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Abstract

Alzheimer’s disease pathogenesis is measured by two key hallmarks viz extracellular senile plaques composed of insoluble
amyloid beta (AP) and neurofibrillary tangles composed of hyperphosphorylated tau, resulting in microtubule destabilization,
synaptic damage and neurodegeneration. Accumulation of A is an introducing pathological incident in Alzheimer’s disease;
hence, the effect of dimethyl fumarate (DMF) on A, 4,-induced alterations in phosphorylated tau, related protein kinases,
fibrillogenesis and microtubule assembly in neuroblastoma SH-SYSY cells was determined. DMF attenuated Af,_4,-induced
neuronal apoptosis by down-regulating protein levels of Bcl-2/Bax, cleaved caspase-3 and caspase-9. AB;_4,-induced upsurge
in tau phosphorylation at Ser396 and Thr231 epitopes was found to be declined by DMF pretreatment. The upregulated activ-
ity of glycogen synthase kinase-3 beta (GSK-3) by AP, 4, treatment was blocked by DMF pretreatment. PI3K substrate Akt
(at Ser473) as well as Wnt dependent $-catenin and cyclin D1 activity was found to be upregulated by DMF pretreatment
in AP, 4, treated cells. ThT fluorescence and MTT assay showed that DMF reduces Ap fibrillogenesis and inhibit related
cytotoxicity. Also, DMF exerts a protective effect on AP, 4,-induced microtubule disassembly caused due to a reduction in
polymerized pf3-and a-tubulin. These results indicate that down-regulation of GSK-3p activity and subsequent activation of
PI3K/Akt and Wnt/B-catenin signaling pathways are closely involved in the shielding effect of DMF against Af, 4,-induced
tau hyperphosphorylation. Modulating cellular events related to A, 4,-induced tau hyperphosphorylation, aggregation and
microtubule stabilization offers new molecular insights into the defensive outcome of DMF towards appropriate manage-
ment for Alzheimer’s disease.
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Introduction hyperphosphorylated tau [1]. Tau, a microtubule stabiliz-

ing protein, regulated by ample post-translational changes

Alzheimer’s disease pathogenesis is considered by two key
hallmarks viz formation of extracellular senile plaques com-
posed of insoluble amyloid beta (Af) peptides and intra-
neuronal deposit of neurofibrillary tangles of aggregated
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that include phosphorylation, n-glycosylation, acetylation,
ubiquitination, truncation and many more [2]. Pathological
hyperphosphorylation of tau consequences in its disasso-
ciation from microtubules and upsurge in aggregation and
buildup as cytotoxic neurofibrillary tangles [3]. Numerous
tau kinases have been studied, amongst them glycogen syn-
thase kinase 3 beta (GSK-3p) is the foremost that phospho-
rylate tau together in vitro and in vivo and anticipated as a
goal for therapeutic intervention [4]. An association between
Ap toxicity and tau pathology has been verified by experi-
ments using neuronal cell cultures, wild and transgenic
mouse models and Alzheimer’s disease patients [5]. Con-
sidering the evidences, that alteration of tau by AP endorses
generation of tangles in Alzheimer’s disease, we hypoth-
esize about the preventing strategy not merely by altering
phosphorylated condition of tau, but also by obstructing Ap
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aggregation and disrupting microtubule disassembly caused
by Af.

During the progress of plaque formation, the spare
amyloid remains in form of amyloid fibrils [6]. As soon as
the fibrils are generated, they start to nurture by trapping
metastable monomers, an autocatalytic procedure termed
as fibrillation, consequently exert strong fatality on the
cells [7]. As amyloid toxicity is associated with the active
fibrillization process, attempts should be made to screen
compounds that may inhibit Ap fibrillogenesis and prevent
related cytotoxicity. Concurrently, Ap has been associated
with withdrawal of synaptic links, which can be related to
microtubule deregulation, way before major cytotoxic events
occur [8]. AP cause a reduction in a-tubulin acetylation, sig-
nifying a microtubule instability in primary neuronal cul-
tures [9]. These Ap-induced toxicities may be prevented by
a potent microtubule stabilizer.

Ample studies provide basis for our hypothesis that Af
and induced tauopathy synergize to create a defining pathol-
ogy in Alzheimer’s disease, mitigation of such condition
using novel therapeutic strategies are the focus of our current
study. Regardless of enormous collection of natural and syn-
thetic molecules against Alzheimer’s disease, most of them
failed in various phase of clinical trials [10]. Hence, there is
a requirement to discover novel molecules against diverse
targets of Alzheimer’s disease.

Dimethyl fumarate (DMF) is a synthetic nuclear factor
erythroid-2-related factor 2 (Nrf2) stimulator that alkylates
cysteine residues on Keap-1, avert Nrf2 ubiquitination and
endorse consequent activation of Nrf2 target genes, which
effects on both antioxidant and inflammatory pathways
[11]. DMF is evidenced to be a neuroprotective drug in
plentiful studies in vitro and in vivo and confirmed rapid
and persistent competence in clinical trials on patients with
relapsing—remitting multiple sclerosis [12]. Campolo et al.
(2018) confirms the neuroprotective effect of DMF against
Ap-induced cytotoxicity in neuronal cells demonstrating
primary consequence of DMF treatment on tau phospho-
rylation [13]. Hence, we thought to extend the investigation
by finding subsequent pathways related to tauopathy and
other microtubule related abnormalities. Therefore, the pre-
sent study has been undertaken to investigate the potential
of DMF on downstream signaling targets of tau phospho-
rylation, A fibrillogenesis and microtubule disassembly in
neuroblastoma SH-SY5Y cells treated with A, 4.

