h and then incubated overnight
with rabbit anti-Iba1 (1:200, #019-19741, Wako Pure Chemical Industries, Osaka, Japan) and rabbit anti-
CHOP (GADD153) (1:200, Santa Cruz, sc-575) as the primary antibodies at 4° C. After washing with Tw-
PBS, the sections were incubated in Alexa Fluor 488 conjugated with goat anti-rabbit IgG antibody (1:500,
Invitrogen) or in blocking buffer at room temperature for 1 h. To detect CHOP antibodies, the
immunoreaction signal was ampli�ed with TSA plus (PerkinElmer, Boston, MA, USA) as previously
described [20]. The sections were mounted on Vectashield mounting media with DAPI (Vector
Laboratories, Burlingame, CA, USA). Whole retinal sections were scanned and immunoreactive-positive
cells were counted with a BZ-X710 �uorescence microscope (Keyence, Osaka, Japan). Representative
�uorescence images were captured with an Axiovert 200 (Carl Zeiss AG, Feldbach, Switzerland).

Quantitative RT-PCR

Total RNA extraction, cDNA synthesis and qPCR were performed as previously described[14]. Predesigned
primers and probes, purchased from Life Tec, were used as follows: TNF1a (Mm00441883_g1), IL-1b
(Mm00434228_m1), IL-6 (Mm00446100_m1), MCP-1 (Mm00441242_m1), Ddit3 (Mm00492097_m1) and
Gapdh (Mm01256744_m1). The data were analyzed using the comparative Ct method (2-ΔΔCT),
normalized to an endogenous control (GAPDH mRNA).

Cell culture and transfection

An HT22 cell line, comprising mouse hippocampal neuronal cells, was kindly gifted by Prof. Yoko Hirata
(Gifu University, Japan). The cells were cultured in Dulbecco's modi�ed Eagle's medium (DMEM)
supplemented with 5% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37° C with 5% CO2. To
establish HT22 cells stably expressing the NF-κB reporter gene (HT22/NF-κB/luc), the cells were
transfected with pGL4.32 [luc2P/NF-κB-RE/Hygro] (Promega) vector using lipofectamine 2000
transfection reagent (Thermo Fisher). The stably transfected cells were selected with hygromycin B (400
μg/mL, Nacalai Tesque) for two weeks.
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NF-κB reporter assay

To determine the effect of hesperidin on in�ammatory cytokine-mediated activation of NF-κB, the
HT22/NF-κB/luc cells were seeded at a density of 5,640 cells/well and were incubated overnight in 96-
well plates. The cells were pretreated with hesperidin for 2 h, and then treated with TNFα (20 ng/mL) or
vehicle control for 4 h. Luciferase activity was measured using the ONE-Glo luciferase assay system kit
(Promega) according to manufacturer’s instructions. Luminescence was measured with a PHERAstar
plate reader. The relative luciferase activity of each group was compared to the control group.

Cell viability assay

To determine the effect of hesperidin on cell viability, the HT22/NF-κB/luc cells were seeded at a density
of 5,640 cells/well and were incubated overnight in 96-well plates. The cells were pretreated with
hesperidin for 2 h, and then treated with TNFα (50 ng/mL) for 4 h. Alamar blue reagent (Invitrogen) was
added and the �uorescence intensity was measured (560 nm excitation and 590 nm emission) with an
absorption spectrometer (Vmax; Molecular Devices, Sunnyvale, CA, USA) as previously described[14].

