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Epalrestat (EPS) is a brain penetrant aldose reductase inhibitor, an approved drug currently used for
the treatment of diabetic neuropathy. At near-plasma concentration, EPS induces glutathione
biosynthesis, which in turn reduces oxidative stress in the neuronal cells. In this study, we found that
EPS reduces neurodegeneration by inhibiting reactive oxygen species (ROS)-induced oxidative
injury, mitochondrial membrane damage, apoptosis and tauopathy. EPS treatment up to 50 μM did
not show any toxic effect on SH-SY5Y cell line (neuroblastoma cells). However, we observed toxic
effect at a concentration of 100 μM and above. At 50 μM concentration, EPS showed better
antioxidant activity against H2O2 (100 μM)-induced cytotoxicity, ROS formation and mitochondrial
membrane damage in retinoic acid-differentiated SH-SY5Y cell line. Furthermore, our study
revealed that 50 μM of EPS concentration reduced the glycogen synthase kinase-3 β (GSK3-β)
expression and total tau protein level in H2O2 (100 μM)-treated cells. Findings from this study
confirms the therapeutic efficacy of EPS on regulating Alzheimer's disease (AD) by regulating GSK3β and total tau proteins phosphorylation, which helped to restore the cellular viability. This process
could also reduce toxic fibrillary tangle formation and disease progression of AD. Therefore, it is our
view that an optimal concentration of EPS therapy could decrease AD pathology by reducing tau
phosphorylation through regulating the expression level of GSK3-β.
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Introduction
Alzheimer’s disease (AD) is one of the most common chronic neurodegenerative diseases and is associated with
two types of pathological hallmarks in the brain. These biomarkers are extracellular plaque deposits mainly
composed by amyloid-beta (Aβ) peptides and intracellular neurofibrillary tangles (NFT) formed by tau
hyperphosphorylation [1]. Aβ peptides are deposited through enzymatic cleavage of amyloid precursor protein
(APP) by β and γ-secretase enzymes [2]. In 2017, the Alzheimer’s Association surveyed the AD population
worldwide and found 48 million people with early symptoms of the disease. The prevalence of the disease is
expected to double by 2050. The most common symptoms are short-term memory loss, difficulty in finding
words, trouble with visual-spatial understanding, reasoning, judgment and insight.
Reactive oxygen species (ROS) are the major key molecules in neurodegenerative diseases. Hydrogen peroxide
(H2O2) exposure in cultured neuronal cells would cause an imbalance of ROS production and scavenging
activities. This process could be widely used to study this oxidative stress inducer in cell line models [3]. H2O2induced oxidative stress can cause hyperphosphorylation in tau protein and induce formation of toxic
neurofibrillary tangles in the brain cells [4]. In addition, all-trans-retinoic acid (RA) induction would enhance the
neuronal morphological differentiation of SH-SY5Y cells and augment Alzheimer's disease markers such as tau
and GSK3-β expression [5]. Hence, H2O2-induced pathogenicity and RA differentiation in SH-SY5Y cells could
serve as a suitable model system for studying neuronal cell degeneration.
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Neurodegeneration is mainly correlated with mitochondrial dysfunction, ROS formation, activation of
apoptotic pathways and elevation of iron and nitric oxide, which modify the homeostasis of antioxidant/oxidant
levels in brain cells [6, 7]. These cellular mechanisms induce the Aβ plaque deposition, toxic NFT formation and
thus cause neuronal degeneration [8].
Epalrestat (EPS) is a carboxylic acid derivative that inhibits aldose reductase, a rate-limiting enzyme of the
polyol pathway. This drug is currently being used for the treatment of diabetic neuropathy [9]. Moreover, EPS also
alleviates the high glucose-induced oxidative stress, mitochondrial membrane potential and inhibition of
intracellular apoptotic pathway activation in cardiomyocytes model [10]. The therapeutic dose of EPS might be
useful for improving oxidative stress-related diverse diseases including neurodegenerative diseases like
Alzheimer's. In brain cells, EPS was also found to induce glutathione (GSH) biosynthesis resulting in enhanced
resistance to oxidative stress [9]. Oxidative stress and low GSH level were said to be the key contributors of aging
and chronic neurodegenerative diseases. Moreover, a recent study has found that EPS could enhance the synthesis
of super oxide dismutase, catalase, and heme-oxygenase-1 (HO-1) [11].
ROS and the reduced glutathione are the major factors involved in the neurodegenerative pathogenesis of
diseases such as AD. Recently, it has been demonstrated that diabetes may influence the rate of cognitive decline
among patients with mild AD [12]. Diabetes is also recognized as a risk factor for the development of cognitive
impairment and accelerated progression of AD [13]. Since EPS has various biological and therapeutic beneficial
activities, this study aimed to evaluate the effect of EPS on ROS homeostasis and early apoptotic control in H2O2induced oxidative stress in a neuronal cell line. In addition, EPS was also examined for its regulation on AD
markers like GSK3-β and total tau. This study was conducted with SH-SY5Y cells in order to better understand
EPS regulation in controlling oxidative stress-induced neurodegeneration and related disease progression.