Materials and Methods
SH-SY5Y Human Neuroblastoma Cell Culture

Procurement of SH-SY5Y human neuroblastoma cells was
done from American Type Culture Collection (ATCC,
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Manassas, VA, USA) (RRID: CVCL_0019). The cells were
full-fledged to monolayer in a culture medium comprising
45% Dulbecco’s Minimal Essential Medium; 45% Ham’s
F12 modified with 2 mM L-glutamine and 1.0 mM sodium
pyruvate; 10% foetal bovine serum and 100 U/ml penicillin/
streptomycin. The cells were kept at 37 °C in a 5% CO,/95%
humidified air incubator for the specified time. Cells from
passage 15 to 25 were used in the experiments. Cells were
coated in 96-well plates and grown to 70-80% confluence
for the experiments.

Preparation of Oligomeric and Fibrillar AB,_,,

To prepare oligomeric AP, lyophilized A, 4, was dissolved
in 1,1,1,3,3,3-hexafluoro-2-propanol at a concentration of
1 mM, stirred under a fume hood for 48 h. Hexafluoroiso-
propanol was removed under vacuum and the peptide film
was stored desiccated at — 20 °C and used within 36 h [14].
Cell culture medium was utilized to dilute stock solution to
attain 1 uM final concentration. To get fibrillar Af, 10 mM
hydrochloric acid was used to dilute the peptide to a final
concentration of 1 pM incubated for 24 h at 37 °C [14]. The
excess hydrochloric acid was drained off using a Whatman
filter paper and obtained fibrils were washed thrice with
fresh culture media. The oligomeric and fibrillar forms of
AB,_4, have been used in the study after confirmation by
Western blotting. Oligomeric and fibrillar forms were sepa-
rately undergone Western blotting and matched with the
standard blots obtained by Dahlgren et al. [14].

Cell Treatments

The SH-SYSY cells were assigned to three separate experi-
mental groups viz. control cells (without treatment), AB; 4,
stimulated cells and A, 4, + DMF treated cells. The later
group of cells were pre-incubated with DMF (30 uM) (98%,
Sigma-Aldrich Co., St. Louis, USA) for 2 h, thereafter stim-
ulated with oligomeric A, 4, (1 uM) or A 4, fibril (1 pM)
for 24 h, for Western blotting and thioflavin-T (ThT) fluoro-
metric assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay respectively. Dose of
DMEF were based on previous study indicating neuroprotec-
tive efficacy of DMF in AB-induced neuronal cells [13] and
pilot studies conducted in our lab.

Cell Extracts Preparation Comprising Polymeric
Tubulin

The fraction of polymerized tubulin was extracted from
SH-SYSY cells according to the method discussed by Joshi
and Cleveland (1989). Cells were gently washed twice with
a microtubule stabilizing buffer containing 0.1 M n-mor-
pholinoethanesulfonic acid (pH 6.75), 1.0 mM magnesium
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sulphate, 2.0 mM EGTA and 4.0 M glycerol. Soluble pro-
teins were extracted at 4 to 6 min at 37 °C in 500 pl of micro-
tubule stabilizing buffer comprising Triton X-100 (0.1%).
The soluble extract was removed and centrifuged for 2 min
in order to pellet any cytoskeletal material dislodged from
the culture dish during extraction. For analysis of polymer-
ized tubulin, cells were extracted with a scraper in 200 pl
of 25 mM Tris (pH 6.8) containing 0.5% sodium dodecyl
sulphate; then, samples were frozen [15]. Concentration of
polymerised tubulins was determined by bicinchonic acid
assay as per Walker [16]. Extracted proteins (polymerized
p3-and a-tubulin) were submitted to Western blotting, as
described.

Western Blotting

SH-SYSY cells were washed twice with ice-cold phosphate
buffered saline, harvested and lysed by resuspending in lysis
buffer containing Tris—HCI (20 mM, pH 7.5), NaF (10 mM),
NaCl (150 pl), 1% Nonidet P-40 and protease inhibitor cock-
tail. After 40 min, cell lysates were centrifuged at 16,000xg
for 15 min at 4 °C. The supernatants were collected, heated
at 95 °C for 5 min and run for 12% sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis. The protein bands
were electrophoretically transferred to nitrocellulose mem-
branes; then, the nitrocellulose membranes were washed
with tris buffered saline for three times for 5 min each. The
membrane was incubated with blocking solution containing
3% non-fat dry milk in 0.1% tris buffered saline with tween

20 (TBST) for 60 min and then washed three times for 5 min
each with TBST. The membranes were then incubated in pri-
mary antibodies at 4 °C overnight with various antibodies as
presented in Table 1. Then, the membranes were incubated
with an HRP-conjugated anti-mouse antibody (1:10,000,
Sigma-Aldrich Co., St. Louis, USA) for 90 min. After the
incubation, the membranes were washed three times for
5 min each with TBST.

The blots were incubated for 1 min with the working
solution of chemiluminescence substrate prepared as per
manufacturer’s instructions. The blots were removed from
the working solution and placed in a clear sheet protector;
the bubbles were removed by rolling with blot roller. Then
the relative expression of protein bands was attained using
enhanced chemiluminescence system (ThermoFisher Scien-
tific, IL, USA) imaged with the Chemi-Doc XRS Plus Sys-
tem (Bio-Rad Labs Inc.) and quantitated by densitometry.
Molecular weight standards (10-250 kD) were used to define
molecular weight positions and as reference concentrations
for each protein.

