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Abstract

Cuprizone (cup) model targets oligodendrocytes (OLGs) degeneration and is frequently used for the mechanistic understand-
ing of de- and remyelination. Improperly, this classic model is time-consuming and the extent of brain lesions and behavioral
deficits are changeable (both temporally and spatially) within a mouse strain. We aimed to offer an alternative, less time-
consuming, and more reproducible cup model. Mice (C57BL/6) were treated with cup (400 mg kg~! day~!/gavage) for three
consecutive weeks to induce OLGs degeneration with or without YM155 (1 mg kg~! day™') to examine the effects of this
molecule in cup neurotoxicity. Co-administration of cup and YM155 (cuYM) accelerated the intrinsic apoptosis of mature
OLGs (MOG positive cells) through the upregulation of caspase-9 and caspase-3. In addition to the stimulation of oxidative
stress via reduction of glutathione peroxidase and induction of malondialdehyde, behavioral deficits in both Open-field and
Rota-rod tests were worsened by cuYM. In the cuYM group, the expression of BIRC5, BIRC4 and NAIP was reduced, but no
significant changes were observed in the abundance of the other inhibitor of apoptosis proteins (cIAP1 and cIAP2) in com-
parison with the cup group. Moreover, in silico analysis validated that YM155 directly interrupts the binding sites of certain
transcription factors, such as kriippel-like family (KIf), specificity proteins (SPs), myeloid zinc fingers (MZFs), zinc finger
proteins (ZNFPs), and transcription factor activating enhancer-binding proteins (TFAPs), on the promoters of target genes.
In conclusion, this modified model promotes cup-induced redox and apoptosis signaling, elevates behavioral deficits, saves
time, minimizes variations, and can be employed for early evaluation of novel neuroprotective agents in oligodendropathies.
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Introduction

In multiple sclerosis (MS), the immune system wrongly
attacks and destroys the myelin sheath. Ultimately, this pro-
cess leads to the gradual destruction of nerve fibers, which
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may entail disabilities in MS patients [1, 2]. During oligo-
dendrocytes (OLGs) damage, the recruitment of immune
cells and the secretion of pro-inflammatory mediators, reac-
tive oxygen species (ROSs), and proteolytic enzymes cause
tissue injury and axonal fibers destruction [3].

A copper chelating agent named cuprizone (bis-cyclohex-
anone-oxalyldihydrazone, cup) is frequently used in studying
specific OLGs death and myelin loss, independent of auto-
immune reaction. Cuprizone feeding affects ordinary OLGs
metabolism through the disturbance of mitochondrial func-
tion, induction of oxidative stress, production of cytochrome
¢, and leading to OLGs apoptosis, similar to what occurs in
type III MS lesions [4, 5]. As cup induced-mature OLGs
apoptosis finally leads to an extensive demyelination in both
white and gray matter regions this model is particularly sup-
portive to explain basic cellular and molecular mechanisms
during de- and remyelination independently of peripheral
immune cells interactions.

The extent of demyelination in the cup model can fluc-
tuate depending on cup feed quantity, the age and breed
of the used animals and the duration of induction (4, 5 or
6 weeks), complicating the understanding of de- and remy-
elination processes [6]. Apoptosis in OLGs, like other cells,
is a highly regulated process, subjecting to either activa-
tion or inhibition by a variety of chemical factors. Endog-
enous inhibitors of apoptosis are generally crucial to ensure
cell survival by avoiding the uncontrolled activation of the
caspases.

BIRCs (BIR domain containing proteins) and IAPs
(inhibitors of apoptosis proteins) contain baculoviral IAP
repeat (BIR) domains (a zinc finger motif) which are known
for the regulation of immune signaling and caspases [7].
IAPs are suitable targets for increasing the survival rate of
both glial and neuronal cells against chemical toxicants.
Moreover, they are expressed in a wide range of tumor cells
and have been targeted in recent randomized clinical trials
[8]. Baculoviral IAP repeat-containing 5 (BIRC5/Survivin/
TIAP), X-linked inhibitor of apoptosis protein (BIRC4/
XIAP/MIHA), cellular IAP (cIAP) proteins 1 (cIAP-1/
MIHB) and 2 (cIAP-2/MIHC), and neuronal apoptosis
inhibitory protein (NAIP) are major IAP proteins expressed
by central nervous system (CNS) neurons [9]. BIRCS is a
unique member of IAPs gene family, is well-known for its
dual role as mitosis regulator and apoptosis inhibitor, and
was recently considered as an important therapeutic target
in brain glioma [10].