Materials and Methods
Chemicals
Epalrestat, 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2',7'-diacetyl dichlorofluorescein
(DCFHDA), Rhodamine 123 (Rh-123), and fetal bovine serum (FBS) were purchased from Sigma Aldrich, USA.
Dulbecco’s modified Eagle’s medium (DMEM), ethylene diamine tetra acetic acid (EDTA), trypsin, Folin’s
Ciocalteu reagent (FCR), trichloro acetic acid (TCA), and 4', 6-diamidino-2-phenylindole (DAPI) were
purchased from Himedia, India. Anti-GSK3-β, anti-total tau, anti-β-actin and anti-rabbit secondary antibodies
were purchased from Cell Signaling, USA.
Cell Culture
SH-SY5Y neuroblastoma cells were obtained from the National Centre for Cell Science (NCCS), Pune, India.
Cells were grown in DMEM/F12 Hams (1:1) medium supplemented with 10% v/v fetal bovine serum (FBS). Cells
were maintained at 37°C under 5% CO2 (Eppendorf galaxy 170R, Germany) and 95% humidity. The medium was
changed every two days for continued propagation of the cells.
Neuronal Differentiation Induction
SH-SY5Y cells were grown in neuronal induction medium (NIM), which consisted of minimum essential
medium (MEM) containing 5% FBS supplemented with 10 μM retinoic acid (RA). SH-SY5Y cells were grown in
NIM for 6 days, and switched to serum-free NIM prior to treatment and harvesting RA-SH-SY5Y on day 7 [14].
The cellular morphology was documented using a TS-100 with NIS-E v3.1 (Nikon, Japan).
MTT Assay
Cell viability was analyzed using MTT reduction assay [15]. Retinoic acid-treated RA-SH-SY5Y cells were
seeded in 96-multiwell plates at 1 × 103 cells/well and the cells were incubated at 37°C for 24 h. The cells were
treated with increasing concentration of EPS (5, 10, 25, 50, 100, 200 μM) to optimize the LD50 value. Before
treatment with EPS, the cells were preincubated with 100 μM H2O2 for 2 h. After 24 h incubation, cells were
incubated with MTT (0.5 mg/ml) at 37oC for 4 h. The medium solution was removed and the cells were suspended
in 200 μl of DMSO. The absorbance of formazan reduction was measured at 570 nm in a microplate reader.
Measurement of Intracellular ROS Formation
The intensity of intracellular peroxide was quantified by treating the cells with dichloro-dihydro-fluorescein
diacetate (DCFH-DA) [16]. The esterified fluorescent probe penetrated into the intracellular matrix of the cells
and reacted with ROS to form fluorescent dichlorofluorescein (DCF). In brief, Control and EPS-treated RA-SHSY5Y cells (3 × 103 cells/ml) were incubated with 100 μl DCFH-DA (10 μM) for 30 min at 37oC. Cells were rinsed
twice with phosphate-buffered saline (PBS) and observed under a fluorescent microscope (450-490 nm; blue
filter). Fluorescence intensity was estimated with excitation and emission filters at 485 ± 10 nm and 530 ± 12.5 nm
respectively using a spectrofluorometer (Shimadzu, RF-5301 PC). The results were represented with the
fluorescence intensity in percentage variance (TS-100 with NIS-E v3.1, Nikon).
Measurement of Mitochondrial Membrane Potential (ΔΨm)
Mitochondrial membrane potential (MMP) was determined fluorometrically using fluorescent rhodamine
(Rh-123) dye, which resulted in photoluminescent quenching from polarized mitochondria [17]. The cells treated
with EPS and H2O2 for 24 h were further incubated with 1 μg/ml of Rhodamine 123 for 15 min. Then the cells were
rinsed with PBS, and observed under fluorescence microscopy at 450–490 nm. Fluorescent intensity was