Thioflavin-T Fluorometric Assay

ThT (5 uM) was prepared in Tris—HCI buffer pH 7.4 and
kept in a vial covered with aluminium foil to guard from the
photo-oxidation. Tris—HCI buffer (200 pl, pH 7.4) added
with 20 ul of ThT and Af; 4, solubilization media were
used as control. The black sterile 96 well microplate was
incubated with AP, 4, fibril (1 uM) and 5 uM ThT solution

Table 1 Antibodies used in
Sect. “Western blotting” in the

study

Antibody Clone Dilution Supplier

Anti-cytochrome ¢ Polyclonal 1:1000 Bio-Rad Labs., Gurgaon, Haryana
Anti-Bcl-2 antibody Monoclonal 1:1000 Bio-Rad Labs., Gurgaon, Haryana
Anti-Bax Polyclonal 1:1000 Bio-Rad Labs., Gurgaon, Haryana
Cleaved anti-caspase-3 Polyclonal 1:1000 Sigma-Aldrich Co., St. Louis, USA
Cleaved anti-caspase-9 Polyclonal 1:1000 Sigma-Aldrich Co., St. Louis, USA
Anti-tau Monoclonal 1:10,000 Sigma-Aldrich Co., St. Louis, USA
Anti-phospho tau (pSer396) Polyclonal 1:1000 Sigma-Aldrich Co., St. Louis, USA
Anti-phospho tau (pThr231) Polyclonal 1:1000 Sigma-Aldrich Co., St. Louis, USA
Anti-GSK-3p (Ser9) Polyclonal 1:1000 Bio-Rad Labs., Gurgaon, Haryana
Anti-phospho-GSK-3f (Ser9) Polyclonal 1:1000 Merck, Mumbai, India
Anti-phospho-p38 MAPK Polyclonal 1:1000 ThermoFisher Scientific, MA, USA
Anti-phospho-JNK Polyclonal 1:1000 ThermoFisher Scientific, MA, USA
Anti-Aktl Monoclonal 1:1000 ThermoFisher Scientific, MA, USA
Anti-phospho-Akt (Ser473) Polyclonal 1:1000 ThermoFisher Scientific, MA, USA
Anti-f-catenin Polyclonal 1:1000 Bio-Rad Labs., Gurgaon, Haryana
Anti-cyclin D1 Polyclonal 1:1000 Bio-Rad Labs., Gurgaon, Haryana
Anti-f3-tubulin Polyclonal 1:1000 Sigma-Aldrich Co., St. Louis, USA
Anti-a-tubulin Monoclonal 1:4000 Sigma-Aldrich Co., St. Louis, USA
Anti-GAPDH Monoclonal 1:1000 Sigma-Aldrich Co., St. Louis, USA
Anti-f-actin Monoclonal 1:5000 Sigma-Aldrich Co., St. Louis, USA
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with or without DMF (30 uM) for 2 h unshaken at the room
temperature. The absorbance was measured at excitation
450 nm and emission 480 nm on fluorescence spectropho-
tometer (Hitachi). Sample fluorescence was determined by
averaging the three readings and subtracting the fluorescence
of a ThT blank [17].

MTT Assay

Different groups of cultured SH-SY5Y cells were pre-incu-
bated with or without DMF (30 uM), for 2 h and stimu-
lated with A, 4, fibril (1 uM) for 24 h in 96-well plates.
Subsequently, culture medium was removed and cells were
treated with 0.5 mg/ml of MTT and incubated at 37 °C for
4 h. Thereafter, the culture medium was removed and dime-
thyl sulfoxide was added to solubilize the reaction product
formazan by shaking the plates for 10 min. The optical
density at 570 nm was measured by means of a micro-
plate reader. Cell viability percentage was calculated and
expressed in relative to the value in the vehicle-treated con-
trol culture containing solubilization agent (10 mM hydro-
chloric acid) [14].

Statistical Analysis

Statistical analysis was accomplished by means of Graph-
Pad Prism Version 7.0 for Windows. (GraphPad Software
Inc., San Diego, CA). Communication of results was done as
Mean + S.E.M. Significance was assessed through two-ways
or one-way analysis of co-variance (ANCOVA) trailed by
Bonferroni or Tukey’s multiple evaluation trials. Probability
(p) values of less than 0.05 were considered as significantly
different.

Results

DMF Amends AB,_4,-Induced Cell Apoptosis:
Effect on Cytochrome ¢, Bcl-2, Bax, Caspase-3
and Caspase-9 Expression

There was a significant increase (p <0.001) in release of
cytochrome ¢ by SH-SYSY cells treated with oligomeric
AP,_4, in comparison to the control group which was signifi-
cantly inhibited (p <0.001) by DMF (30 uM) pretreatment
[F(2, 6)=882.00, p<0.0001, R*=0.9966] (Fig. la).

Figure 1b indicates a significant decrease (p <0.001) in
expression of protein ratio of Bcl-2/Bax in cells treated with
oligomeric Af, 4, in comparison to the control group, which
was significantly (p <0.001) reversed by DMF pretreatment
[F(2, 6)=318.20, p<0.0001, R*=0.9907].