Interestingly, there are several clinical trials evaluating
minocycline, as an anti-inflammatory and anti-apoptotic
agent, in MS patients [11]. It has also been demonstrated that
monitoring the expression patterns of IAPs in the immune
system of MS patients can help to determine disease subtype
and specify the molecular mechanisms responsible for differ-
ent clinical outcomes [12]. Preventing, delaying, or reducing

the grade of OLGs loss may become possible by altering
IAPs expression pattern and addressing related behavioral
dysfunctions [13].

The aim of present study was to check whether reduc-
tion in OLGs endogenous anti-apoptosis mechanisms could
accelerate the rate of demyelination. Our previous data dem-
onstrated that the expression of BIRCS in OLGs dramatically
reduced after a 6-week cup treatment in a time-dependent
manner. It was postulated that OLGs survival rate through-
out the cup regime could be minimized by YM155, a novel
synthetic small molecule that suppresses transactivation of
BIRCS5/survivin through direct binding to its promoter.

Hence, for the first time, we investigated the role of IAPs
expression pattern on the mature OLGs apoptosis in the
presence of YM155 during cup-induced OLGs degenera-
tion. The overall aim of this work was to offer an alternative,
less time-consuming, more reproducible and generally supe-
rior model of OLGs death, in comparison to the classical
cup model, through impeding of endogenous anti-apoptotic
mechanisms via additional administration of YM155 com-
pound (cupYM model). This model offers a good situation
for testing potential therapeutics in order to inhibit demyeli-
nation or to enhance myelin repair in a longer remyelination
period.

Material and Methods
Model Developing and Experimental Design

Eighty 7-8 weeks-old male C57BL/6 mice (18-20 g) were
purchased from Pasteur Institute of Iran. Mice were kept
under standard laboratory conditions with a 12-hour light/
dark cycle at 20 +22 °C temperature. Water and food were
available ad libitum, chow was changed and mice were
weighed every other day. Ethical points observed according
to the declaration of Helsinki and relevant code of ethics,
regarding minimizing harms during animal experimentation.
In the classical cup model, mice were fed with cup-contain-
ing food (either in pellets or in powdered chow) ad libitum,
the major issue was discrepancy in myelin damage extent
among the animals. It has been reported that controlled
consumption of cup (via gavage) minimizes the interanimal
inconsistency in myelin loss and hence reduces the number
of used animals, providing a reliable model for pharmaco-
logical assessments [14]. So, in order to generate a consist-
ent model, animals received 400 mg kg~! body weight of cup
(bis-cyclohexanone oxaldihydrazone; Sigma, St. Louis, MO)
dissolved in 250 pL phosphate buffered saline (PBS, 7.2) via
gavage at mornings for three consecutive weeks [14]. To cre-
ate the modified model, cup was given orally for three weeks
along with intraperitoneal (i.p.) administration of 1 mg kg~!
body weight YM155 (Cayman Chemical, Michigan, USA)
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Fig. 1 Flow chart of groups A
design (a) and timelines of the
experiments and number of

used animals (b), see model Experimental
developing and experimental Groups
groups section for more details

T,

(i) Control
(ii) YM155
(iii) Cup

(iv) Cup + YM155
(cupYM)

dissolved in 1:9 ratio of dimethyl sulfoxide (DMSO) and
PBS (pH 7.2) in total volume of 100 pL as vehicle in spe-
cific hours at noon [15]. Mice were randomly divided into
4 major groups as graphically represented in Fig. 1 with
the following specifications: (I) Control group: healthy mice
fed with normal food for 3 weeks along with daily injection
of vehicle (100 pL). (IT) YM155 group: healthy mice fed
with normal food for 3 weeks along with daily. injection of
YMI155 dissolved in vehicle.(IIT) Cuprizone (cup) group:
healthy mice fed with normal food for 3 weeks along with
daily gavage of cup solution along with injection of vehi-
cle. (IV) Cup+ YMI155 group (cupYM): healthy mice fed
with normal food for 3 weeks receiving cup in conjunction
with YM155 every day. Group assignments were blinded for
observer during all experimental preformation.