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measured at 535 nm using a spectrofluorometer and the images were documented (TS-100 with NIS-E v3.1,
Nikon).
Assessment of Apoptosis
Fluorescent probe permeable dye acridine orange (AO) and non-permeable dye ethidium bromide (EtBr) were
used to analyze RA-SH-SY5Y cell apoptosis by observing morphological assessment of nuclear bodies [18]. The
four experimental groups were conducted with RA-SH-SY5Y cell line (3 × 103 cells/ml). The first control group
was maintained without any treatment. The second group was treated with H2O2 and the third group was treated
with EPS and H2O2. The fourth group was maintained with EPS alone. The culture was incubated at 37°C with 5%
CO2 for 24 h. Then, the treated cells were washed with PBS twice and stained with 1 μl of AO/EtBr (stock solution
100 μg/ml). These cells were incubated for 20 min at room temperature and washed with warm PBS to remove
excess dye. Cellular morphology was observed using a fluorescent microscope (λEx/λEm = 490 nm/530 nm) and
documented (TS-100 with NIS-E v3.1, Nikon). Fluorescent intensity was also measured at 535 nm using a
spectrofluorometer.
Nuclei Staining in Apoptotic Cells Using DAPI Stain
DAPI forms a fluorescent intercalative complex preferentially by attaching in the minor groove of AT-rich DNA
sequences in damaged cells [19]. After treatment, the cells were washed with cold PBS thrice and fixed with
paraformaldehyde (4%) in PBS solution for 10 min. The processed cells were washed again with PBS and treated
with 0.25% Triton X-100 in PBS to permeabilize the cells for 10 min. After washing with PBS solution, the cells
were stained with DAPI (5 μg/ml) for 10 min at RT. The stained cells were observed under a fluorescence
microscope (TS-100 with NIS-E v3.1, Nikon) to confirm the presence of intercalative complex of DAPI in
apoptotic cells exhibiting size-reduced nuclei, intense fluorescence and nuclear fragmentation.
Western Blot Analysis
Western blot analysis was performed to study the EPS regulatory effect of GSK3-β and total tau protein
expression in oxidative stress-induced RA-SH-SY5Y cells. After 24 h of incubation, the cells were lysed in 100 ml
of ice-cold radio-immunoprecipitation assay (RIPA) buffer followed by centrifugation (10,000 ×g) at 4°C for
10 min to remove insoluble material. The protein content was quantified using Bradford’s method [20] and
electrophoresed in 10% SDS-polyacrylamide gel then transferred on PVDF membrane by semi-dry transfer
method. After blocking the membrane with 5% non-fat dry milk in tris-buffered saline, blots were incubated with
primary antibodies GSK3β (1:1000), total tau (1:1000) and β-actin (1:1000) for overnight at 4°C. After washing
excess unbound primary antibodies, the membrane was incubated with anti-rabbit HRP conjugated secondary
antibody (1:2000), and the bands were detected by chemiluminescence staining using an ECL detection kit. The
protein expression was quantified using an ImageJ densitometric analyser.
Statistical Analysis
All experimental data were expressed as mean ± SD. The statistical significance was evaluated by one-way
analysis of variance (ANOVA) using SPSS version 11.5 (SPSS, USA) and the individual comparison was analyzed
by using Duncan’s Multiple Range Test (DMRT). A value of p < 0.05 was considered as significance.

