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A B S T R A C T

Neuronal dysfunction and subsequent apoptosis under high glucose conditions during diabetes contribute majorly
to the manifestation of diabetic peripheral neuropathy (DPN). PERK (protein kinase RNA (PKR)-like ER kinase)
one among the three canonical arms of unfolded protein response (UPR), is believed to play a crucial role in
determining the cell fate during endoplasmic reticulum stress (ERS/ER stress) conditions. We evaluated the role of
PERK inhibitor GSK2606414 in high glucose (30 mM) treated neuroblastoma (N2A) cells. High glucose resulted in
disruption of ER proteostasis by activation of UPR which is evident through increased (p < 0.001) expression of
GRP78, p-PERK, p-eIF2α, ATF-4 and CHOP when compared to normal cells. It is accompanied with enhanced
GRP78 localization in Endoplasmic Reticulum (ER) lumen evident from ER labeling Immunofluorescence (IF)
staining. PERK activation resulted in altered mitochondrial function evident by increased mitochondrial super-
oxide production and compromised mitochondrial homeostasis with decrease in Mfn-2 levels. Additionally, ER
stress induced neuronal apoptosis was attenuated by GSK2606414 treatment via inhibiting the PERK-eIF2α-ATF4-
CHOP axis that not only curtailed the levels of apoptotic proteins like Bax and caspase 3 but also elevated the
levels of anti-apoptotic Bcl-2. Collectively, our findings revealed the neuroprotective potential of GSK2606414
against high glucose induced neurotoxicity in N2A cells.
1. Introduction

Endoplasmic reticulum (ER) is a major site for the biosynthesis of
lipids as well as proper synthesis, maturation and folding of proteins.
Various pathophysiological perturbations, including hypoxia, oxidative
stress, glucose deprivation, viral infection entail a specific stress response
by accumulation of misfolded and unfolded proteins in the ER leading to
development of ER stress (ERS) which underlies the development of a
variety of neurological disorders (Lindholm et al., 2006). To combat
against the ERS, an adaptive cellular response termed as unfolded protein
response (UPR) is activated. UPR is a signaling network that facilitates
cellular repair by sensing the imbalance between protein synthesis,
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quality control, and degradation in the ER. In response to various stimuli,
UPR exhibits dual role as pro-adaptive and pro-apoptotic signaling
cascade based on the intensity and duration of the ER exposure to stress
(Hetz, 2012). The UPR is orchestrated by three main sensors PERK
(protein kinase RNA (PKR)-like ER kinase), IRE1α (inositol-requiring
enzyme-1 alpha) and ATF6 (activating transcription factor-6), that reside
in the ER membrane. These transmembrane proteins bind to the chap-
erone Glucose regulated protein of 78 kDa or binding immunoglobulin
protein (GRP78/BiP) in their inactive states in ER lumen (Iurlaro and
Mu~noz-Pinedo, 2016).

Hyperglycemia activates various metabolic pathways like polyol
pathway, advanced glycation end products (AGE) pathway, and
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hexosamine pathway which contributes to hyperglycemia induced cell
death (Rolo and Palmeira, 2006). In brief, the enzymatic conversion of
glucose to sorbitol, with simultaneous diminution of NADPH and gluta-
thione is accelerated. The resulting depletion of antioxidant reducing
equivalents worsens the sensitivity to oxidative stress associated with
enhanced intracellular ROS (Ponugoti et al., 2012). In turn, the over-
production of superoxides by hyperglycemia hampers the mitochondrial
ETC capacity to regulate ATP leading to maladaptive responses (Rochette
et al., 2014). High glucose induced Reactive Oxygen Species (ROS)
generation triggers oxidative stress by accumulating unfolded and mis-
folded proteins in the ER lumen, subsequently activating unfolded pro-
tein response (UPR) (Lelkes et al., 2001). Given the critical role of PERK,
IRE1α and ATF6 in UPR signaling, unregulated activation of these pro-
teins could contribute significantly to ER stress-induced apoptosis (Cao
et al., 2012; Bhardwaj et al., 2019). The existing literature highlights that
neurons require tremendous amount of energy in the form of ATP to
perform vital cellular operations and thus proper mitochondrial func-
tioning is essential for typical neuronal activity (Nakamura et al., 2020).
Hyperglycemia-induced ROS generation not only causes oxidative stress,
but also hampers antioxidant defense system in neuronal cells as anti-
oxidants have been shown to protect neurons following hyperglycemic
conditions (Moghaddam et al., 2014). It is not surprising that the
increased oxidative stress also elevates the level of mitochondrial ROS
above the threshold, leading to neuronal death via apoptotic events
(Singh and Devasahayam, 2020). Perturbations in ER-mitochondrial
tethering induced by ROS are detrimental for cellular homeostasis in
terms of calcium regulation, protein folding machinery and mitochon-
drial dynamics (Naon et al., 2016; Veeresh et al., 2019). Certainly, the
mitochondrial ROS debilitate ER function by virtue of its ability to rise ER
stress, so is implicated as a major risk factor in the onset and progression
of neuronal damage. Of note, disturbances inmitochondria-associated ER
membranes (MAMs) have been proposed to be linked with manifestation
of neurodegenerative diseases (Murphy, 2013; Paillusson et al., 2016).