Measurement of MCP-1 mRNA after TNFα treatment

HT22 cells were seeded at a density of 5,640 cells/well and were incubated overnight in 96-well plates.
The cells were pretreated with hesperidin for 2 h, and then treated with TNFα (50 ng/mL) or vehicle
control for 8 h. Extraction of total RNA and reverse transcription were conducted with the SuperPrep cell
lysis and RT kit for qPCR (Toyobo) according to the manufacturer’s instructions. The cDNA was mixed
with TaqMan Fast Universal PCR Master mix (Life Technologies) and TaqMan probes (Life
Technologies). Quantitative RT-PCR was performed with an initial denaturation step at 95° C for 20
seconds, followed by 40 cycles at 95° C for 3 seconds and 60° C for 30 seconds with a 7500 Fast Real-
Time PCR System. For a relative comparison of gene expression, we analyzed the results of the qRT-PCR
data with the comparative Ct method (2-ΔΔCT), normalized to Gapdh, an endogenous control. the
following TaqMan probes were used: MCP-1 (Mm00441242; Life Technologies) and Gapdh
(Mm99999915; Life Technologies).

Immunoblot analysis

Protein separation and transfer and antibody reaction and detection were performed as previously
reported. Brie�y, RIP3 antibody (Sigma, #R4277, 1:4000 dilution) and b-actin antibody (Sigma, #A5316,
1:5000 dilution) were used as the primary antibodies. For the HT22 cells, the nuclear fraction and cytosol
fraction were separated using a nuclear/cytosolic fractionation kit (Cell Biolabs, #AKR-171). Anti-NF-kB
antibody (Cell Signaling, #8242, 1:5000 dilution) and anti-IkB antibody (Cell Signaling, #4814, 1:5000
dilution) were used as primary antibodies. Anti-lamin B (Santa Cruz, #sc-6217, 1:5000 dilution) was used
as a loading control for each fraction.

Cryosections and terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL).
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Apoptotic cells were detected with an ApopTag Red In Situ Apoptosis Detection Kit (Chemicon
International, Inc., Temecula, CA, USA) according to the manufacturer’s instructions[21]. The nuclei were
stained with 4′ -6′ -diamidino-2-phenylindole (DAPI) in Vectashield (H-1200; Vector, Burlingame, CA, USA).
Fluorescence images of whole retinal sections of mice were captured and TUNEL-positive cells were
counted with a BZ-X710 �uorescence microscope (Keyence, Osaka, Japan), as previously described[21].

Statistical analysis

Statistical comparisons used a one-way ANOVA followed by Dunnett’s test or the Tukey-Kramer test to
compare the mean in multiple groups and an unpaired t-test to compare pairs of samples. The statistical
comparisons in �gure 4 were performed with a two-way ANOVA followed by Holm-Sidak’s multiple
comparison test to assess the synergistic effect of CHOP deletion and hesperidin treatment. The
signi�cance level was set at p <0.05.

Results
Hesperidin suppressed the in�ammatory response to NMDA-induced excitotoxicity in the mouse retina

We previously found that NMDA-induced excitotoxicity increased pro-in�ammatory cytokines in the
retina[8]. Therefore, in this study, we evaluated microglial activation and the expression level of
in�ammatory regulators. Retinal sections taken from mice showed that the number of Iba1-positive
microglia increased starting 6 h after NMDA injection (Fig. 1A-B). Our previous study showed that
intravitreous injection of hesperidin suppressed TNFα expression[14], so we set out to determine whether
hesperidin treatment ameliorated the pro-in�ammatory response and in�ammation-caused RGC stress in
mice. We performed a qRT-PCR analysis and found that the transcription of in�ammatory cytokines, such
as TNFα, IL-1b, and IL-6, and ccl2 mRNA, were upregulated in the NMDA-injured retinas, and that this
upregulation was signi�cantly suppressed in the hesperidin-treated mice (Fig. 1D-F). In a previous study,
we found that MCP1 promoters increased in the RGCs after optic nerve crush, and that AAV2-Mcp1-
promoter-driven enhanced green �uorescence protein (EGFP) was useful as an early stress response
reporter[18]. To test whether this stress promoter was also effective in an NMDA injury model, we counted
the number of EGFP-positive RGCs after NMDA injection with or without hesperidin treatment in AAV2-
Mcp1-promoter EGFP-injected mice. In PBS-treated retinas, there were few EGFP-positive RGCs in the
retina. Retinal NMDA injury strongly increased the number of EGFP-positive RGCs, and this increase was
totally suppressed by hesperidin treatment 6 h after NMDA injection (Fig. 1G-H). These results suggest
that an Mcp1 promoter drives RGC damage under neuroin�ammation, similar to the effects of optic nerve
crush in the retina, and that hesperidin reduced RGC damage by suppressing neuroin�ammation.