Results
Retinoic Acid-Induced SH-SY5Y Cell Neurodifferentiation
SH-SY5Y neuroblastoma cells treated with 10 μM of retinoic acid (RA) exhibited more elongated neurite
growth than that of the control cells (Fig. 1). The morphological observation of the SH-SY5Y cells showed
multiple neurite outgrowths along with increased axon span in most of the cells. In the differentiated SH-SY5Y cell
population, more than 95% of the cells displayed neurite connections between their neighboring ones. On the

Fig. 1. Neuronal differentiation. RA-induced neuronal differentiation and morphology of SH-SY5Y cells. (A)
Undifferentiated SH-SY5Y cells with short or without neurites. (B) Red arrows show 10 μM RA-induced neurite outgrowth
signifies neuronal differentiation of SH-SY5Y cells.
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Fig. 2. Epalrestat effect on H2O2 cellular encounter. The effect of epalrestat on 100 μM H2O2-induced cytotoxicity in
SH-SY5Y neuroblastoma cells. All experimental inducer groups were pre-treated with 100 μM H2O2 and supplemented EPS (0200 μM) for 24 h. All data are presented as the mean ± SD of triplicate independent experiments. *p < 0.05 vs control.

other hand, only 10% of the untreated control cells showed such phenotypes. Hence, the differentiated cells were
considered as an in vitro model to analyze the neuroprotective effect of EPS for further experiments.
Effect of EPS on H2O2-Induced Cytotoxicity in RA-SH-SY5Y Cells
The effect of EPS was assessed on retinoic acid (10 μM)-differentiated SH-SY5Y cells by MTT assay. The level of
formazan product formation in this assay is directly proportional to the number of viable cells. Fig. 2 represents
the percentage of viable cells after their exposure to EPS at an increasing dosage concentration of different
experimental groups (5, 10, 25, 50, 100, and 200 μM). The result showed that there were no conspicuous changes
between control and 50 μM EPS-treated groups of cells. On the contrary, 100 and 200 μM (dosage concentration of
EPS)-treated cells showed cytotoxicity (15-20%). At the same time, 5-50 μM EPS concentration was found to
inhibit the H2O2 induced cytotoxicity and maintained cellular viability. But, at 100 μM and above concentration,
the viability of the cells was found to decrease up to 30% in oxidative stress-induced cells (Fig. 2). Therefore, 50 μM
EPS dosage was found to be the most suitable concentration for further investigation to evaluate its
neuroprotective effect.
EPS on H2O2-Induced Intracellular ROS Formation in Neuronal Cells
ROS formation inhibition activity of EPS was examined in RA-SH-SY5Y cell lines. Differentiated SH-SY5Y
cells were treated with 100 μM H2O2 for 2 h and then the cells were exposed to 50 μM EPS. After 24 h of EPS
treatment, the level of intracellular ROS concentration was measured using DCFH-DA fluorescence. The
intensity of fluorescence is directly proportional to intracellular ROS concentration. Fig. 3 shows the enhanced
ROS level corresponding to the increased green fluorescence intensity compared to control cells. In contrast, in
EPS-treated (50 μM) cells, the intracellular ROS level decreased significantly by twofold. Therefore, EPS
concentration was found to be optimal to inhibit ROS formation, subsequently reducing the ROS-induced
neuronal damage and accordingly protecting the cells from deterioration.

Fig. 3. Effect of Epalrestat on inhibition of intracellular ROS formation by DCFH-DA staining. Graphical
representation of fluorescent intensity shows that H2O2 (100 μM) treatment significantly increased the fluorescent intensity
compared to control cells. Epalrestat (50 μM) treatment inhibited a significant level of ROS generation in H2O2-treated SHSY5Y cells. The cells treated with EPS alone remained as healthy as control cells. The fluorescent intensity was calculated as
mean ± S.D. in each group. *p < 0.05 compared to control and #p < 0.05 compared to peroxide alone-treated group.
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Fig. 4. Epalrestat-reinforced ability of mitochondrion membrane by Rhodamine-123 staining. Graphical
representation clearly displays the preventive effect of Epalrestat (50 μM) against H2O2 oxidative stress-induced mitochondrion
membrane damage in RA-differentiated SH-SY5Y cells. H2O2 (100 μM) damaged the mitochondrial membrane more than 60%
compared with control cells. In contrast, Epalrestat (50 μM) pre-treatment has protected significant level of MMP in H2O2treated SH-SY5Y cells. The data are given as mean ± SD in each group. *p < 0.05 compared to control, #p < 0.05 compared to
H2O2-treated group.

Mitochondrial Membrane Potential Effect of Epalrestat in SH-SY5Y Cells
The mitochondrial membrane potential (MMP) was investigated by Rhodamine-123 staining. The positively
charged lipophilic Rh-123 stain can directly pass through the cell membrane and exhibit green fluorescence by
staining the mitochondrion. The H2O2-treated cells showed poor fluorescence intensity (30%) compared to
untreated control cells (Fig. 4). Nonetheless, the EPS-treated cells showed increased green fluorescence intensity
(64%) than H2O2 pre-treated inducer control cells. Enhancement of fluorescence intensity was reflected by the
effect of EPS through mitochondrial membrane-bound fluorescent probe Rh-123 (64 ± 0.9%) in H2O2 pretreated cells. Consequently, the result revealed the effect of EPS in inhibiting ROS formation and mitochondrion
membrane protection.
Epalrestat Influence on Oxidative Stress-Induced Cellular Damage
The dual staining with acridine orange/ethidium bromide (AO/EB) revealed the distinct characteristic of
apoptotic cellular morphology and DNA damage in RA-SH-SY5Y cells. This experiment helped to distinguish the
viable and late apoptotic cells. The viable cells exhibited uniform bright green nuclei and the late apoptotic cells
had highly fragmented chromatins (Fig. 5II). SH-SY5Y cells treated with 100 μM hydrogen peroxide exhibited an
orange-red fluorescence apoptotic body formation (73 ± 1.5%), while the necrotic cells showed orange to red