The aim of the current study is to focus on one of the three arms of
unfolded protein response (UPR) mediated by protein kinase RNA (PKR)-
like ER kinase (PERK). PERK monomer is localized on the ER membrane,
that plays a vital role in translational control of ER stress by detecting the
accumulated chunk of unfolded proteins in the ER lumen. An ER trans-
membrane molecular chaperone protein termed BiP (GRP78; glucose
regulated protein of 78 kDa) holds PERK, along with IRE-1 and ATF6
making them inactive under normal conditions (Halliday et al., 2017).
Under physiological conditions, GRP78 is expressed at a low level and is
confined to ER transmembrane receptors. On the other side, when ER
stress is triggered, the unfolded or misfolded proteins bind with free
GRP78 causing its dissociation from IRE1α, PERK and ATF6 facilitating
their activation (Logue et al., 2013). Once activated the three proteins
undergo auto-phosphorylation and are engaged in their respective
downstream signaling mechanisms that under acute conditions restores
cellular homeostasis while under chronic conditions lead to apoptosis of
neuronal cells via activating various transcriptional mediators (Walter
and Ron, 2011).

GSK2606414 is a first in class oral PERK inhibitor developed by
GlaxoSmithKline in 2012 (Axten et al., 2012). Since its inception,
tremendous research has been carried out using this compound in various
preclinical models of diseases. Of note, neuroprotective effect of
GSK2606414 is well studied in rodent models of parkinson's (Mercado
et al., 2018), alzheimer's disease (Yang et al., 2016), down syndrome
(Lanzillotta et al., 2020) and prion diseases (Moreno et al., 2013).
However, its role in diabetic neuropathy is yet unidentified. Hence, in the
current study we aimed to i) investigate the role of PERK/-
p-eIF2α/ATF4/CHOP signaling in high glucose induced neurotoxicity in
neuro2a cells (N2A), ii) identify the neuroprotective effect of PERK in-
hibitor GSK2606414 in high glucose treated N2A cells and iii) delineate
the possibility of inhibiting PERK in strengthening mitochondrial func-
tion and inhibiting apoptotic module of chronic ER stress mediated by
PERK/p-eIF2α/ATF4/CHOP signaling axis.
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Owing to its PERK inhibition, GSK2606414 unveiled beneficial in
several diseases other than neuroprotection. A few of them are high-
lighted here, GSK2606414 is reported to have suppressed RIPK1 (Re-
ceptor-interacting serine/threonine-protein kinase 1) mediated cell
death dependent on Tumor necrosis factor (TNF). It is interesting to know
that this activity is independent of PERK inhibition (Rojas-Rivera et al.,
2017). Further studies on GSK2606414 revealed that, it exhibited pro-
tective effect against human ovarian cancer cells A2780 and A2780CP
from Evodiamine (EVO) -induced apoptosis where EVO is reported to
activate PERK (Chen et al., 2016). Additionally, GSK2606414 also dis-
played anti-parasitic activity in toxoplasmosis and human cutaneous
leishmaniasis by targeting PERK branch of ER stress response (Dia-
s-Teixeira et al., 2017; Augusto et al., 2018). A recent study highlighted
the ability of reovirus to provoke ER stress and postulated that targeting
UPR may sensitize cancer cells to reovirus. Surprisingly, PERK inhibition
by GSK2606414 enhanced the efficacy of reovirus in treating head and
neck squamous cell cancer. In contrast to the canonical ER stress
response, GSK2606414 induced eIF2a-ATF4 signaling in the circum-
stances of reovirus infection, and the authors claim that this occurs only
in the combination of reovirus and GSK2606414. This was evident from
the studies performed by Martin McLaughlin and co-workers.
(McLaughlin et al., 2020).