Sample Preparation

At the end of week 3, animals were randomly selected from
every group for each test. Ten mice per group were selected
for different behavioral analysis. At the end of last behav-
ioral test in day 21, ketamine (50 mg kg~!) and xylazine
(4 mg kg™") were used to anesthetize animals, and mice were
transcardially perfused by either PBS or paraformaldehyde
(PFA) depending on the future applications. The brains of
eight randomly selected mice per group were dissected on
ice and the midline corpus callosum (CC) was isolated and
kept at — 80 °C for the purpose of western blot (WB) analy-
sis or quantitative polymerase chain reaction (qQPCR). More-
over, the brains of four other mice per group were isolated
from the skull and fixed in 4% PFA in PBS at 4 °C overnight.
Subsequently, brain samples were rinsed overnight in ice-
cold sucrose (30%), snap frozen, embedded in optimal cut-
ting temperature compound (OCT, Tissue Tek) and stored
in — 80 °C. Fixed brains were sectioned serially (5 pM) by
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the floor standing automatic cryostat (MNT-SLEE, Mainz
GmbH, Germany) in the coronal planes. Sections were
placed onto poly-L-lysine coated coverslips for fluorescence
immunohistochemistry (FIHC) assay, where the mouse brain
atlas (1.58 to 2.30 mm from the bregma) was used for mid-
line CC identification. Remaining animals were preceded
for redox analysis according to related protocols (Fig. 1).

Open-Field Test

The open-field test was performed in a standard box
(5050 cm with 30 cm high), where animal behavioral
data (5 min) were recorded. To evaluate motor function and
anxiety-like behavior, variables such as total distance (TD,
cm), velocity (cm s_l), duration in the central zone (DC, sec)
and DC/TD ratio were calculated via video-tracking [16].

Rota-Rod Test

Motor coordination was evaluated by Rota-rod test, in which
animals capability to stay on a rotating rod (rotation speed
from 4 to 40 rpm) in three successive trials (2 min per trial)
were measured. All groups were assessed in the afternoon
of 19th, 20th and 21th day of the experiment (three times a
day) with two minutes interval rest between each trial [16].

Quantitative Reverse Transcription PCR (qRT-PCR)
Analysis

Extraction of total RNA, cDNA synthesis and qRT-PCR
were performed as described previously [16]. Briefly, after
removal of the brain, the rostral region of CC was dissected
on ice, snap frozen and stored at — 80 °C for future use.
RNA was extracted from 20 mg of tissue and dissolved in
50uL diethyl pyrocarbonate (DEPC) water according to the
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AccuZol™ kit instructions (BIONEER, South Korea). In
the next step, RNAs (5 ug per 20 pl reaction volume) were
converted into cDNA using the AccuPower kit (BIONEER,
South Korea). One ug of each synthesized cDNA was used
for QRT-PCR assay. In each group, cDNA from four mice
brain were pooled where PCR was performed in triplicates.
Primer sequences and thermocycling parameters are pre-
sented as supplementary data (Supplementary Table 1).
Expression values from f-actin as the reference gene were
used to normalize each sample. Relative changes in expres-
sion patterns were determined using the 2724T methods
[17].

Double-Labeling Fluorescence
Immunohistochemistry (FIHC)

Immunohistochemistry was carried out according to our pre-
vious work [18]. Briefly, fixed brains were sectioned in 5 um
diameter, rehydrated and kept on H,0, (0.3%) in order to
block the activity of endogenous peroxidase. After washing,
sections were blocked for non-specific binding with block-
ing solution (10% serum from host species of secondary
antibody, Triton X-100 (0.05%) in PBS), and then incubated
in permeabilization buffer (Triton X-100 (0.1%) in PBS).
Sections were incubated overnight at 4 °C with primary anti-
bodies against myelin oligodendrocyte glycoprotein (MOG)
as the marker of mature OLGs and cleaved-caspase-3 as
the marker of an end-step apoptosis. Next, samples were
washed and incubated 4 h with secondary antibody diluted
in antibody buffer (goat serum (5%), Triton X-100 (0.05%)
in PBS). Antibodies information and dilution concentra-
tions are presented as a supplementary data (Supplementary
Table 2). Nuclei visualization, was performed by counter-
staining samples with DAPI, where negative controls were
obtained by omitting primary antibody with no signal (data
not shown). Images were captured via digital camera under a
fluorescence microscope and were analyzed by Imagel (https
://rsb.info.nih.gov/ij/) software [19]. To evaluate demyelina-
tion, sections were stained with Luxol fast blue (LFB), as
described previously [20].