Hesperidin suppressed TNFα-induced NF-kB activation in vitro

The above results are consistent with our previous work showing that hesperidin has anti-in�ammatory
effects in the NMDA-injured retina [14]. To identify the mechanisms underlying the anti-in�ammatory
effect of hesperidin in the retina, we evaluated the activation of NF-kB, a transcriptional factor known as a
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key regulator of cytokine expression. We �rst prepared stable transfected HT22 cells with a NF-kB-
luciferase reporter signal plasmid. After TNFα stimulation, an NF-kB reporter gene assay showed that NF-
kB activity was strongly increased and that 0.01%, 0.1% and 1% hesperidin treatment signi�cantly
suppressed this increase (Fig. 2A). The transcriptional expression of MCP-1 was also suppressed by pre-
treatment with 1% hesperidin before TNFα stimulation (Fig. 2B). To determine whether hesperidin had a
cytotoxic effect, we performed a calcein assay of cells that received hesperidin and TNFα stimulation.
Even with 1% hesperidin treatment, cell viability was not signi�cantly changed (Fig. 2C), suggesting that
the reduction of NF-kB activity and MCP-1 expression were not due to cell death or reduced cell numbers.
The transcriptional activity of NF-kB is revealed by nuclear translocation and regulated by IkB; thus, we
set out to determine whether hesperidin could suppress NF-kB translocation and IkB degradation.
Immunocytochemistry analysis showed that the NF-kB immuno�uorescence signal was translocated into
the nuclei in TNFα-treated HT22 cells, and revealed that pre-treatment with hesperidin suppressed NF-kB
immunoreactivity in the nuclei (Fig. 2D). Similarly, an immunoblot analysis showed that NF-kB protein
signal intensity increased in the nuclear fraction after TNFα stimulation and was reduced after pre-
treatment with hesperidin (Fig. 2E). In contrast, the IkB content of the cytosolic fraction was reduced after
TNFα stimulation, and this reduction was reversed after hesperidin treatment (Fig. 2F). The results
described above suggest that the anti-in�ammatory effect of hesperidin is due to the inhibition of NF-kB
nuclear translocation in NMDA-injured retinas.

Hesperidin treatment synergistically reduces apoptotic cell death in the retinas of CHOP-de�cient mice

A previous study showed that ER stress involves NMDA-induced retinal damage. Furthermore, the
intravitreal injection of NMDA induces CHOP expression in the RGCs and RGC death in mice. Interestingly,
CHOP-de�cient mice are resistant to this effect with low doses of NMDA (2-5 nmol), but not when the
dose is high (10 nmol) [13]. We hypothesized that CHOP-de�cient mice that receive a high dose of NMDA
undergo activation of augmented cell death pathways, such as neuroin�ammation, in addition to the ER
stress cell death pathway. To test this hypothesis, we compared the expression levels of in�ammatory
response signals in CHOP-de�cient mice and control mice. In the retinas of wild-type (WT) mice,
in�ammatory cytokines and chemokines, such as TNFα, IL-1β, IL-6 and MCP-1, signi�cantly increased 24
h after NMDA injection (Fig. 3A-D). Quantitative PCR also showed that transcriptional levels of TSPO,
known as an activated microglia marker[22], increased 24 h after NMDA injection (Fig. 3E). A recent study
reported that the RIP3 signaling cascade mediates the pro-in�ammatory response[23]. The gene
expression of RIP3 and TNF-receptor 1 (TNF-R1), upstream of RIP3, were also signi�cantly elevated 24 h
after NMDA injection (Fig. 3F and H). Immunoblot analysis also showed that the content of RIP3 in the
NMDA-injured retinas was higher than in PBS-injected retinas (Fig. 3G). Interestingly, these in�ammatory
molecules were more highly expressed after NMDA injection in the retinas of CHOP-de�cient mice than
WT mice (Fig. 3A-H).