2. Materials and methods

2.1. Materials

GSK2606414 and most of the other chemicals are reagent grade and
obtained from Sigma Aldrich, USA. All the antibodies were purchased
from Santa Cruz Biotechnology, USA unless mentioned. The chemicals
and solvents used were of analytical grade.
2.2. Methods

2.2.1. Experimental design
Mouse N2A neuroblastoma cells obtained from NCCS, Pune were

cultured in Minimum Essential media (MEM containing 5.5 mM glucose)
supplemented with 10% FBS, streptomycin/penicillin (1%), glutamine
(2 mM) and grown at 37 �C, in a humidified atmosphere of 95% air and
5% CO2. 25 mM glucose is added to the medium to simulate high glucose
conditions (final concentration in medium is 30 mM). When confluent,
the cells were seeded into T25 or multi well plates as per the experi-
mental requirement. Experiments were carried out 24 h after cells were
seeded. Treatment was given in 5% FBS culture medium and the cells
were divided into following groups, NC: normal N2A cells, GSK 1: normal
N2A cells treated with GSK260414 (1 μM), HG: hyperglycemic N2A cells
(30 mM β-D glucose), HGþ GSK 0.5: HG cells treated with GSK260414
(0.5 μM), HGþ GSK1: HG cells treated with GSK260414 (1 μM).
Biochemical and molecular evaluations are performed 24 h post treat-
ment. Concentrations and time intervals were chosen with respect to the
method sensibility and specificity of the experiments. All assays were
conducted in triplicate, and each experiment was repeated at least thrice.

2.2.2. Cell viability assay
Cell viability was detected using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. Briefly, N2A cells were
seeded in 96 well plates at a density of 5000 cells/well and incubated for
24 h. After incubation, cells were treated with different concentrations of
GSK2606414 (0.01–200 μM) and co-treated with high glucose (30 mM)
then incubated for 24 h. Then MTT solution (3-[4, 5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide, 5 mg/10 ml in MEM) was added
to the 96-well plate and incubated at 37 �C for 4 h. Media from 96 well
plate was removed and 200 μL of Dimethyl sulfoxide (DMSO) was added
to solubilize the crystals. Absorbance was measured at 570 nm using a
multimode reader (Spectramax M4, USA) (Kalvala et al., 2020b).



Fig. 1. Effect of GSK2606414 on cell viability. Graphical representation of cell
viability of N2A cells treated with different concentrations (0.1–100 μM) of
GSK2606414 with high glucose (30 mM). Values are expressed as mean � SEM
(n ¼ 3). **P < 0.01 and ***P < 0.001 Vs Normal N2A cells (NC).
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2.2.3. ROS estimation by 20,70- dichlorofluorescin diacetate (DCFDA)
staining

Cellular Reactive Oxygen Species (ROS) was measured in Neuro2a
cells seeded in 6-well plate at a density of 5000 cells/well. The assay uses
reagent 20,70-dichlorofluorescin diacetate (DCFDA), a fluorogenic dye
that measures hydroxyl, peroxyl& other reactive ROS activity within the
cell at 5 μM concentration. Fluorescence is detected at an excitation/
emission of 485 nm/535 nm using fluorescence microscopy (Bachewal
et al., 2018).

2.2.4. Western blotting
N2A cells were treated with GSK2606414, post 24 h of treatment the

cells were washed with ice-cold Phosphate Buffered Saline (PBS) and
were suspended in Radioimmunoprecipitation assay buffer (RIPA) con-
taining protease and phosphatase inhibitor. Each lysate sample was
centrifuged at 4�C at 10000 rpm for 10 min, after which the supernatant
was collected as whole cell extract. Protein levels were estimated by
Bradford's assay. A total of 30–40 μg/20 μl of protein extract from N2A
cells was heated for 5 min in SDS sample buffer [2% sodium dodecyl
sulfate (SDS), 62.5 mM Tris-HCL (pH 6.8), 10% glycerol and 0.001%
bromophenol blue]. Protein expression study was performed using
western blotting method. Equal amount of proteins were separated by
SDS-PAGE (10% unless specified, for low molecular weight proteins 16%
gel is used), electrophoresis is run for 90 min at 80 V in running buffer
(25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3) and then
transferred to a PVDF (Polyvinylidene difluoride) or Nitrocellulose (NC)
membrane in transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v)
methanol, pH 8.3). After blocking with 3% bovine serum albumin, the
membranes were incubated with primary antibodies at 4 �C overnight;
GRP78 (Cat#: sc-13539; 1:1000), PERK (Cat#: sc-377400; 1:1000),
ATF4 (Cat#: sc-390063; 1:1000), eIF2α (Cat#: sc-133132; 1:1000),
CHOP (Cat#: sc-7351; 1:1000), TFAM (Cat#: sc-166965; 1:1000), NRF1
(Cat#: sc-515360; 1:1000), β-Actin (Cat#: sc-47778; 1:1000), (Santa
Cruz Biotechnology, Inc, USA), Bax (Cat#: 5023; 1:1000), Bcl2 (Cat#:
3498; 1:1000), Caspase 3 (Cat#: 9662; 1:1000) (CST, USA), Complex I
(Cat#: (ab110245); 1:1000), Complex II (Cat#: (ab110410); 1:1000) and
ATP synthase C (Cat#: ab181243; 1:1000) (Abcam, USA), p-PERK (Cat#:
ITP07576; 1:1000), Mfn-2 (Cat#: ITT2740; 1:1000), p-eIF2α (Cat#:
ITP03087; 1:1000), (G-biosciences, USA) at 1:1000 dilution in TBST.
Then the membranes were incubated with Horseradish peroxidase (HRP)
tagged secondary antibodies for 2 h at room temperature. Chem-
iluminescence signal was captured using a Fusion-FX imager (Vilber-
Lourmat, Germany) and relative band intensities were quantified by
densitometry using Image-J software (version 1.48, NIH, USA) (Arruri
et al., 2017).