Western Blotting (WB) Analysis

Immunoblotting procedure was carried out as described
previously [21]. Briefly, whole CC was bilaterally micro-
dissected on ice following brain removing and quickly fro-
zen and kept at —80 °C until further usage. After adding
complete protease inhibitor cocktail (Roche, Mannheim,
Germany) tissues were homogenized and centrifuged and
the protein content was measured using the bicinchoninic
acid (BCA) method (Sigma-Aldrich). SDS-PAGE gel elec-
trophoresis (8—10%) was done with equal quantities of total
protein (25 pg) per lane. Resolved proteins were transferred

to polyvinylidene fluoride (PVDF) membranes via electro-
phoretic transfer system (Bio-Rad, Miinchen, Germany).
Following blocking, the membranes were incubated over-
night at 4 °C with specific primary antibodies. Following
membranes wash with PBS, 0.05% Tween-20 (PBS-T), all
blots were incubated for 4 h at 4 °C with respective second-
ary antibodies. Antibodies information and dilution concen-
trations are presented as supplementary data (Supplementary
Table 2). Proteins were detected using 3, 3’-Diaminoben-
zidine and H,0, as the substrate solution. Band intensity
was measured using ImagelJ software after subtraction of
background and band density normalization.

Measurement of Catalase (CAT) Activity

CC homogenates were centrifuged at 8000 (4 °C for 10 min),
and supernatants were mixed with reaction medium includ-
ing H,O, (10 mM), and sodium phosphate buffer (50 mM,
pH 7.0). Finally, CAT activity was measured by absorbance
decrease at 240 nm in a microplate reader. H,O, (1 M) con-
suming rate per min defined one unit of the enzyme [22].

Measurement of Superoxide Dismutase (SOD)
Activity

SOD activity was measured based on the ability to gener-
ate superoxide radicals by xanthine and xanthine oxidase
which produces a red formazon dye following reaction with
2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium
chloride (INT). The inhibition degree of this reaction was
considered as SOD activity in the CC homogenates. One
unit of SOD activity was defined as the amount of enzyme
that inhibits the rate of INT reduction by 50% [23].

Measurement of Glutathione Peroxidase (GPx)
Activity

Following centrifugation, 10uL of CC supernatant was
mixed with 100 pL Tris-HCI (1 M, pH 8.0) as the reaction
solution containing EDTA (5 mM), 20 uL of GSH (0.1 M),
100 uL of GSH reductase solution (10 units mL™!), 100 uL
of NADPH (2 mM), 650 uL of distilled water, 10 pL of tert-
butyl hydroperoxide (7 mM). NADPH oxidation at 37 °C
was assessed using a spectrophotometer at 340 nm. One unit
of activity was defined as the amount of GPx required to
oxidize 1 uM of NADPH per min [24].

Measurement of Lipid Peroxidation (LPO)
The Malondialdehyde (MDA) level was estimated using
thiobarbituric acid reactive substances (TBARS) assay.

To detect the extent of lipid peroxidation (LPO) following
tissue centrifugation, CC supernatants were mixed with
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thiobarbituric acid (TBA, 0.67% w/v) heated for one hour
in a boiling water bath of 95-98 °C. After adding n-butanol,
TBA reactive substances (TBARS) adducts were isolated
by vigorous shaking. Finally, the absorbance was read at
532 nm after centrifugation of the mixture. Tetraethoxypro-
pane standard solutions were used for calibration [25].

Measurement of Total Thiol (SH) Molecules

After centrifugation of CC homogenates, the supernatants
were mixed with 200 pL of Tris-EDTA buffer containing of
(0.25 M) Tris base, and (20 mM) EDTA (pH 8.2) and then
were added to 4 pL. of DTNB (5, 5-dithiobis-2-nitrobenzoic
acid) (10 mM) in methanol. The color was appeared after
30 min incubation at 37 °C. A microplate reader was used to
read the optical density of the supernatant at 412 nm against
the blank [26].

Measurement of Ferric-Reducing Antioxidant Power
(FRAP)

For antioxidant power estimation, following tissue centrifu-
gation, 30 pL of CC homogenates were added to a working
solution consisted of 25 mL of 0.3 M sodium acetate buffer
(pH 3.6), 2.5 mL of 10 mM tripyridyl triazine (TPTZ),
2.5 mL of 20 mM FeCl;.H,O and 42 pL of DI water. Sam-
ples were homogenized and kept in the dark for half an hour
at 37 °C, followed by 10 min cooling. Finally, the absorbance
of the samples was measured in duplicate at 593 nm in a
microplate reader (SpectranMax 190, Molecular Devices,
USA). Antioxidant capacity was presented as mM of Fell
equivalents calculated from a FeSO, (0.0156 to 0.375 mM)
standard curve of known concentration and normalized by
the amount of protein (Fell equivalent mM g ~'protein) in
the sample [23].