Fig. 5. Apoptosis and DNA fragmentation inhibition effect of Epalrestat in RA-SH-SY5Y cells. (I)
Photomicrograph showing the fluoresced DNA fragments stained by DAPI on peroxide-induced apoptosis caused in RA-SHSY5Y cells. a. Control, b. H2O2, c. Epalrestat + H2O2, and d. 50 μM Epalrestat treated. H2O2 (100 μM)-treated cells showing high
number of fluoresced fragmented nuclei than Epalrestat (50 μM) treatment. (II) Graphical representation showing the
morphological changes caused by apoptotic cell damage and the inhibition ability of Epalrestat on H2O2-treated RA-SH-SY5Y
cells. H2O2 (100 μM) exposure has provoked programmed cell death but Epalrestat (50 μM) treatment rescued the neuronal
cells from oxidative cellular damage. The data are given as mean ± SD in each group. *p < 0.05 compared to control, #p < 0.05
compared to H2O2-treated group.
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Fig. 6. Effect of Epalrestat on GSK3-β and total tau expression in 100 μM peroxide-induced oxidative stress
in RA-differentiated SH-SY5Y cells. (A) Western blot result. (B) Graphical representation of western blot results. 50 μM
EPS treatment significantly decreased GSK3-β and t-tau expression in peroxide-supplemented and RA-differentiated neuronal
cells. The densitometric values are expressed as arbitrary units and given as mean ± SD. *p < 0.05 compared to the peroxideinduced group and #p < 0.05 compared to un-treated control group.

nuclei. EPS-exposed, hydrogen peroxide-pre-treated cells were not found to have such significant number of
orange-red apoptotic bodies, and instead displayed green-colored cellular morphology. Thus, this study revealed
the effect of EPS in inhibiting peroxide stress-induced apoptotic cellular damage and also was found to protect the
cells from oxidative stress-induced neurodegeneration.
DNA Damage Restoration by EPS
The DNA fragmentation fortification effect of EPS was evaluated by DAPI staining in RA-SH-SY5Y cells. The
nonviable cells were identified by observing the uniform bright blue-colored nuclei (damaged DNA fragments)
and the viable cells did not show fluoresced nuclei. In this analysis, H2O2 treated cells showed bright blue
luminescent nuclei, which revealed the fragmentation of DNA and indicated the formation of apoptotic bodies
(Fig. 5IB). Like the control cells (Fig. 5IA), EPS-treated H2O2-exposed cells did not show any deformities and the
cells were found to have intact nuclei (Fig. 5IC).
Epalrestat Effect on GSK3-β and Total Tau Regulation
The protein expression was analyzed for Alzheimer’s markers like GSK3-β and total tau (T-tau) in RAdifferentiated SH-SY5Y cells by western blotting. It is well known that increased GSK3-β expression would
enhance tau hyperphosphorylation. This condition could induce toxic intracellular neurofibrillary tangle
formation and deposition, which would result in cellular degeneration. In this study, RA was used to enhance ADtype protein markers expression in SH-SY5Y cells. Subsequently, EPS treatment showed downregulation of
GSK3-β protein (30%) in H2O2 stress-induced cells. Accordingly, it also reduced the level of total tau protein
expression in SH-SY5Y cells (Fig. 6). Although there was a negligible variation in the expression of both GSK3-β
and total tau protein between the control and EPS treated cells, there was no significant (p > 0.05) difference. Thus,
it was concluded that 50 μM EPS treatment may prevent oxidative stress-induced cellular damage by regulating
tau and GSK3-β protein expression.