If increased in�ammatory molecules contribute to retinal cell death in NMDA-injured CHOP-de�cient mice,
we speculated that anti-in�ammatory treatment should be partially preventative. To test this, we treated
CHOP-de�cient and WT mice with intravitreal hesperidin in addition to NMDA injection (Fig. 4A). After 24
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h, TUNEL-positive apoptotic cells in GCL increased in the retinas of NMDA-treated WT mice, while they
tended to decrease (p=0.08) in the WT mice that also received hesperidin (Fig. 4B). Moreover, consistent
with previous reports[13], the CHOP-de�cient mice showed no ability to resist RGC death after NMDA
injury compared with WT mice. However, apoptotic cell death in the GCL was clearly reduced in the
hesperidin-treated CHOP-de�cient mice compared with the WT mice (Fig. 4B). On the other hand, these
synergistic rescue in combination with hesperidin treatment and CHOP deletion could not reveal in INL
(Fig. 4C). This result described above suggest synergistic neuroprotective effect when combined with ER
stress blockade and an anti-in�ammatory treatment based on hesperidin was revealed to RGC, but not
inner retinal cells such as bipolar cells or horizontal cells.

Discussion
This study focused on the synergistic neuroprotective effect of anti-in�ammatory treatment and ER stress
blockade in RGCs. We found that in�ammatory molecules in the retinas of CHOP-de�cient mice were
more numerous than in WT mice after NMDA injury. Hesperidin treatment suppressed the in�ammatory
response in NMDA-injured retinas and clearly ameliorated apoptotic cell death in the retinas of CHOP-
de�cient mice. These results demonstrate that neuroin�ammation may be a redundant contributor to
retinal cell death in CHOP-de�cient mice after NMDA injury, and that simultaneous inhibition of ER stress
and neuroin�ammation is an effective neuroprotective strategy for the treatment of excitotoxic retinal
disorders.

Previously, we revealed that hesperidin could not only suppress neuroin�ammation, but also oxidative
stress and the over-activation of calpain after NMDA injury[14]. On the other hand, hesperidin could not
attenuate ER stress pathways, such as CHOP, GRP78 or HSP60 (Supp Fig. 1). Thus, we considered that a
method combining hesperidin treatment and ER stress blockade would be a reasonable approach to
modify multiple cell death signaling pathways in NMDA-injured RGCs. After retinal detachment,
photoreceptor cell death is caused mainly by apoptosis. However, caspase inhibition decreases apoptosis
and increases necroptosis, and it has been reported that inhibiting both apoptosis and necroptosis, with
Z-VAD and Nec-1, respectively, effectively prevents photoreceptor cell death[24]. Thus, the inhibition of
speci�c signaling pathways is not enough for effective neuroprotection, due to the augmentation of other
cell death pathways, and inhibiting multiple signal cascades will be necessary to provide signi�cant
neuroprotection against retinal cell death.

Previous work has demonstrated that hesperidin inhibits cell migration and proliferation in vitro[25][26],
and our results clearly show that hesperidin treatment prevents neuroin�ammation in the retina. To test
whether this anti-in�ammatory effect was due to suppression of microglial in�ltration, we performed
immunostaining. Retinal Iba1 immunostaining showed that the number of retinal microglia did not
signi�cantly change in mice after NMDA injury (data not shown). This �nding suggests that the anti-
in�ammatory effect of hesperidin is directly due to the suppression of NF-kB translocation and activity.
Moreover, TNFα has recently been identi�ed as a necessary and su�cient factor to induce RGC death,
and it has been shown that it acts by promoting neurotoxic astrocyte states[27]. In a mouse model of
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glaucoma, TNFα levels increased after elevating intraocular pressure, and the retinal microglia mediated
the cytotoxic effects of TNFα[28]. In addition, hesperetin has been shown to inhibit microglia-mediated
neuroin�ammation by suppressing cytokines and the iNOS and MAPK pathways[29]. Thus, hesperidin
may contribute to neuroprotection of the RGCs by suppressing microglial activity and the in�ammatory
response, but it does not prevent cell in�ltration into the retina.