Determination of Total Glutathione (tGST) Activity

To determine total glutathione 20 pL of CC supernatants
(after centrifuge at 8000xg at 4 °C for 10 min) were trans-
ferred to a 96-well microplate followed by addition of
120 L of 1.68 mM 2-nitrobenzoic acid and 3.3 units/mL
glutathione reductase (GR) prepared in 0.1 M potassium
phosphate buffer with 8.8 mM EDTA disodium salt (pH
7.5). A p-NADPH buffer (60 pL, 0.8 mM) was prepared
in potassium phosphate buffer with EDTA disodium salt
(8.8 mM, pH 7.5) and subsequently was added to each well
before measuring the absorbance (at 405 nm) every 30 s
(for 5 min). Changes in absorbance/min were measured as
2-nitro-5-thiobenzoic acid formation rate. tGSH concentra-
tion was calculated using linear regression to determinate
values from the standard curve [27].

@ Springer

In-Silico Analysis

Molecular docking was performed using AutoDoc4 (https:/
autodock.scripps.edu). The 3-D structure of each promoter
was obtained using the make_na server (https://structure.
usc.edu/make-na/server.html) based on their sequences. To
obtain natural DNA molecule structures, a 20 ns molecular
dynamics simulation was conducted in aqueous medium and
standard condition using Gromacs 5.1.1 software (https://
www.gromacs.org). The drug structure was mapped using
ACD/LAB software (https://www.acdlabs.com), and then
its 3D coordinates were obtained in Avogadro software.
Energy minimization and final optimization of the structure
were also performed using the steep algorithm in Avogadro
(https://avogadro.cc). Atomic charges and typing, in addi-
tion to torsion settings, were conducted in the MGL tools
package (https://mgltools.scripps.edu). The energetic maps
for all involved atom types were calculated in AutoGrid4.
Final docking was done using Autodack4 software, in 200
runs under the Lamarckian genetic algorithm. List of IAPs
and their specific domains besides the structure of YM155
docked in DNA is shown in Fig. 2.

Statistical Analysis

All analyses were done using the GraphPad Prism 6 software
(GraphPad Instat Software Inc., USA). Two-way analysis
of variance (ANOVA) with Bonferroni post hoc test was
carried out for quantitative measurement. The results were
presented as mean + SEM and value of P <0.05 was consid-
ered as statistically significant.

Results

The cupYM Model Deteriorates Motor Function
and Coordination

General locomotor activity (TD and velocity) and anxiety
behavior (TD) were evaluated in an open-field experiment
(Fig. 3a—d). As predicted, the three-week cup challenge
did not significantly decrease TD, velocity, DC and DC/
TD ratio, as compared to the control group (Fig. 3a—d).
Co-administration of cup and YM155 (cuYM model) nota-
bly decreased mice TD (P <0.05), velocity (P <0.01), DC
(P <0.05) and DC/TD ratio (P <0.01) compared to the cup
group (Fig. 3a—d). On the other hand, treatment of healthy
mice with YM155 alone did not significantly affect open-
field parameters compared to the control group (Fig. 3a—d).
Three-week cup administration did not cause any change
in the number of falls compared to the control group
(Fig. 3e—g). Instead, the cuYM group fell more frequently
and had notably weaker motor coordination compared to
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Fig.3 The effects of cuYM on the mice behavior parameters in the
Open-field test (a—d) and on the number of mice falls in the Rota-rod
test (e—g). The behavioral measurements (N=10 in each group) were
made at time points 21th (Open-field) or 19th, 20th and 21th (Rota-
rod) after start point. Mice in cuYM group (cuprizone+ YM155)
traveled shorter distances with lower velocities, spent fewer times in
the central zone and had lover DC/DT ratio compared to the other

the cup group on their second (day 20th) and third (day
21st) trials (P <0.05, and P <0.01 respectively, Fig. 3e—g).
Treatment of healthy mice with YM155 alone did not sig-
nificantly affect the number of falls compared to the control

group (Fig. 3e-g).

groups (a—d). The graph shows the number of falls in three different
consecutive trials on the experiment days (e—g). Only mice in cuYM
group had significantly weaker motor coordination than cup group at
both 20 and 21th day (e-g). Data represent the mean+S.E.M ana-
lyzed by two-way ANOVA. *P <0.05 and **P<0.01 compared to cup
mice with Bonferroni’s correction for multiple comparisons

The cupYM Model Significantly Increased Intrinsic
Apoptosis and Decreased Some AlPs