2.2.5. Detection of mitochondrial superoxides using MitoSOX staining
MitoSOX (Mitochondrial superoxide) Red reagent is a fluorogenic

color explicitly intended to target the mitochondria in cells under live
condition. Oxidation of MitoSOX reagent by superoxide turns outs to red
fluorescence. In this way, the intensity of red fluorescence produced
directly indicates the level of mitochondrial superoxide. Briefly, 6-well
plate was cultivated with Neuro2a cells (4000 cells/well) with MEM
for 24 h. These cells were then exposed to 30 mM glucose, and 0.5 and 1
μM of GSK2606414 for 6 h followed by incubation with 5 μM MitoSOX
for 10 min at 37 �C. The cells were then washed twice with phosphate
buffer saline (PBS) and processed for imaging under a fluorescence mi-
croscope at absorption/emission of ~510/580 nm (Bachewal et al.,
2018).

2.2.6. Immunocytochemistry (ICC)
Post 24 h of treatment, N2A cells were washed with PBS for three

times and fixed in 4% paraformaldehyde solution followed by washing
with PBS. Then cells were blocked with 3% BSA solution and incubated
with PDI (protein disulfide isomerase; an ER resident enzyme) and
3

primary antibody; GRP78 (Santa Cruz Biotechnology), (1:200) or CHOP
(1:50) in 3% BSA (Bovine serum albumin) at 4 �C temperature for 12 h.
Followed by incubation with secondary anti-rat antibody conjugated
with rhodamine (Santa Cruz Biotechnology Inc., CA, USA) or FITC
(Fluorescein isothiocyanate) Sigma) for 2 h in dark at room temperature.
After washing and mounting with Fluoroshield DAPI, then cells are
subjected to visualization using confocal microscopy (Arruri et al., 2021).

Cells were grown on coverslips in a 6 well plate, then exposed to 30
mM glucose and 0.5 and 1 μM of GSK2606414. MitoTracker® Deep Red
FM dye (200 nM; Molecular Probes, Invitrogen) was utilized to stain the
cells for 30–45 min. Cells were washed with PBS and fixed in 4% para-
formaldehyde (prepared in PBS) for 5 min at room temperature. Cells
were then permeabilized using 0.5% Triton- � 100 for 10 min. There-
after, cells were washed and subjected to blocking with 3% BSA for a
span of 1 h at room temperature. Later on cells were incubated with
primary antibody solution (1:100) of anti-Mfn2 antibody (rabbit poly-
clonal, G-biosciences) in PBS. After 12 h of incubation cells were washed
thrice with PBS, and then subjected to FITC conjugated anti-rabbit sec-
ondary antibody solution (1:100) incubation for 2 h in the dark. Post
which cells were washed with PBS, air-dried, and mounted with DAPI
(Invitrogen) on a glass slide. At last imaging the slides with SP8 version of
Leica confocal microscope absorption/emission of ~581/644 nm (Ger-
many) is performed (Bheereddy et al., 2020).

2.2.7. Statistical analysis
Data are represented as mean � SEM (Standard Error of Mean) . The

intergroup variation was measured by one-way analysis of variance
(ANOVA) followed by “Bonferroni's multiple comparison post-hoc test”
using the Graph Pad Prism (version-5.0). Results with p values < 0.05
were considered to be statistically significant.

3. Results

3.1. Effect of GSK2606414 on cell viability

Based on MTT results obtained, we have chosen 0.5 μM and 1 μM of
GSK2606414 (IC50: 5.3 μM) as sub maximal doses to assess its neu-
roprotective potential in HG induced neurotoxicity in N2A cells
(Fig. 1).



Fig. 2. Effect of GSK2606414 on ER stress markers.
(a) Immunofluorescence staining of N2A cells, rep-
resenting co-expression of PDI & GRP78. Photo-
graphs were taken at 400� magnification (scale: 25
μM) (b) Representative immunoblots of ER stress
markers. Values are expressed as mean � SEM (n ¼
3). NC: normal N2A cells, GSK 1: normal N2A cells
treated with GSK260414 (1 μM), HG: hyperglycemic
N2A cells (30 mM β-D glucose), HGþ GSK 0.5: HG
cells treated with GSK260414 (0.5 μM), HGþ GSK1:
HG cells treated with GSK260414 (1 μM). ^^^P <

0.001 v/s NC and **P < 0.01, ***P < 0.001 v/s HG.