In CHOP-de�cient mice, we found that hesperidin did not prevent retinal cell death after NMDA damage,
despite the elevation of CHOP after NMDA injection[13]. We hypothesized that this may have been due to
other cell death pathways being augmented in CHOP-de�cient mice. In the current study, we found that an
excessive in�ammatory response was promoted in CHOP-de�cient mice after NMDA injury.

Proin�ammatory cytokines are important contributors to retinal cell death. The augmentation of the
in�ammatory response in CHOP-de�cient mice may be due to the involvement of necroptosis.
Necroptosis is known as “programmed necrosis” and is activated by the TNF/RIP kinase pathway under
conditions of apoptosis inhibition[30]. Necrosis involves membrane rupture and the induction of an
in�ammatory response, such as macrophage in�ltration and proin�ammatory cytokine elevation.
Necroptosis promotes the activation of the RIP1/RIP3 pathway and the suppression of caspase-8
activation[31]. ER stress promotes caspase-8 activation[32], suggesting that caspase-8 activation may be
inhibited in CHOP-de�cient mice after NMDA injury. Consistent with the above, we observed that RIP3 was
elevated in the NMDA-injured retinas of CHOP-de�cient mice. The RIP3 molecule also regulates
in�ammation and has a role as a key mediator of in�ammation[23][33]. In addition, in�ammation
augments microglial activation. We showed that TSPO, a marker of microglial activation[22], was also
elevated after NMDA injection in CHOP-de�cient mice. This suggests that the microglia in CHOP-de�cient
mouse retinas may be highly activated, resulting from the in�ammatory response after NMDA injury. In
summary, the retina in CHOP-de�cient mice may be susceptible to an excessive in�ammatory response
and microglial activation, resulting from the induction of necroptotic cell death in association with the
activation of the RIP1/RIP3 pathway after NMDA injury.

Declarations
Acknowledgement

We thank Dr. Hideaki Katagiri for kindly providing the CHOP-de�cient mice (Tohoku University, Japan),
and Yoko Hirata (Gifu University, Japan) for generously providing the mouse HT22 hippocampal cells. We
also thank Dr. Sei-ichi Ishiguro for the critical comments on the manuscript. We also thank Mr. Tim Hilts
for editing this document, and Ms. Junko Sato, Ms. Kanako Sakai, Ms. Rieko Kamii, and Ms. Mayumi
Suda for technical assistance. We also thank the Biomedical Research Unit of Tohoku University Hospital
for technical support.

Authors’ contributions



Page 11/18

KS, TS, MOO, MO, SM, YS, TY, and KF performed the experimental work. KS, MOO, MY, NH, KO, and KMN
conceived and designed the experiments, analyzed the data and advised on data interpretation. KS and
TN composed the manuscript. All authors read and approved the �nal manuscript.

Funding

This work was supported in part by JSPS KAKENHI Grants-in-Aid for Scienti�c Research (26893019 to
KS).

Availability of data and materials

The datasets used and/or analyzed in this study are available from the corresponding author on
reasonable request.

Ethics approval and consent to participate

Animal experiments were approved by Tohoku University, following the Guidelines for Animals in
Research. The protocol number is 2017-229.

Consent for publication

Not applicable.

Competing interests

None of the authors have any competing interests in the manuscript

References
1. Jonas JB, Aung T, Bourne RR, Bron AM, Ritch R, Panda-Jonas S. Glaucoma. Lancet. 2017;390:2183–

93.

2. Yokoyama Y, Maruyama K, Konno H, Hashimoto S, Takahashi M, Kayaba H, et al. Characteristics of
patients with primary open angle glaucoma and normal tension glaucoma at a university hospital: A
cross-sectional retrospective study. BMC Res Notes. BioMed Central; 2015;8:1–8.