Discussion
EPS is a commercially available and approved drug to treat human diabetic neuropathy. It has been found that
the neuronal tissue could easily absorb EPS and is metabolically involved in different types of signaling pathways
[21]. Jaiswal et al. reported that the antioxidant activity of EPS could control the hyperphosphorylation and
misregulation of tau protein and nerve cell damage in the hippocampus region [22]. Hyperphosphorylation of tau
causes NFT formation, which is a major intracellular sign that Alzheimer’s disease is affecting the hippocampus
and cortex region of the brain [1]. The hippocampus region is specifically important for learning and memory and
is the first area to be affected in AD. The present study was focused on investigating the neuroprotective effect of
EPS by analyzing the effect of EPS on AD markers.
Retinoic acid (RA)-differentiated SH-SY5Y cells enhanced the neuron-specific protein expression for the
regulation of their structural and functional mechanism [23, 24]. The increased retinol concentration could
enhance tau phosphorylation, β-amyloid peptide formation, reactive species production and immunocontent of
α-synuclein secretion [5, 25]. Therefore, RA-differentiated SH-SY5Y cells were found to be the most suitable
model system to assess the neuroprotective effect of EPS.
Yama et al. [25] reported that 50 μM EPS dramatically reduced hydrogen peroxide-induced cytotoxicity in
bovine aortic endothelial cells and increased the GSH biosynthesis by activating Nrf2. Consistently, this study also
provides evidence of the cytotoxic protection of EPS by inhibiting 67% of H2O2-induced cellular damage in RAdifferentiated SH-SY5Y cells. However, EPS concentration greater than 100 μM reduces this cytoprotective effect.
In addition, this EPS concentration was found to enhance the expression of caspase-3 and subsequently induce
apoptotic process in neuronal cells [9]. Additionally, we found that EPS concentration greater than 100 μM may
reduce the fortification effect and upregulate apoptotic markers in endothelial cells [11, 25]. Anne et al. [14]
suggested that the therapeutic dose of EPS might be a new tactic to treat various oxidative stress-induced diseases
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like Alzheimer’s, Parkinson’s and arthrosclerosis. Concordantly, this study revealed that 50μM concentration of
EPS can effectively inhibit H2O2-induced cellular damage.
In ROS-stimulated intrinsic apoptosis, the mitochondrial membrane permeabilization increases by forming
pores in the outer mitochondrial membrane [26]. The release of inner mitochondrial proteins into the cytosol
triggers the pro-apoptotic cascade and in turn cell death. An increase in mitochondrion membrane transition
pore size is a sign of increased free radical formation, mitochondrial membrane distension and loss of
mitochondrion membrane potential [27]. The mitochondrial membrane permeabilization is a main stimulus of
necrotic and apoptotic cell death [28]. Evidenced by the lack of mitochondrial membrane damaged cells to up take
rhodamine staining, it appears that EPS treatment reduces ROS generation and protects the cell from
mitochondrial membrane transition pore formation. Recent reports also suggest that EPS can control oxidative
stress by regulating intracellular GSH synthesis through the instigation of Nrf2 pathway [25, 29] resulting in the
protection of neuronal cells.
ROS stimulate anomalous regulations in neuronal ion channels and induces cellular (sensory and motor)
damage. K+ ion channel oxidation might be a major cause for neurodegenerative diseases like Alzheimer’s and
Parkinson’s [30]. Increased ROS generation would increase the extracellular β-amyloid deposition and induce the
cleavage of tau protein which is the major cause of AD pathology [31]. According to our findings, EPS would
overcome these ROS-induced affects by stalling caspase activation, tau protein cleavage and subsequent NFT
formation. Effectively, this would result in the inhibition of mitochondrion membrane polarization and apoptosis.
During the course of hydrogen peroxide treatment, the neuronal cell membrane became permeable to ethidium
bromide (EB) [32]. Normally, EB enters the cytosol and stains the damaged DNA fragments an orange-red color.
However, EPS treatment rescued the H2O2-stressed neuronal cells by reducing the cell membrane permeability. In
addition, DAPI staining also revealed the effect of EPS in protecting the neuronal cells from DNA damage.
The abnormal regulation of GSK3 protein, a multifunctional kinase, might induce neurodegeneration by
enhancing the expression of apoptotic markers and necrotic proteins like β-catenin and Bax [33]. This study
showed that hydrogen peroxide supplement can augment GSK3-β and total tau protein expression in RAdifferentiated SH-SY5Y cells. Therefore, GSK3-β misregulation would increase total tau protein through
hyperphosphorylation and lead to the onset of Alzheimer disease [34]. Nevertheless, EPS supplement was found
to significantly reduce the level of GSK3-β and total tau expression in oxidative stress-induced neuronal cells. In
addition, Jaiswal et al. [22] reported that 57 mg/kg EPS has an ability to inhibit total tau protein expression in the
hippocampus tissue in diabetic rat models.
In conclusion, our study provides evidence for the role of EPS in preventing cellular damage in the brain. EPS
does this by obstructing oxidative stress, mitochondrial membrane damage, apoptotic cascade activation and
through meticulous regulation of GSK3-β and tau protein. Therefore, EPS might be an effective therapeutic
molecule to combat Alzheimer’s and other related neuropathology.