Oligomeric A, 4, treatment in cells caused a signifi-
cant increase (p <0.001) in protein levels of both cleaved
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Fig. 1 DMF pretreatment regulated AP, 4,-induced changes in apoptotic mark-
ers in neuroblastoma SH-SY5Y cells. Cultured cells were pretreated with DMF
(30 uM) for 2 h prior to the 24 h AB, 4, (1 uM) treatment. Western blotting was
performed to assess the expression of cytochrome c, Bcl-2, Bax, cleaved cas-
pase-3 and cleaved caspase-9 using respective antibodies. The relative expres-
sion of protein bands was attained using ECL, imaged and quantitated by den-
sitometry. AB, 4, treatment caused increase in release of cytochrome c, cleaved
caspase-3 and cleaved caspase-9 and decrease in expression of protein ratio
of Bcl-2/Bax by SH-SYSY cells in comparison to respective control groups.
These effects were significantly inhibited by DMF pretreatment. The data indi-
cating levels of all the mentioned proteins were normalized with respect to that
of actin. a Western blots of cytochrome ¢, Bcl-2, Bax, cleaved caspase-3 and
cleaved caspase-9; b expression of cytochrome c ¢ expression of Bcl-2/Bax; d
expression of cleaved caspase-3 and e expression of cleaved caspase-3. Results
are expressed as Mean+ S.E.M.; (n=3). Data was analyzed by one way repeat
measure ANCOVA followed by Tukey’s multiple comparison test. Signifi-
cance: ‘p<0.001 compared with control group; “p<0.01 and ““p<0.001
compared with AP, (1 uM) treated group. A amyloid beta, DMF dimethyl
fumarate
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caspase-3 and cleaved caspase-9 respectively in compari-
son with separate controls. The expression of both the pro-
teins was found to be significantly decreased (p <0.01 and
p <0.001 respectively) in DMF pre-treated cells compared
with respective A, 4, treatment group [F(2, 6)=1879.00,
p<0.0001, R%*=0.9984 for caspase-3] [F(2, 6) =666.50,
p<0.0001, R?=0.9955 for caspase-9] (Fig. lc, d).
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Fig.2 Effect of DMF treatment on tau phosphorylation in oligomeric
AP, _4,-induced neuroblastoma SH-SY5Y cells. As seen by Western
blotting, A4, (1 uM) or DMF (30 uM) treatment does not cause any
change in total tau levels in SH-SY5Y cells. Incubation with 1 uM of
AP, 4, significantly increased phosphorylated tau after 24 h of stimu-
lation, which was protected by DMF (30 pM) pretreatment for 2 h.
The levels of phosphorylated tau at both sites were normalized with
respect to that of total tau. a Western blots with phosphorylated tau
specific antibodies at Ser396 and Thr231; b total tau protein expres-
sion; ¢ relative phosphorylated tau expression at Ser396 site and d

DMF Reduces AB,_;,-Induced Tau Phosphorylation
at Ser396 and Thr231 Sites

Oligomeric Af,_4, treatment does not express any signifi-
cant change in total tau protein [F(2, 6)=0.4614, p=0.6511,
R?=0.1333] (Fig. 2a, b); though, expression of phospho-
rylated tau protein at Ser396 and Thr231 sites was signifi-
cantly increased (p <0.001 for both) in SH-SYSY cells when
compared with respective controls. DMF treatment signifi-
cantly reduced (p <0.001 and p<0.01 respectively) phos-
phorylation of tau at Ser396 and Thr231 sites in comparison
with respective AP, 4, treatment groups [F(2, 6) =60.64,
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Thr231 site. Results are expressed as Mean+S.E.M.; (n=3). The
relative expression of protein bands in Sect. “Western blotting” was
attained using ECL, imaged and quantitated by densitometry. Data
was analyzed by one-way repeat measure ANCOVA followed by
Tukey’s multiple comparison test. Significance: “p <0.001 compared
with control group; “p<0.01 and “p<0.001 compared with AP, _,,
(1 uM) treated group. Af amyloid beta, DMF dimethyl fumarate,
pSer396 phosphorylated tau at Ser396 site, pThr231 phosphorylated
tau at Thr231 site

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2646

Neurochemical Research (2020) 45:2641-2652

p=0.0001, R%=0.9529 for pSer396] (Fig. 2a, c¢); and [F(2,
6)=25.70, p=0.0011, R>=0.8955 for pThr231] (Fig. 2a, d).

DMF Decreases AB,_4,-Induced Tau Phosphorylation
Via GSK-3p but not Through p38 MAPK and JNK
Signaling

The effect of DMF on oligomeric Af,_4,-induced tau hyper-
phosphorylation was investigated on a possible signaling
pathway; GSK-3p, a tau phosphorylation kinase recog-
nized both in vivo and in vitro for converting normal tau
to the paired helical filament state [18]. Treatment of SH-
SYS5Y cells with oligomeric A4, significantly increased
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Fig.3 Effect of DMF treatment on GSK-3B and MAPK expres-
sion in oligomeric A, 4,-induced neuroblastoma SH-SYS5Y cells.
As evident from Western blotting using antibodies specifically to
total GSK-3p or pGSK-3, it was found that A, 4, (1 pM) increased
GSK-3p levels and decreased pGSK-3f levels in SH-SYSY cells after
24 h of stimulation, these effects of A, 4, were protected by DMF
(30 uM) pretreatment for 2 h. The levels of p-p38 MAPK and p-JNK
were increased by 24 h stimulation of AB; 4, (1 uM), however DMF
(30 uM) pretreatment does not cause any effect on these kinases. The
level of pGSK-3p was normalized with respect to that of GSK-3f and
p-p38-MAPK and p-JNK expression levels were normalized to actin.
a Western blots of GSK-3p, pGSK-3p, p-p38 MAPK and p-JNK; b
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(p<0.01) expression levels of GSK-3p and reduced
(p<0.001) levels of GSK-33 phosphorylation at Ser9 (the
inhibitory phosphorylated site) as compared with respec-
tive control groups. DMF treatment significantly blocked
(p<0.01) these oligomeric AP, 4,-induced phosphorylation
effects on GSK-3p [F(2, 6) =20.60, p=0.0021, R>=0.8729
for GSK-3p] and [F(2, 6)=25.41, p=0.0012, R*=0.8944
for p-GSK-3p] (Fig. 3a, b).