3. Tanito M, Kaidzu S, Takai Y, Ohira A. Status of Systemic Oxidative Stresses in Patients with Primary
Open-Angle Glaucoma and Pseudoexfoliation Syndrome. PLoS One. 2012;7:1–7.

4. Himori N, Kunikata H, Shiga Y, Omodaka K, Maruyama K, Takahashi H, et al. The association
between systemic oxidative stress and ocular blood �ow in patients with normal-tension glaucoma.
Graefe’s Arch Clin Exp Ophthalmol. 2016;254:333–41.

5. Kiyota N, Shiga Y, Omodaka K, Pak K, Nakazawa T. Time-course Changes in Optic Nerve Head Blood
Flow and Retinal Nerve Fiber Layer Thickness in Eyes with Open-angle Glaucoma. Ophthalmology
[Internet]. Elsevier Inc; 2020;1–9. Available from: https://doi.org/10.1016/j.ophtha.2020.10.010



Page 12/18

�. Shiga Y, Akiyama M, Nishiguchi KM, Sato K, Shimozawa N, Takahashi A, et al. Genome-wide
association study identi�es seven novel susceptibility loci for primary open-angle glaucoma. Hum
Mol Genet. 2018;27:1486–96.

7. Ryu M, Yasuda M, Shi D, Shanab AY, Watanabe R, Himori N, et al. Critical role of calpain in axonal
damage-induced retinal ganglion cell death. J Neurosci Res. 2012;90:802–15.

�. Nakazawa T, Takahashi H, Nishijima K, Shimura M, Fuse N, Tamai M, et al. Pitavastatin prevents
NMDA-induced retinal ganglion cell death by suppressing leukocyte recruitment. J Neurochem.
2007;100:1018–31.

9. Adornetto A, Russo R, Parisi V. Neuroin�ammation as a target for glaucoma therapy. Neural Regen
Res. 2019;14:391–4.

10. Dreyer EB, Zurakowski D, Schumer RA, Podos SM, Lipton SA. Elevated glutamate levels in the
vitreous body of humans and monkeys with glaucoma. Arch Ophthalmol. 1996;

11. Harada T, Harada C, Nakamura K, Quah HMA, Okumura A, Namekata K, et al. The potential role of
glutamate transporters in the pathogenesis of normal tension glaucoma. J Clin Invest.
2007;117:1763–70.

12. Schuettauf F, Quinto K, Naskar R, Zurakowski D. Effects of anti-glaucoma medications on gangion
cell survival: The DBA/2J mouse model. Vision Res. 2002;42:2333–7.

13. Awai M, Koga T, Inomata Y, Oyadomari S, Gotoh T, Mori M, et al. NMDA-induced retinal injury is
mediated by an endoplasmic reticulum stress-related protein, CHOP/GADD153. J Neurochem.
2006;96:43–52.

14. Maekawa S, Sato K, Fujita K, Daigaku R, Tawarayama H, Murayama N, et al. The neuroprotective
effect of hesperidin in NMDA-induced retinal injury acts by suppressing oxidative stress and
excessive calpain activation. Sci Rep [Internet]. Springer US; 2017;7:1–13. Available from:
http://dx.doi.org/10.1038/s41598-017-06969-4

15. Hu Y, Park KK, Yang L, Wei X, Yang Q, Cho KS, et al. Differential effects of unfolded protein response
pathways on axon injury-induced death of retinal ganglion cells. Neuron [Internet]. Elsevier Inc.;
2012;73:445–52. Available from: http://dx.doi.org/10.1016/j.neuron.2011.11.026

1�. Yasuda M, Tanaka Y, Ryu M, Tsuda S, Nakazawa T. RNA sequence reveals mouse retinal
transcriptome changes early after axonal injury. PLoS One. 2014;9:1–11.

17. Oyadomari S, Takeda K, Takiguchi M, Gotoh T, Matsumoto M, Wada I, et al. Nitric oxide-induced
apoptosis in pancreatic β cells is mediated by the endoplasmic reticulum stress pathway. Proc Natl
Acad Sci U S A. 2001;98:10845–50.