Fig. 3. Effect of GSK2606414 on ROS and
mitochondrial function. Representative im-
ages and corresponding bar graphs of (a)
DCFDA staining (b) Mitosox staining. Pho-
tographs were taken at 200� magnification
(scale: 100 μM). Values are expressed as
mean � SEM (n ¼ 3). NC: normal N2A cells,
GSK 1: normal N2A cells treated with
GSK260414 (1 μM), HG: hyperglycemic N2A
cells (30 mM β-D glucose), HGþ GSK 0.5: HG
cells treated with GSK260414 (0.5 μM),
HGþ GSK1: HG cells treated with
GSK260414 (1 μM), ^^P < 0.01, ^^^P < 0.001
v/s NC and **P < 0.01, ***P < 0.001 v/s
HG.
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Fig. 4. (a) Immunofluorescence staining of Mfn-2
(green) along with mitotracker (red) and (b)
Representative immunoblots of proteins depicting
mitochondrial function. Photographs were taken at
400� magnification (scale: 10 μM). Values are
expressed as mean � SEM (n ¼ 3). NC: normal N2A
cells, GSK 1: normal N2A cells treated with
GSK260414 (1 μM), HG: hyperglycemic N2A cells
(30 mM β-D glucose), HGþ GSK 0.5: HG cells
treated with GSK260414 (0.5 μM), HGþ GSK1: HG
cells treated with GSK260414 (1 μM), ^^P < 0.01,
^^^P < 0.001 v/s NC and * P < 0.05, **P < 0.01,
***P < 0.001 v/s HG. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3.2. GSK2606414 decreased ROS production in N2A cells following high
glucose exposure

Induction of reactive oxygen species is considered to be one of the
main deleterious effects in diabetic condition and ROS induced pertur-
bations in neuronal homeostasis has been widely implicated in several
neurodegenerative disorders. HG exposure of N2A cells resulted in
increased ROS production when compared to normal cells which was
measured using DCFDA staining technique. However, treatment with
GSK2606414 (1 μM) markedly decreased the ROS levels which was
evident from decreased DCFDA fluorescence intensity. These results
indicate the anti-oxidant potential of GSK2606414 (Fig. 3 (a)).
3.3. GSK2606414 ameliorated ERS markers in HG induced neuro2a cells

High glucose (30 μM) induction triggers ER stress which was evident
through the western blotting analysis. It was observed that the key
markers of ERS such as GRP78, phosphorylated forms of PERK and eIF2α
were increased after high glucose induction. Intriguingly, treatment with
PERK inhibitor, GSK2606414 ameliorated the expression of these ERS
markers suggesting the possible ERS inhibitory activity of GSK2606414
(Fig. 2).

3.3.1. Effect of GSK2606414 on glucose regulator protein of 78 kDa
(GRP78)

Under normal physiological conditions GRP78 is expressed at a low
level but the high glucose exposure triggered the increase in levels of
5

GRP78. In line with this, our findings have shown that GRP78 levels were
markedly upregulated (p < 0.001) in HG insulted N2A cells compared to
that of normal cells. However, treatment with GSK2606414 (1 μM)
significantly reduced (P < 0.001) the levels of GRP78, a master regulator
of ERS (Fig. 2 (b)).

3.3.2. GSK2606414 treatment decreased expression of GRP78 in ER
Further, to confirm the upregulation of GRP78 levels in ER, we per-

formed immunolocalization assay of GRP78 with ER labeling kit
(SELECTFX ALEXA FLUOR 488 ENDOP 1 KIT, Santacruz biotechnologies,
USA). As shown in the Fig. 2 (a), the Immunofluorescence staining images
depict the localization of GRP78 in ER is increased in high glucose insulted
N2A cells (evident from the presence of PDI). Whereas, treatment with
GSK2606414 markedly decreased the levels of GRP78 within ER.
3.4. GSK2606414 curtails PERK/p-eIF2α/ATF4/CHOP signaling axis

Immunoblotting analysis was performed in different groups of N2A
cells post 24 h exposure to high glucose (30 mM) and treatment with
GSK2606414. High glucose exposure to N2A cells resulted in upregula-
tion of PERK and its downstream signaling proteins such as eIF2α, ATF-4
and CHOP when compared to the normal cells. However, treatment with
GSK2606414 significantly reduced the levels of p-PERK in a dose
dependent manner (GSK2606414; 0.5 μM (p< 0.001), 1 μM (p< 0.001))
there by reducing the phosphorylation of eIF2α (p < 0.001) (Fig. 2).
GSK2606414 administration also ameliorated CHOP levels by virtue of
its action on PERK downstream signalling (Fig. 5 (b)).