Another kind of kinases that belong to microtubule asso-
ciated protein kinase (MAPK) category, subcategorised as
stress activated protein kinases viz p38 MAPK and JNK lead
towards hyperphosphorylation of tau [19]. Hence, the effect
of DMF on these kinases signaling on A, 4,-induced tau
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and d pJNK. Results are expressed as Mean+S.E.M.; (n=3). The
relative expression of protein bands in Sect. “Western blotting” was
attained using ECL, imaged and quantitated by densitometry. Data
was analyzed by one-way repeat measure ANCOVA followed by Tuk-
ey’s multiple comparison test. Significance: “p<0.01 and “p<0.05
compared with control group; ““p<0.01 and ™p>0.05 compared
with A, 4, (1 uM) treated group. AS amyloid beta, DMF dimethyl
fumarate, GSK-3f glycogen synthase kinase 3 beta, JNK c-Jun N-ter-
minal kinase, pGSK-3f phosphorylated GSK-38, pJNK phosphoryl-
ated INK, p38 MAPK p38 mitogen-activated protein kinase, p-p38
MAPK phosphorylated p38 MAPK
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hyperphosphorylation was studied. The phosphorylation of
p38 MAPK and JNK in the oligomeric A, 4, treated groups
was found to be enhanced (p < 0.05 for both kinases) as com-
pared with respective controls. Though, DMF treatment
does not cause any significant changes (p > 0.05) in p-p38
MAPK and p-JNK in comparison with respective A, 4,
treated groups [F(2, 6)=11.06, p=0.097, R%=0.7866 for
p-p38 MAPK] (Fig. 3a, ¢); and [F(2, 6)=5.1710, p=0.0495,
R%=0.6328 for p-JNK] (Fig. 3a, d).

Modulation of GSK-3p Mediated PI3K/Akt and Wnt/
B-Catenin Signaling Pathways by DMF Employs
Shielding Effect Against AB,_;,-Induced Toxicity

The upsurge in GSK-3f is brought through inhibition of
PI3K/Akt signaling pathway. Moreover, Wnt/p-catenin sign-
aling employs a shielding effect on neurons in contradiction
of Af-induced toxicity and GSK-3f is known to employ
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Fig.4 Influence of DMF on a GSK-3p mediated PI3K/Akt and b
Whnt/B-catenin signaling pathways in SH-SY5Y cells treated with oli-
gomeric A, 4,. SH-SYSY cells were pretreated with DMF (30 uM)
for 2 h prior to the 24 h A, 4, (1 uM) treatment. Western blotting
was performed to test the expression of p-Akt at Serd73 site, along
with total Aktl expression as a control using respective antibodies.
DMF pretreatment protected lowering of expression ratio of these
kinase brought by Ap,,, treatment. Effect of DMF (30 uM) pre-
treatment for 2 h on Wnt/B-catenin pathway was studied using West-
ern blotting in the 24 h AB, 4, (1 uM) treated SH-SYSY cells using

an adverse effect on Wnt signaling pathway, that results in
decreased transcription and expression of B-catenin and the
target gene cyclin D1 [20]. Hence, we studied whether DMF
exerts any effect on GSK-3p mediated PI3K/Akt and Wnt/p-
catenin signaling pathways.

As evident from Fig. 4a, oligomeric AP, 4, treatment
caused a significant reduction in the phosphorylated Akt pro-
tein at the Ser473 site (p<0.001), which was significantly
blocked (p <0.01) by DMF pretreatment in AP, 4,-treated
cells [F(2, 6)=58.88, p=0.0001, R>=0.9515]. The amount
of total Akt protein expression in all treatment groups kept
unchanged in SH-SYS5Y cells. The expression of -catenin
as well as cyclin D1 was significantly reduced (p <0.01 for
both) in oligomeric A, 4,-treated cells, which was sig-
nificantly blocked (p <0.05 for p-catenin and p <0.01 for
cyclin D1) by DMF treatment [F(2, 6)=23.85, p=0.0014,
R%2=0.8883 for B-catenin] [F(2, 6) =20.14, p=0.0022,
R2=0.8703 for cyclin D1] (Fig. 4b). It was observed that
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B-catenin and cyclin D1 antibodies and data was normalized with
respect to that of actin. B-catenin and cyclin D1 expression levels
were lowered by A, 4, treatment and protected by DMF pretretment.
The relative expression of protein bands in Sect. “Western blotting”
was attained using ECL, imaged and quantitated by densitometry.
Results are expressed as Mean+S.E.M.; (n=3). Data was analyzed
by one-way repeat measure ANCOVA followed by Tukey’s multiple
comparison test. Significance: “p<0.01 when compared with control
group; “p<0.05 and ““p<0.01 when compared with AB, 4, (1 uM)
treated group. A amyloid beta, DMF dimethyl fumarate
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DMF treatment exerts shielding effect against oligomeric
AP;_4-induced toxicity by interfering with both the PI3K/
Akt and Wnt/p-catenin signaling pathways.