1�. Fujita K, Nishiguchi KM, Yokoyama Y, Tomiyama Y, Tsuda S, Yasuda M, et al. In vivo cellular imaging
of various stress/response pathways using AAV following axonal injury in mice. Sci Rep [Internet].
Nature Publishing Group; 2015;5:1–10. Available from: http://dx.doi.org/10.1038/srep18141

19. Sato K, Li S, Gordon WC, He J, Liou GI, Hill JM, et al. Receptor interacting protein kinase-mediated
necrosis contributes to cone and rod photoreceptor degeneration in the retina lacking
interphotoreceptor retinoid-binding protein. J Neurosci. 2013;33:17458–68.



Page 13/18

20. Sato K, Ozaki T, Ishiguro SI, Nakazawa M. M-opsin protein degradation is inhibited by MG-132 in
Rpe65 -/- retinal explant culture. Mol Vis. 2012;18:1516–25.

21. Ikuta Y, Aoyagi S, Tanaka Y, Sato K, Inada S, Koseki Y, et al. Creation of nano eye-drops and effective
drug delivery to the interior of the eye. Sci Rep [Internet]. Nature Publishing Group; 2017;7:1–10.
Available from: http://dx.doi.org/10.1038/srep44229

22. Karlstetter M, Nothdurfter C, Aslanidis A, Moeller K, Horn F, Scholz R, et al. Translocator protein (18
kDa) (TSPO) is expressed in reactive retinal microglia and modulates microglial in�ammation and
phagocytosis. J Neuroin�ammation. 2014;11.

23. Moriwaki K, Chan FK. RIP3 : a molecular switch for necrosis and in�ammation. 2013;1640–9.

24. Trichonas G, Murakami Y, Thanos A, Morizane Y, Kayama M, Debouck CM, et al. Receptor interacting
protein kinases mediate retinal detachment-induced photoreceptor necrosis and compensate for
inhibition of apoptosis. Proc Natl Acad Sci U S A. 2010;107:21695–700.

25. Yang Y, Wolfram J, Boom K, Fang X, Shen H, Ferrari M. Hesperetin impairs glucose uptake and
inhibits proliferation of breast cancer cells. Cell Biochem Funct. 2013;31:374–9.

2�. Xia R, Xu G, Huang Y, Sheng X, Xu X, Lu H. Hesperidin suppresses the migration and invasion of non-
small cell lung cancer cells by inhibiting the SDF-1/CXCR-4 pathway. Life Sci [Internet]. Elsevier;
2018;201:111–20. Available from: https://doi.org/10.1016/j.lfs.2018.03.046

27. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al. Neurotoxic reactive
astrocytes are induced by activated microglia. Nature [Internet]. Nature Publishing Group;
2017;541:481–7. Available from: http://dx.doi.org/10.1038/nature21029

2�. Nakazawa T, Nakazawa C, Matsubara A, Noda K, Hisatomi T, She H, et al. Tumor necrosis factor-α
mediates oligodendrocyte death and delayed retinal ganglion cell loss in a mouse model of
glaucoma. J Neurosci. 2006;26:12633–41.

29. Jo SH, Kim ME, Cho JH, Lee Y, Lee J, Park YD, et al. Hesperetin inhibits neuroin�ammation on
microglia by suppressing in�ammatory cytokines and MAPK pathways. Arch Pharm Res [Internet].
Pharmaceutical Society of Korea; 2019;42:695–703. Available from:
https://doi.org/10.1007/s12272-019-01174-5

30. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase domain-like protein
mediates necrosis signaling downstream of RIP3 kinase. Cell [Internet]. Elsevier Inc.; 2012;148:213–
27. Available from: http://dx.doi.org/10.1016/j.cell.2011.11.031

31. Günther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, et al. Caspase-8 regulates TNF-
α-induced epithelial necroptosis and terminal ileitis. Nature. 2011;477:335–9.