The results showed that three-week cup treatment increases
mRNA and protein expression of caspase-3 (P <0.001)
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Fig.4 The effects of cupYM on the protein and mRNA expres-
sion of caspases (3, 8 and 9), MOG and apoptosis-inhibiting pro-
teins (BIRC4, BIRCS, cIAP-1, cIAP-2 and NIAP). First, the data
normalized with the internal control ($-actin) and then indicated as
fold change to the control group (N=4 in each group). Data repre-

and caspase-9 (P <0.01) compared to the control group,
stimulating the mitochondrial pathway induction of apop-
tosis (Fig. 4a, b). Cuprizone treatment had no significant
effect on mRNA and protein expression of caspase-8,
showing no apoptosis induction from the extrinsic pathway
(Fig. 4a, b). Although mRNA and protein expression of cas-
pase-3 (P<0.001 and P <0.01 respectively) and caspase-9
(P<0.01) in the cuYM group were increased compared to
the cup group, YM155 alone did not significantly influence
mRNA and protein expression of caspases in the control
group (Fig. 4a, b). The cupYM model exhibited the most
inductive effect on the expression of caspase-3 and cas-
pase-9 mRNA and protein (Fig. 4a, b). According to the
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sent the mean+S.E.M analyzed by two-way ANOVA. °P<0.05
and °°°P<0.001 compared to control mic *P<0.05, **P<0.01 and
***P<0.001 compared to cup mice with Bonferroni’s correction for
multiple comparisons

above-mentioned results, YM155 can directly exacerbate the
effect of cup via the induction of the mitochondrial path-
way of apoptosis. For a better understanding of apoptosis
effectors, the effect of cuYM was investigated on mRNA
and protein expression of apoptosis-inhibiting proteins
(AIPs). In the cup group, mRNA and protein expression of
BIRC4 were significantly increased, while BIRS and NIAP
were not significantly augmented compared to the control
group, indicating activation of endogenous anti-apoptotic
pathways (Fig. 4c, d). Remarkably, in addition to the down-
regulation of BIRCS, the expressions of BIRC4 and NIAP
were also reduced at both mRNA and protein levels in the
cupYM group (Fig. 4c, d). Noteworthy, the results showed
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that three weeks of cupYM treatment significantly reduces
mRNA and protein expression of BIRCS (P <0.001), BIRC4
(P<0.01) and NIAP (P <0.05) compared to the cup group
(Fig. 4c, d). YM155 had a great inhibitory effect on mRNA
and protein expression of BIRCS, followed by BIRC4 and
NIAP, respectively (Fig. 4c, d). Changes in the protein and
mRNA expression of cIAP-1 and cIAP-2 were not signifi-
cant either under the influence of cup or under the influence
of YM155 (Fig. 4c, d). According to the above-mentioned
results, YM155 as a specific blocker of BIRCS can also
affect mRNA and protein expression of other IAPs such as
BIRC4 and NIAP.

The cupYM Model Significantly Boosted
Cup-Induced Elimination of Mature OLGs and Myelin
Loss

The effect of cupYM treatment was investigated on the
expression of MOG mRNA and protein by RT-PCR method
(Fig. 4a, b). The results showed that three-week cup treat-
ment inadequately reduces mRNA and protein expression
of MOG compared to the control group, which indicates the
limited elimination of mature OLGs (Fig. 4a, b). YM155
had no significant effects on mRNA and protein expres-
sion of MOG in control groups (Fig. 4a, b). As expected,
cupYM significantly reduced mRNA (P <0.05) and protein
(P <0.05) expression of MOG, showing the widespread
removal of mature OLGs (Fig. 4a, b). According to the
above-mentioned results, YM155 can directly worsen the
cup effects and induce mature OLGs damage. In order to
confirm the acceleration of mature OLGs destruction by
cupYM, immunohistochemistry assay was used to simul-
taneously examine the expression of MOG, as a particular
marker of adult OLGs, and cleaved-caspase-3, as an end-
point marker of the apoptosis (Fig. 5a). The results showed
that three-week cup consumption significantly increases the
number of cleaved-caspase-37 cells (P <0.01) and cleaved-
caspase-3t/MOG™ (P <0.01) double positive cells, but
had no recognizable effects on the number of MOG™ cells,
indicating the occurrence of insufficient death signaling in
the mature OLGs (Fig. 5a). The YM155 compound had no
hazardous effects on either MOG™* or cleaved-caspase-3*
cells in control groups (Fig. 5). As expected, cupYM sig-
nificantly increased the number of MOG™ cells (P <0.05)
and a number of cleaved-caspase-3*/MOG™* double posi-
tive cells (P <0.05), pointing to the presence of extensive
apoptosis in mature OLGs in comparison with the cup group
(Fig. 5a). Moreover, sections from CC region of each group
were stained with LFB in order to stain the lipid-rich myelin
as blue (Fig. 5b). As predicted, even after three weeks cup
treatment alone, myelin level did not significantly change
compared to the control group (Fig. 5b). Administration of
cup in conjunction with YM155 (cupYM group/model) for

three weeks had a statistically significant (P <0.05) nega-
tive effect on LFB density compared to the cup alone group
(Fig. 5b). According to the above results, YM155 potentially
can exacerbate the effect of the cup and induce the specific
apoptosis of mature OLGs and demyelination.