DMF Prevents AB,_;,-Induced Microtubule
Disassembly, A Fibrillogenesis and Related
Cytotoxicity

Hyperphosphorylated tau bears the capacity to modify
cytoskeletal dynamics in neurons [7]. Hence, it was thought
worth to evaluate the effect of DMF on the concentration
of the neuronal marker, 3-tubulin and microtubule assem-
bly following AP exposure. Western blotting revealed that
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Fig.5 Effect of DMF treatment on a, b microtubule disassembly
in SH-SY5Y cells treated by oligomeric Af,_4,; ¢ AP fibrillogen-
esis and d related cytotoxicity in SH-SYS5Y cells treated by fibrillar
AP, 4, Cells were preincubated with DMF (30 uM) for 2 h and then
treated with A, (1 uM) for 24 h. Western blotting was performed
and P3-tubulin protein levels were expressed in arbitrary units relative
to GAPDH. AB, 4, treatment decreased levels of P3-tubulin protein
which was protected by DMF pretreatment. Polymerized tubulin frac-
tion was extracted and Western blotting was performed for polymer-
ized B3-tubulin or polymerized a-tubulin using respective antibodies
and the data was normalized in respect to that of GAPDH. Af,_4,
treatment decreased levels of polymerized tubulin proteins which was
protected by DMF pretreatment. Separate group of cells were treated
in the similar manner and ThT fluorescence intensity was measured
and expressed in relation to the control group at various time inter-

@ Springer

exposure of SH-SYSY cells to oligomeric A4, signifi-
cantly (p<0.01) decreased total protein levels of cytoskeletal
B3-tubulin, which was significantly prevented (p <0.01) by
DMF pretreatment [F(2, 6)=23.75, p=0.0014, R?= 0.8878]
(Fig. 5a, b).

Moreover, with the intention to examine whether the pro-
tective effect of DMF on oligomeric A, 4,-induced reduc-
tion in neuronal specific f3-tubulin was related to lessening
in polymerized tubulin (f3-and a-tubulin), the fraction of
polymerized tubulin was extracted from SH-SYSY cells.
The levels of polymerized 3-and a-tubulin were found to
be significantly reduced (p <0.01 for both) by AP, 4, treat-
ment as comparison with control. Preincubation with DMF
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vals. AP, 4, treatment significantly enhanced ThT fluorescence which
was protected by DMF pretetment. For MTT assay cultured SH-
SYS5Y cells were preincubated with DMF (30 uM) for 2 h and stimu-
lated with AP, 4, fibril (1 uM) for 24 h in 96-well plates. The optical
density was measured and cell viability percentage was calculated
and expressed in relative to the value in the vehicle-treated control
group. AP, 4, treatment decreased cell viability which was defended
by DMF pretreatment. The relative expression of protein bands in
Sect. “Western blotting” was attained using ECL, imaged and quan-
titated by densitometry. Results are expressed as Mean+S.E.M.;
(n=3). Data was analyzed by two-ways or one-way repeat measure
ANCOVA followed by Bonferroni or Tukey’s multiple compari-
son test. Significance: “p<0.01 when compared with control group;
“p<0.01 and “p<0.001 when compared with AB, 4, (1 uM) treated
group. A amyloid beta, DMF dimethyl fumarate
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significantly prevented (p <0.01 for both) the decrease
in polymerised p3-and a-tubulin level brought by oligo-
meric AP, 4, [F(2, 6)=22.34, p=0.0017, R*=0.8816 for
polymerized pB3-tubulin] and [F(2, 6) =26.74, p=0.0010,
R2=0.8991 for polymerized a-tubulin] (Fig. 5a, b).

AP, _4, fibril were incubated in the presence and absence
of DMF and fibrillogenesis was measured with the fluo-
rescence after incubation with ThT solution. Formation of
aggregates were significantly enhanced (p <0.001) in AB; 4,
fibril treated group as compared to control cells. Contrarily,
formation of AP aggregates were suppressed significantly
(p<0.001) in the presence of DMF [F(2, 42) =159.82,
p <0.0001 (the column factor)] and time effect [F(6,
42)=3,81, p=0.0040 (the row factor)] (Fig. 5¢) (Online
Resource 1).

As evident from MTT assay, there was a significant
decrease (p <0.001) in survival of cells treated with fibrillar
AP, 4, in comparison with control cells. Pretreatment with
DMEF (30 uM) significantly diminished (p <0.001) the effect
of fibrillar Ap,_4, on cell death [F(2, 6)=62.75, p<0.0001,
R%2=0.9544] (Fig. 5d).