Acknowledgments
We thank the Department of Biotechnology, Periyar University, Salem for providing infrastructure facilities for
carrying out this research work.

Conflict of Interest
The authors have no financial conflicts of interest to declare.

References
1. Wobst HJ, Sharma A, Diamond MI, Wanker EE, Bieschke J. 2015. The green tea polyphenol (−)-epigallocatechin gallate prevents the
aggregation of tau protein into toxic oligomers at substoichiometric ratios. FEBS Lett. 589: 77-83.
2. Ali T, Kim T, Rehman SU, Khan MS, Amin FU, Khan M, et al. 2018. Natural dietary supplementation of anthocyanins via PI3K/Akt/
Nrf2/HO-1 pathways mitigate oxidative stress, neurodegeneration, and memory impairment in a mouse model of Alzheimer’s
disease. Mol. Neurobiol. 55: 6076-6093.
3. Zhang L, Yu H, Sun Y, Lin X, Chen B, Tan C, et al. 2007. Protective effects of salidroside on hydrogen peroxide-induced apoptosis in
SH-SY5Y human neuroblastoma cells. Eur. J. Pharmacol. 564: 18-25.
4. Hu Y, Zhou KY, Wang ZJ, Lu Y, Yin M. 2017. N-stearoyl-l-Tyrosine inhibits the cell senescence and apoptosis induced by H2O2 in
HEK293/Tau cells via the CB2 receptor. Chem. Biol. Interact. 272: 135-144.
5. Paik S, Somvanshi RK, Kumar U. 2019. Somatostatin-mediated changes in microtubule-associated proteins and retinoic acid–
induced neurite outgrowth in SH-SY5Y cells. J. Mol. Neurosci. 68: 120-134.
6. Sánchez-Reus MI, Peinado II, Molina-Jiménez MF, Benedí J. 2005. Fraxetin prevents rotenone-induced apoptosis by induction of
endogenous glutathione in human neuroblastoma cells. Neurosci. Res. 53: 48-56.
7. Anantharam V, Kaul S, Song C, Kanthasamy A, Kanthasamy AG. 2007. Pharmacological inhibition of neuronal NADPH oxidase
protects against 1-methyl-4-phenylpyridinium (MPP+)-induced oxidative stress and apoptosis in mesencephalic dopaminergic
neuronal cells. Neurotoxicology 28: 988-997.
8. Humpel C. 2011. Chronic mild cerebrovascular dysfunction as a cause for Alzheimer's disease?. Experimental gerontology. 46: 225-232.
9. Sato K, Yama K, Murao Y, Tatsunami R, Tampo Y. 2014. Epalrestat increases intracellular glutathione levels in Schwann cells through
transcription regulation. Redox Biol. 2: 15-21.
10. Wang X, Yu F, Zheng WQ. 2019. Aldose reductase inhibitor Epalrestat alleviates high glucose-induced cardiomyocyte apoptosis via
ROS. Eur. Rev. Med. Pharmacol. Sci. 23: 294-303.
11. Yama K, Sato K, Murao Y, Tatsunami R, Tampo Y. 2016. Epalrestat upregulates heme oxygenase-1, superoxide dismutase, and
catalase in cells of the nervous system. Biol. Pharm. Bull. 39: 1523-1530.
12. Arvanitakis Z, Wilson RS, Bienias JL, Evans DA, Bennett DA. 2004. Diabetes mellitus and risk of alzheimer disease and decline in
cognitive function. Arch. Neurol. 61: 661-666.

June 2021 ⎪ Vol. 31 ⎪ No. 6

874

Lingappa et al.