Fig. 5. Effect of GSK2606414 on apoptosis. (a)
Immunofluorescence staining of CHOP (red) (b)
Representative immunoblots of proteins involved in
apoptosis. Photographs were taken at 400� magni-
fication (scale: 10 μM). Values are expressed as
mean � SEM (n ¼ 3). NC: normal N2A cells, GSK 1:
normal N2A cells treated with GSK260414 (1 μM),
HG: hyperglycemic N2A cells (30 mM β-D glucose),
HGþ GSK 0.5: HG cells treated with GSK260414
(0.5 μM), HGþ GSK1: HG cells treated with
GSK260414 (1 μM). ^^^P < 0.001 v/s NC and ***P <

0.001 v/s HG. (For interpretation of the references
to color in this figure legend, the reader is referred
to the Web version of this article.)

C. Gundu et al. Current Research in Pharmacology and Drug Discovery 3 (2022) 100087
Further to emphasize the role of CHOP in neuronal apoptosis, we
performed Immunofluorescence staining of N2A cells, as shown in the
Fig. 5 high immunolocalization of CHOP levels indicate that apoptosis
triggered by chronic ER stress is significantly high in HG insulted N2A
cells when compared to the normoglycemic cells. However, treatment
with GSK2606414 restored the CHOP levels indicating possible anti-
apoptotic effect of GSK2606414 (Fig. 5 (a)).
3.5. GSK2606414 attenuated HG induced mitochondrial dysfunction and
neuronal apoptosis

High glucose exposure of N2A cells triggers mitochondrial dysfunc-
tion mediated through enhanced PERK/p-eIF2α/ATF4/CHOP signalling
which was evident through raisedmitochondrial superoxide levels (Fig. 3
(b)) and significant decrease in expression of TFAM, NRF1, complex 1,
complex 2 and ATP synthase levels when compared to the normal N2A
cells. Treatment with GSK2606414 augmented the levels of these pro-
teins in a significant manner suggesting the role of PERK inhibition in
maintaining mitochondrial homeostasis (Fig. 4 (b)). Moreover, to explain
the crucial role of enhanced PERK/p-eIF2α/ATF4/CHOP signaling in
disruption of ER-mitochondrial tethering we have assessed the levels of
Mfn-2 in fixed N2A cells and cellular homogenates following high
glucose exposure. It was observed that amplified PERK/p-eIF2α/ATF4/
CHOP signaling under high glucose conditions disrupted ER-
mitochondrial juxtaposition and results in altered mitochondrial ho-
meostasis as evident from decreased Mfn-2 levels (Fig. 4 (a) and (b)).

Additionally, chronic ER stress induced by high glucose exposure
triggers apoptosis via upregulation of apoptotic markers like Bax,
Caspase-3 and CHOP. Treatment with GSK2606414 prevented the high
glucose induced protein expression changes by markedly decreasing the
levels of these apoptotic markers. Similarly, anti-apoptotic protein Bcl-2
expression was significantly low in HG treated cells whereas
GSK2606414 administration reversed this effect. These results suggest
that anti-apoptotic effect of GSK2606414 may be due to attenuation of
PERK/p-eIF2α/ATF4/CHOP signaling (Fig. 5 (b)).
6

4. Discussion

The present study findings revealed that prolonged hyperglycemia is
a major causative factor for ROS accumulation in ER and mitochondria
thereby leading to Endoplasmic Reticulum Stress (ERS) and mitochon-
drial dysfunction. Accumulating evidence suggests that exposure of N2A
cells to high glucose leads to metabolic perturbations via generation of
advanced glycation of proteins and oxidative stress which causes ERS
(Rashid et al., 2017). It has been reported that compounds that attenuate
ERS response confers neuroprotection upon exposure to toxic compounds
(Yuan et al., 2021). The increased ROS production and compromised
endogenous antioxidant defenses under high glucose conditions can
disturb ER protein folding which eventually leads to aggregation of
unfolded and misfolded proteins, this further escalates ER protein over-
load (O'Brien et al., 2014). Indeed, it is well established that the crosstalk
between ER stress and oxidative stress are closely linked to cell homeo-
stasis and apoptosis which is evident from the altered redox homeostasis
resulting in ERS (Cao and Kaufman, 2014). Our study findings indicated
that GSK2606414 ameliorated the effect of ROS by reducing ERSmarkers
namely GRP78, p-PERK, p-eIF2α, ATF4 and CHOP in HG exposed N2A
cells. As oxidative stress and ER stress potentiates each other, curtailing
ER stress response by GSK26060414 offers anti-oxidant response.
Moreover, mitochondrial function is also improved via attenuating the
intracellular ROS levels.