Discussion

In comparison with other forms, principally oligomeric Ap
persuaded neuronal cell death, preventing synaptic func-
tion and plasticity [21]; hence, in present study shielding
role of DMF on oligomeric A, 4,-induced cytotoxicity of
neuroblastoma pertaining to tau hyperphosphorylation and
subsequent microtubule distortion, has been investigated.
The part of apoptosis in commencement and development
of Alzheimer’s disease has been finely recognized in vitro,
in transgenic animal models and human patients of Alzhei-
mer’s disease [22]. In mammalian cells, apoptosis is chiefly
mediated by mitochondria, the inner and outer membrane
permeability of mitochondria is regulated by Bcl-2 and Bax
expression, controlling the release of proteins from inter-
membrane space. Outcome of the mitochondrial proteins in
cytosol triggers caspase proteases that shred the cells and
signal effective phagocytosis of cell corpses [23]. Mito-
chondrial membrane permeability is preserved by an anti-
apoptotic protein Bcl-2, therefore steadying mitochondrial
integrity, weakening the release of cytochrome c¢ and avoid-
ing apoptosis. On the other hand, a pro-apoptotic protein,
Bax expression consequences just reverse to that of Bcl-2,
leading towards release of cytochrome c followed by activa-
tion of caspase-9, then caspase-3, in due course leading to
cellular apoptosis [24]. AP persuades apoptosis by means of
varying expression of the Bcl-2 and Bax genes [25]. DMF
caused to reverse oligomeric A, 4,-induced expression
of Bcl-2/Bax, thus inhibiting the activity of cleaved cas-
pase-9 and cleaved caspase-3 and release of cytochrome c,

suggesting the shielding efficacy of DMF via inhibition of
mitochondria dependent cellular apoptosis.

AP associated tau hyperphosphorylation (at Ser396 and
Thr231) leads to its disturbed functioning in axonal trans-
port, resulting in gathering of toxic neurofibrillary tangles
[5]. Hence, in a zest to find therapeutic line for AD, it was
supposed to cumulatively target these two proteins and found
that DMF pretreatment vitally dropped oligomeric Ap asso-
ciated tau hyperphosphorylation.

Our study demonstrated that oligomeric Af,_4, causes
tau hyperphosphorylation largely through stimulating of
GSK-3p, on the other hand DMF impedes GSK-3f bustle
by enhancing p-GSK-3p (Ser9) expression, which con-
strains tau hyperphosphorylation in oligomeric Ap-treated
SH-SYS5Y cells. As A is known to cause cellular oxidative
distress and DMF lowers Af-induced oxidative impairment
[13], it is fascinating whether stimulation of GSK-3f brought
up by Ap is facilitated by oxidative stress. NF-kB is known
to be positively regulated by GSK-3p via the degradation of
IxB, a central inhibitor of NF-kB [26] and DMF is known to
inhibit NF-kB pathway [13], Hence it can be postulated that
DMF may regulates GSK-3f phosphorylation by affecting
oxidative stress mediated by NF-kB signaling.

Another kind of kinases that belong to MAPK category,
subcategorised as stress activated protein kinases viz p38
MAPK and JNK lead towards hyperphosphorylation of
tau [18, 27]. AP is known to induce MAPK signaling [28];
hence, the effect of DMF on these kinases signaling was
studied and found that DMF treatment does not cause any
significant changes in p-p38 MAPK and p-JNK. Our results
are found to be in accordance with the study by Peng et al.
(2012), where it was found that in an in vitro model of bone
marrow-derived dendritic cells, DMF modulates inflamma-
tory conditions via NF-xB signaling but do not influence
p-p38 or p-JINK activity [29]. Our studies suggest the shield-
ing effect of DMF through involvement of GSK-3f but not
p38 MAPK and JNK signaling in oligomeric AP, 4,-treated
SH-SYS5Y cells.

An added mechanism negatively regulated by GSK-3p,
accountable for incidence and progression of AD is Wnt/f-
catenin signaling [30]. The Wnt ligands are identified to
stimulate two pathways: B-catenin reliant canonical signal-
ing pathway (Wnt/p-catenin) and non-canonical signaling
pathways (Wnt/PCP and Wnt/Ca>*) [30]. The non-canonical
signaling is known to ultimately activate JNK, regulating
cytoskeleton reorganization [31]. Hence, we did not screen
the effect of DMF on non-canonical signaling pathways as
DMEF does not cause any effect on JNK, previously shown
in our study (Fig. 3). The expression of f-catenin and the
target gene cyclin D1 is reduced by GSK-3f via phospho-
rylation and ubiquitination, hindering normal cell growth
and differentiation, causing neuron death [20]. The present
study suggested that DMF activates p-catenin and cyclin D1
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in the Wnt/B-catenin signaling pathway to inhibit GSK-3f
activity and exert cytoprotective effects against oligomeric
AP, _4,-induced toxicity may be by affecting expression of
Wnt target genes.

PI3K/Akt signaling pathway plays a fundamental part
in the GSK-3p-mediated tau protein hyperphosphorylation
and neuronal survival [32]. As, exposure to Af is known to
influence PI3K/Akt signaling, thus causing alteration in AD
brains [33], the involvement of PI3K/Akt/GSK-3p pathway
on oligomeric Af-induced tau phosphorylation and pro-
tective effect of DMF was investigated in this study. DMF
found to inhibit dephosphorylation of Akt at Ser473 and
proved that Akt mediates the protective efficacy of DMF
against oligomeric Af-induced activation of GSK-3f and
tau phosphorylation. We speculated that DMF at first may
trigger PI3K by membrane receptor, resulting in produc-
tion of PIP3 and PIP2. These two phospholipids function in
numerous vital cellular processes, like plasma membrane-
cytoskeleton linkages, membrane trafficking, cell adhesion
and motility, second messenger signaling and regulation of
proteins involved in phospholipid metabolism. These phos-
phoinositides direct two chief self-regulating signaling cas-
cades. PIP3 is the effector of multiple downstream targets
of the PI3K pathway. Stimulation of PI3K by growth fac-
tor activation of cells outcomes in PIP3 synthesis caused
by phosphorylation of PIP2. PIP2 is the precursor of the
second messengers in cellular signaling- Ca’*-mobilizing
messenger IP3 and the protein kinase C activator diacylg-
lycerol. Subsequent interaction of these phospholipids with
Akt cause a conformational change, further consequential
inhibition of GSK-3p. It’s a well-meaning point of note that
stimulatory effect of DMF on PI3K/Akt signaling pathway
has been formerly specified in the cell model of systemic
sclerosis dermal fibrosis [34] and was consistent with our
results.