The cupYM Model Considerably Increased Brain
Oxidative Stress

In order to examine the effects of cupYM on typical oxi-
dative stress parameters, we determined CAT, SOD, GPx,
MDA, SH, FRAP and tGSH levels in brain homogenates
from the corpus callosum region. As shown in Table 1, CAT
and SOD levels were significantly reduced after cup feeding
(P <0.05) compared to the control group. These effects were
also significantly enhanced in the cupYM group (P <0.05,
Table 1). On the other hand, GPx, MDA, SH, FRAP and
tGSH levels were not significantly changed in cup group
compared to the control group. Interestingly, cupYM
administration significantly increased MDA (P <0.05)
and decreased GPx (P <0.05) compared to the cup group
(Table 1). Administration of cupYM did not affect SH,
FRAP and tGSH levels in comparison with the cup group
(Table 1).

The cupYM Model Interrupted BIRC4, BIRC5
and NIAP Promoters in Certain TF Binding Motifs

To exactly describe direct or indirect effects of cupYM on
mRNA and protein expression of altered genes (BIRC4,
BIRCS, and NAIP), the interaction of this small molecule
(YM155) with each certain mouse promoter sequence
(duplex, helix type B) was evaluated via molecular
modeling and docking analysis. The promoter sequence
data used in this article could be found in the eukaryotic
promoter database (EPD) libraries under the following
promoter IDs: Xiap_1, Xiap_2, Xiap_3 and Xafl_1 for
BIRC4; Birc5_1 for BIRCS; Naipl_1, Naip2_1, Naip5_1,
and Naip6_1 for NAIP from sequence -50 to+ 10. EPD
is an annotated collection of eukaryotic promoters for
which the transcription starts site (T'SS) has been experi-
mentally determined. Therefore, to analyze the interaction
between YM155 and the promoter of the selected genes,
EPD was employed in order to access to updated promoter
sequences. Binding energy of YM155 attachment to spe-
cific DNA sequences (clusters) in each promoter was cal-
culated and the position of transcription factor (TF) bind-
ing motifs in the interrupted clusters were further reported
(Figs. 6, 7, 8 and Tables 2, 3, 4). Two-dimensional docking
pose of the complex of BIRC4 promoter sequences and
YMI155 is shown in Fig. 6. Analysis of molecular interac-
tions showed that YM155 has a relatively high affinity

@ Springer
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Fig.5 Effects of cupYM on the population of the cleaved-caspase-3*/
MOG" positive cells (a) and myelin quantity (b). Double stain-
ing for cleaved-caspase-3 and MOG were performed in the midline
corpus callosum and immunofluorescence signals (red for cleaved-
caspase-3* and green for MOG™) from each independent group were
counted, their mean was calculated and data reported as a mean num-
ber per um?> (N=4 in each group). LFB staining were performed in

the midline corpus callosum and myelin amount from each independ-
ent group was counted, their mean was calculated and data reported
as an intensity (N=4 in each group). Scale bar=50 pm. Data rep-
resent the mean+S.E.M analyzed by two-way ANOVA. °°P<0.01
compared to control mic *P <0.05, compared to cup mice with Bon-
ferroni’s correction for multiple comparisons

Table 1 Effects of YM155

- T 8 Parameters Experimental groups

administration in biochemical

parameters of mice brain Control + Vehicle ~ Control+YMI155  Cuprizone+ Vehicle  Cuprizone + YM155

antioxidant status
CAT (Unit/mg) 49.21+2.51 47.25+2.66 42.34+1.26* 35.34 +3.46%*
SOD (Unit/mg) 50.50+4.61 48.43+3.73 39.72+2.31% 28.41+£2.21%%*
GPx (Unit/mg) 250.16+9.22 24579 +£6.52 239.32+4.61 214.11 £5.34%%*
MDA (nmol/g) 1.29+0.13 1.56£0.17 1.98+0.46 2.55+0.38%%*
SH (mmol/g) 55.12+4.18 54.24+4.49 49.52+3.44 45.12+2.03
FRAP (umol/g) 7.3+0.98 7.5+1.24 82+1.54 10.1+1.73
tGSH (umol/g) 25.34+0.42 24+2.81 21+3.53 20+1.26

Parameters are expressed as mean+ S.E. values

SOD superoxide dismutase, GPx glutathione peroxidase, CAT catalase, tGSH total glutathione, FRAP fer-
ric reducing antioxidant power, MDA malondialdehyde, SH thiol groups