Unfolded protein response armed with several key players which
regulate the cell fate against ER stress. Among which GRP78 (glucose
regulated protein of 78 kDa) an ER resident chaperone plays a pivotal
role in activation of downstream signals upon ER stress and usually
referred as an established biomarker to detect the presence of cellular ER
stress (Lee, 2005). In healthy cells, GRP78 is bound to three different ER
transmembrane proteins; IRE1α (Ionositol requiring kinase/endor-
ibonuclease1 alpha), PERK (protein kinase activated by double stranded
RNA-like ER kinase) and ATF-6 (activating transcription factor-6). Ac-
tivity of these transmembrane proteins is inhibited by coupling with
GRP78. However, ER stress stimulates GRP78 and makes it segregated
from attached transmembrane proteins, thus leading to activation of



Fig. 6. Probable mechanistic basis of GSK2606414
against high glucose induced neurotoxicity. High
glucose exposure to N2A cells causes oxidative stress
and alters protein folding capacity of ER by accu-
mulation of misfolded/unfolded proteins that trig-
gers UPR. UPR is executed by activation of three
transmembrane proteins and their respective
downstream signalling events by which ERS
response exhibits a dichotomic module. PERK plays
a critical role in UPR which decides the cell fate
where initial mild or acute stress favors the activa-
tion of pro-survival module (represented in green
dotted line) that results in either amelioration of
initial stress or adaptation to it. However, chronic
stress induces cell death by activating pro-apoptotic
events (represented in red dotted line). Further ERS
potentiates mitochondrial dysfunction by multiple
mechanisms including excess generation of ROS,
CHOP/Bax/Cytochrome C release and altering ER-
mitochondria tethering via modulation of Mfn2.
GSK2606414, a synthetic PERK inhibitor, modulates
the PERK/p-eIF2α/ATF4/CHOP signalling axis and
augments mitochondrial function to mitigate high
glucose induced neurotoxicity in N2A cells. GRP78:
glucose-regulated protein of 78 kDa, ROS: Reactive
Oxygen Species, PERK: protein kinase activated by
double stranded RNA-like ER kinase, ATF-6: Acti-
vating transcription factor 6, ATF-4: Activating
transcription factor 4, eIF2α: Eukaryotic Initiation
Factor 2 α, IRE1α: Inositol-requiring enzyme 1
alpha, UPR: Unfolded Protein Response, CHOP: C/
EBP homologous protein, Mfn2: Mitofusin 2, Bax:
BCL2-associated X protein, Bcl2: B-cell lymphoma 2,
DR4: Death receptor 4, DR5: Death receptor 5,
TFAM: Mitochondrial transcription factor A, NRF1:
Nuclear respiratory factor 1, mtDNA: Mitochondrial
DNA. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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these proteins, there by unraveling the three distinct branches of ER
stress response system. All these signaling events contribute to additional
chaperone capacity, degradation of terminally misfolded proteins
through ERAD (ER associated degradation) and induction of autophagy,
etc. These signaling mechanisms will be returned to their inactive modes
once the ER homeostasis has been re-established (Hetz, 2012; Adams
et al., 2019). In line with these reports we have observed that HG
exposure triggered GRP78 activation and thereby unravels the activation
of PERK leading to activation of its downstream signaling through eIF2α.
Conversely, GSK2606414 treatment significantly reduced the activation
of these proteins as evident from decrease in phosphorylated forms of
PERK and eIF2α, suggesting the potential of GSK2606414 in intervening
PERK/p-eIF2α/ATF4/CHOP signaling following hyperglycemic
conditions.

Converging lines of evidence indicate that ER has an intricate quality
of restoring cellular homeostasis by activating unfolded protein response
(UPR). Under acute stress, the conserved machinery gets enacted by
recruiting chaperones to bring the cells to their normal state and attempt
proper protein folding (Wu and Kaufman, 2006). However, under
chronic conditions, ER fails to restore protein homeostasis and thus
engage apoptosis. The current study focuses on one of the three ER
transmembrane proteins PERK, which is a key ER stress sensor that ex-
hibits a unique role in ER-mitochondrial interaction in maintaining
neuronal health (Wen et al., 2017; Meng et al., 2018; Kumar and Maity,
2021). In response to high glucose treatment, ROS provokes PERK acti-
vation followed by its homodimerization and autophosphorylation,
which is followed by phosphorylation of its downstream molecule eIF2α
(eukaryotic initiation factor 2 alpha) (Lei et al., 2018). Further, the
activated eIF2α regulates the expression of specific genes associated with
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ER stress through activating transcription factor-4 (ATF-4). ATF-4 pre-
dominantly monitors the cellular response to stress by promoting cell
survival under acute stress whereas during chronic ER stress, it induces
apoptosis (Fels and Koumenis, 2006; Huang et al., 2017; Wortel et al.,
2017). The persistent activation of ATF-4 results in enhanced expression
of CHOP which initiates a coordinated transcriptional profile in the cell
that favors cell death via apoptosis under prolonged ER stress conditions.