Cuadrado et al. (2018) demonstrated that DMF moder-
ates quite a few mechanisms of brain protection, crucial
in tauopathy. For the first time the investigators confirmed
that pharmacological treatment with DMF provides a dou-
ble mechanism of activation of NRF2 that might be used to
treat tau-related neurodegeneration. Cuadrado et al. (2018)
found that DMF induces the NRF2 transcriptional through
a mechanism that involves KEAP1 but also PI3K/AKT/
GSK-3-dependent pathways; also, DMF modulates GSK-3f
activity in mouse hippocampi. This study reveals neuropro-
tective effects of DMF beyond disruption of the KEAP1/
NRF?2 axis by inhibiting GSK3 in a mouse model of tauopa-
thy [35]. This study by Cuadrado et al. (2018) provided us
a basis that DMF has a potency to mitigate tauopathy by
various mechanisms, hence we investigated the potential of
DMF on A, _4,-induced tau phosphorylation and found that
down-regulation of GSK-3f activity and subsequent acti-
vation of PI3K/Akt and Wnt/B-catenin signaling pathways
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are closely involved in the shielding effect of DMF against
AP,_4,-induced tau hyperphosphorylation.

Microtubule destabilization triggered by AP was previ-
ously evidenced in neuronal cell cultures, animal models
and human brains [36]. Our results indicated that DMF pre-
treatment ameliorated oligomeric AP, 4,-induced reduction
in polymerized B3- and a-tubulin levels suggesting its pre-
ventive role on microtubule disassembly. The insinuation
of ATP binding to microtubules is well acknowledged as
it arouses polymerization [37]. Protective role of DMF on
oligomeric Af-induced reduction in tubulin polymerization
may be associated with its shielding effect on mitochon-
drial dysfunction and thus ATP stabilization. Indeed, protec-
tive role of DMF on an early lessening in MTT reduction
(Fig. 5d) is indicative of enhanced activity of mitochondrial
and cellular dehydrogenases accountable for preserving high
proportions of NADH/NAD®, crucial for ATP generation
[38].

It has been established that the oligomeric arrangement
of AP is comparatively neurotoxic than other aggregation
forms of A and proposed that the toxicity is linked to the
vigorous fibrillization progression: almost certainly the cells
are affected by some metastable particles forming during
the fibrillization [18]. ThT is a benzothiazole salt obtained
by the methylation of dehydrothiotoluidine with methyl
alcohol with aid of hydrochloric acid and both in vitro and
in vivo it is extensively utilized to quantify and visualize the
presence of misfolded protein aggregates [39]. When ThT
interacts to pB-sheet rich assemblies, like those in amyloid
aggregates, the dye exhibits enhanced fluorescence and a
characteristic red shift of its emission spectrum [39]. In our
experiments, as indicated by ThT assay, AP, 4, added in a
predominantly oligomeric form, induced fibrillization and
DMF pretreatment found to block the process. The present
study indicates that the ThT fluorescence in DMF treated
group was significantly decreased (p <0.001) by 58% when
compared to Af, 4, fibril (1 uM) treated group indicating
that DMF has an influence in the aggregation of Af, may
be by disturbing Ap changing into a f-sheet configuration.
Our study implies that DMF may redirects amyloidogenic
molecules into off-pathway aggregation. The most likely
reason is that soluble AP is thought to undergo a conforma-
tional change to high f-sheet content, rendering it prone to
aggregate into soluble oligomers and larger insoluble high-
molecular-weight assemblies and DMF treatment affected
these dynamics. Considering the results on the inhibition
of aggregate binding, suggest that the presence of DMF (an
electrophilic compound) acting through covalent inhibitory
mechanisms [40], may interact with the hydrophobic clus-
ter of the AP fibril, thus protecting aggregation. Also, AP
aggregates affect membrane integrity leading to an elevation
of intracellular free Ca** levels and ROS, two key events
in the pathogenesis of amyloidosis [41]. Finally, it cannot
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be excluded that the previously reported antioxidant power
of DMF [42] and intracellular Ca’" altering property [43]
could also play protective roles. In fact, they could inhibit
AP aggregation by protecting some amino acids, especially
Tyr10 and His13, against oxidation [44] a modification
important for A fibrillization.

In conclusion, DMF could be a potential therapeutic com-
pound to mitigate AB-induced pathology through reduction
in tau hyperphosphorylation via GSK-3p mediated PI3K/Akt
and Wnt/B-catenin signaling pathways, protecting amyloid
fibrillogenesis and microtubule assembly distortion caused
via lessening in polymerized p3- and a-tubulin. By means
of DMF, controlling tauopathy may be a suitable approach
towards finding cure of neurotoxic events leading to pathol-
ogy of AD.
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