32. Iizaka T, Tsuji M, Oyamada H, Morio Y, Oguchi K. Interaction between caspase-8 activation and
endoplasmic reticulum stress in glycochenodeoxycholic acid-induced apoptotic HepG2 cells.
Toxicology. 2007;241:146–56.

33. Pasparakis M, Vandenabeele P. Necroptosis and its role in in�ammation. Nature. 2015;517:311–20.

Figures



Page 14/18

Figure 1

The effects of hesperidin as an anti-in�ammatory and attenuator of the RGC stress reporter response in
NMDA-injured retinas. (A) Representative immunohistochemistry images showing Iba1-positive microglia
(shown in green) in the retina after NMDA injection. Scale bar: 50 µm. (B) Histogram showing the number
of Iba1-positive cells in whole retinal sections (N=4-5). This statistical analysis used Dunnett’s test.
Transcriptional levels of TNFα (C), IL-1b (D), IL-6 (E) and MCP-1 (F) in the retinas of mice treated with
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hesperidin 6 h after NMDA injury (N=6). This statistical analysis used the Tukey-Kramer test. (G) The
MCP-1 promoter-driven EGFP signal (AAV2-Mcp1-EGFP) in RGCs 6 h after NMDA injury with or without
hesperidin. (H) Histogram showing the average number of EGFP-positive cells in the samples from (G)
(N=4-6). Error bars denote SD. P < 0.05, P < 0.01, P < 0.001.

Figure 2

Suppression of NF-kB activity by hesperidin in vitro. (A) Cells were pre-treated with hesperidin for 2 h and
stimulated with TNFα for 4 h. Then, NF-kB activity was measured with a luciferase assay. This statistical
analysis used Dunnett’s test. (B) Relative expression levels of MCP-1 mRNA in HT22 cells after hesperidin
treatment, 8 h after TNFα stimulation. This statistical analysis used Dunnett’s test. (C) Histogram
showing cell viability, assessed after treatment with various concentrations of hesperidin for 2 h and
treatment with TNFα for 4 h, represented as quantitative data from an Alamar blue assay. The data are
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shown as the percentage of viable cells compared to cells treated with vehicle without hesperidin under
TNFα stimulation. (D) Representative immuno�uorescence images showing the distribution of NF-kB
after treatment with TNFα and/or 1% hesperidin. Immunoblot images for NF-kB in the nucleus (E) and IkB
in the cytosol (F) after treatment with TNFα and/or hesperidin. Error bars denote SD. P < 0.05, P < 0.01,

P < 0.001.

Figure 3
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CHOP de�ciency promoted an in�ammatory response in NMDA-treated retinas. The relative mRNA levels
of in�ammatory molecules such as TNFα (A), IL-1b (B), IL-6 (C), MCP-1 (D), TNF-R1 (E) and TSPO (F)
were compared in the eyes of WT mice and CHOP-de�cient mice 24 h after treatment with NMDA. This
statistical analysis used the Student t-test. RIP3 protein levels (G) and mRNA levels (H) were measured
with Western blotting and qPCR. This statistical analysis used the Student t-test. Error bars denote SD
(N=4-6). P < 0.05, P < 0.01, P < 0.001.

Figure 4

Hesperidin augmented protection against apoptotic cell death in the retinas of CHOP-de�cient mice. (A)
Retinal sections from WT or CHOP-de�cient mice were analyzed with a TUNEL assay to detect apoptotic
cell death in the retina 24 h after treatment with hesperidin and NMDA injury. (B) Histogram showing the
average number of TUNEL-positive cells in whole retinal sections of the GCL (B) and INL (C). Scale bar:
50 µm. Error bars denote SD (N=6-9). This statistical analysis used the Tukey-Kramer test (§: p<0.05 vs.
PBS-injected wild-type or CHOP-de�cient mice). This statistical analysis used a two-way ANOVA followed
by the Holm-Sidak multiple comparison test ( : p<0.05 vs. NMDA-injured wild-type mice with hesperidin
treatment).
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