Our study findings revealed that treatment with GSK2606414
reduced the expression of ERS markers viz., GRP78, p-PERK, p-eIF2α,
ATF-4 levels in HG insulted N2A cells and as a result reducing the ER
overload.

The emerging evidence indicates the important role of hyperglycemia
induced ROS as a connecting link between UPR and mitochondrial
dysfunction in neuronal cells (O'Brien et al., 2014). Thus, to understand
the connection between ER and mitochondria we further elucidated the
role of ERS in promoting mitochondrial damage. In this connection, we
observed that hyperglycaemia is found to tamper the mitochondrial ho-
meostasis through enhanced superoxide production which eventually
compromises mitochondrial integrity via UPR.

Mitochondria are known to be the principal source of ROS which
results from imperfectly coupled electron transport with the influence of
altered glucose. Furthermore, accumulating literature suggests that HG
manifests a compromise in mitochondrial complex activities. (Dassa-
nayaka et al., 2015; Kalvala et al., 2020a). The ROS mediated activation
of UPR especially PERK signaling branch caused alteration in mito-
chondrial proteostasis like ETC (Complexes I-IV), ATP synthase (Complex
V) and degradation of mitochondrial transcription factor (TFAM).
Blockade of PERK/p-eIF2α/ATF4/CHOP axis by GSK2606414 improved
mitochondrial function by enhancing the levels of TFAM, complex
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activities of I, II and ATP synthase C. This effect could be possibly due to
the induction of protease LON whose effect is dependent on
PERK-regulated transcription factor ATF4. The upregulated TFAM tran-
scription regulates the mitochondrial biogenesis via enhancing NRF1
levels (Rainbolt et al., 2014). These findings indicate the unprecedented
role of PERK in ERS mediated mitochondrial damage.

Another mitochondrial proteinMfn2, which is a critical component of
MAM function, helps in maintaining the juxtaposition of ER and mito-
chondria (Verfaillie et al., 2012). ER and mitochondria though separate
organelles, they establish a link via ERMES complex (ER-mitochondria
encounter structures) where Mfn2 is one of the key tethering forces that
ensure communication between these two organelles (Delmotte and
Sieck, 2020). Gladys A. Ngoh and his team elucidated the role of mito-
chondrial fusion protein Mfn2 in ER stress response and proved that
ablation of Mfn2 leads to ER stress-induced cell death by caspase acti-
vation and induction of CHOP levels (Ngoh et al., 2012). Based on the
inference from similar studies, we sought to confirm whether high
glucose mediated ERS alters the mitochondrial fusion. Intriguingly, in
line with these results, our study findings depicted the beneficial role of
GSK2606414 treatment in upregulating the levels of Mfn2 in HG induced
N2A cells by targeting PERK. Various published reports suggest the role
of CHOP in execution of apoptotic events following ER stress (Enogieru
et al., 2019). PERK activation induces phosphorylation of eIF2α that in
turn promotes transcriptional induction of ATF-4 whose target genes
include CHOP, GADD 34 and ATF3, etc. (Han et al., 2013). Notably,
eIF2α (Ser51Ala) knock-in cells (resistant to phosphorylation by eIF2α
kinases such as PERK) and cells that lack PERK (PERK�/�) and ATF-4
(ATF4�/�) failed to induce CHOP under ER stress conditions, suggest-
ing the key role of PERK/peIF2α/ATF4/CHOP signaling axis in directing
the cell fate towards apoptosis during ER stress (Harding et al., 2000;
Novoa et al., 2001; Scheuner et al., 2001). In consistent with data, we
observed that ER stress induced apoptotic events were attenuated by
GSK2606414 via inhibiting the PERK/p-eIF2α/ATF4/CHOP axis that not
only reduced the levels of apoptotic proteins like Bax and caspase 3 but
also elevated the levels of anti-apoptotic Bcl-2.

5. Conclusion

In summary, ER stress response displays dual modules where initial
mild or acute stress favors the activation of pro-survival module that
results in either amelioration of initial stress or adaptation to it. However,
chronic stress induces cell death by activating pro-apoptotic module. In
both cases, the final phenotypic outcome either survival/adaptation or
apoptosis depends upon gene expression patterns governed by initial
stress signals (Sano and Reed, 2013). GSK2606414, a synthetic inhibitor
of PERK, ameliorated high glucose induced neurotoxicity in N2A cells via
attenuating PERK/p-eIF2α/ATF4/CHOP axis and augmenting mito-
chondrial function (Fig. 6). Thus, the obtained results provide an avenue
for further studies which may be helpful to develop GSK2606414 as a
novel therapeutic candidate against high glucose induced neurotoxicity
which is prevalent in neurological complications of diabetes.
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