13. Ascher-Svanum H, Chen YF, Hake A, Kahle-Wrobleski K, Schuster D, Kendall D, et al. 2015. Cognitive and functional decline in
patients with mild Alzheimer dementia with or without comorbid diabetes. Clin. Ther. 37: 1195-1205.
14. Jämsä A, Hasslund K, Cowburn RF, Bäckström A, Vasänge M. 2004. The retinoic acid and brain-derived neurotrophic factor
differentiated SH-SY5Y cell line as a model for Alzheimer’s disease-like tau phosphorylation. Biochem. Biophy. Res. Commun.
319: 99315. Mosmann T. 1983. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J.
Immunol. Methods 65: 55-63.
16. Halliwell B, Whiteman M. 2004. Measuring reactive species and oxidative damage in vivo and in cell culture: how should you do it
and what do the results mean?. Br. J. Pharmacol. 142: 231-255.
17. Scaduto Jr RC, Grotyohann LW. 1999. Measurement of mitochondrial membrane potential using fluorescent rhodamine derivatives.
Biophys. J. 76: 469-477.
18. Kasibhatla S, Amarante-Mendes GP, Finucane D, Brunner T, Bossy-Wetzel E, Green DR. 2006. Acridine orange/ethidium bromide
(AO/EB) staining to detect apoptosis. CSH Protoc. 2006: 4493.
19. Kapuscinski J. 1995. DAPI: a DNA-specific fluorescent probe. Biotech. Histochem. 70: 220-233.
20. Bradford MM. 1976. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72: 248-254.
21. Suzuki K, Tanaka S, Yanagi K, Iijima T, Niitani M, Coletta C, et al. 2014. Epalrestat induces cell proliferation and migration in
endothelial cells via mTOR activation through PI3/Akt signaling. Diabetology International 5: 105-111.
22. Jaiswal S, Mishra S, Torgal SS, Shengule S. 2018. Neuroprotective effect of epalrestat mediated through oxidative stress markers,
cytokines and TAU protein levels in diabetic rats. Life Sci. 207: 364-371.
23. Higashi M, Kolla V, Iyer R, Naraparaju K, Zhuang T, Kolla S, et al. 2015. Retinoic acid-induced CHD5 upregulation and neuronal
differentiation of neuroblastoma. Mol. Cancer 14: 1-10.
24. Kim S, Lim J, Bang Y, Moon J, Kwon MS, Hong JT, et al. 2018. Alpha-Synuclein Suppresses retinoic acid-induced neuronal
differentiation by targeting the glycogen synthase kinase-3β/β-catenin signaling pathway. Mol. Neurobiol. 55: 1607-1619.
25. Kunzler A, Kolling EA, da Silva-Jr JD, Gasparotto J, de Bittencourt Pasquali MA, Moreira JCF, et al. 2017. Retinol (vitamin A)
increases α-synuclein, β-amyloid peptide, tau phosphorylation and RAGE content in human SH-SY5Y neuronal cell line.
Neurochem. Res. 42: 2788-2797.
26. Yama K, Sato K, Abe N, Murao Y, Tatsunami R, Tampo Y. 2015. Epalrestat increases glutathione, thioredoxin, and heme oxygenase1 by stimulating Nrf2 pathway in endothelial cells. Redox Biol. 4: 87-96.
27. Kuwana T. 2018. The role of Mitochondrial Outer Membrane Permeabilization (MOMP) in apoptosis: Studying Bax pores by cryoelectron microscopy. In Advances in biomembranes and lipid self-assembly. Academic Press 27: 39-62.
28. Mallet N, Le Moine C, Charpier S, Gonon F. 2005. Feedforward inhibition of projection neurons by fast-spiking GABA interneurons
in the rat striatum in vivo. J. Neurosci. 25: 3857-3869.
29. Mnatsakanyan N, Park HA, Wu J, Miranda P, Jonas EA. 2018. Molecular composition, structure and regulation of the mitochondrial
permeability transition pore. Biophys. J. 114: 658a.
30. Vincent AM, Kato K, McLean LL, Soules ME, Feldman EL. 2009. Sensory neurons and schwann cells respond to oxidative stress by
increasing antioxidant defense mechanisms. Antioxid. Redox Signal. 11: 425-438.
31. Sesti F, Liu S, Cai SQ. 2010. Oxidation of potassium channels by ROS: a general mechanism of aging and neurodegeneration?. Trends
Biol. 20: 45-51.
32. Rohn TT. 2015. Caspase cleaved tau in Alzheimer's disease: a therapeutic target realized. Int. J. Neurol. Neurother. 2: 014.
33. Pirnia F, Schneider E, Betticher DC, Borner MM. 2002. Mitomycin C induces apoptosis and caspase-8 and-9 processing through a
caspase-3 and Fas-independent pathway. Cell Death Differ. 9: 905-914.
34. Hernández F, Avila J. 2008. The role of glycogen synthase kinase 3 in the early stages of Alzheimers’ disease. FEBS Lett. 582: 38483854.
35. Yamada M. 2018. Senile Dementia of the Neurofibrillary Tangle Type (SD-NFT). Brain Nerve 70: 533-541.

J. Microbiol. Biotechnol.