*P <0.05, compared to the control group

*¥P <0.05, compared to the cuprizone group
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Fig.6 YMI155 docked in the four promoter sequences of BIRC4
(Xiap_1, Xiap_2, Xiap_3, and Xafl_1). The two-dimensional dock-
ing pose of the DNA (promoter sequence) and YM155 complex

with all BIRC4 promoter sequences. The highest bond-
ing energy belonged to YM155 and cluster 1 of Xiap_1,
and the lowest binding energy belonged to YM155 and
cluster 3 of Xiap_1 (Table 2). Data obtained from the
EPD database showed that several TFs binding motifs
are interrupted with YM155 in BIRC4 promoter clus-
ters. Among these motifs, the binding motifs of certain
TFs belonged to important families such as kriippel-like
family (KI1f1/5/9), specificity proteins (SP1/3/4), myeloid
zinc fingers (MZF1), zinc finger proteins (ZNF740) and
transcription factor activating enhancer binding pro-
tein 2 alpha (TFAP2A) which have been interrupted at
least on two clusters (Table 2). Two-dimensional dock-
ing pose of the complex of BIRCS5 promoter sequences
and YM155 are shown in Fig. 7. Molecular interaction
analysis demonstrated that YM155 has a relatively high
affinity with all BIRCS5 promoter sequences. The highest
binding energy belonged to YM155 and cluster 2, while
the lowest was related to YM155 and cluster 3 of Birc5_1
(Table 3). Data obtained from the EPD database showed

showed in the below of sequences. YM155 different binding pockets
on each promoter indicated as cluster 1 to 3 with detail information

that lover TFs binding motifs are interrupted with YM155
in BIRC5 compared to BIRC4 promoter clusters. Among
these motifs, binding motifs of broad-complex, tram-track
and bric a bracs (ZBTB33) TF were also interrupted on
Xiap_1 cluster 3 (Table 2). Two-dimensional docking pose
of the complex of NAIP promoter sequences and YM155
is illustrated in Fig. 8. Analysis of molecular interactions
showed that YM155 has a relatively high affinity with all
NAIP promoter sequences. The highest bonding energy
belonged to YM155 and cluster 1 and 2 of Naipl_1, and
cluster 1 of Naip6_1, and the lowest bonding energy
belonged to YM155 and cluster 4 of Naip2_1 (Table 4).
Data obtained from the EPD database showed that several
TFs binding motifs are also interrupted with YM155 in
NAIP promoter clusters, among which binding motifs of
TFs such as Sry-related HMG boxes (Sox3), Paired box
(Pax2), and Gata4 were interrupted on at least two clus-
ters (Table 4). Immune-system related transcription factors
such as interferon regulatory factors (IRFs), signal trans-
ducer and activator of transcription (STATSs), and nuclear

@ Springer
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Fig.8 YMI55 docked in the four promoter sequences of NAIP
(Naipl_1, Naip2_1, Naip5_1, and Naip6_1). The two-dimensional
docking pose of the DNA (promoter sequence) and YM155 complex
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Table 3 Molecular interactions of YM155 with BIRCS promoter and possible interrupted transcription factors

BIRCS Promot-

Binding energy of attachment of YM155 to specific DNA sequences

Position of transcription factor motifs in inter-

ers (PID) (clusters) rupted clusters
Clusterl Cluster2 Cluster3 Clusterl Cluster2 Cluster3
VDW EE (kcall VDW EE (kcal/ VDW EE (kcal/
(kcal/mol) mol) (kcal/mol) mol) (kcal/mol)  mol)
Bric5_1 - 6.38 -0.17 -6.22 -0.12 —-5.48 -0.21 (— 26 to — 20) (—17to—11) (—6to—1)
(NM_009689)  Total = — 6.21 Total = — 6.34 Total = — 5.69 CENPB(- 23), - PROX1(- 1),
E2F7(- 25), JDP2(- 3)
Hes1(— 25),
ZBTB33(- 25),
Tcfl5(— 25,
—26)

Bolded TFs indicate interrupted in other promoters

Bold numbers indicate position of cluster in DNA

PID Promoter ID, VDW van der Waals interactions, EE electrostatic interactions, kcal/mol kilocalorie per mole, Bolded TFs interrupted in other

promoters

receptors (NRs) were interrupted on a wide range in sev-
eral clusters of the target genes (Tables 2, 3, 4).

Discussion

CNS contains millions of neurons connected by nerve fibers
and axons, transmitting nerve impulses through the body.
Originating from the oligodendroglia cells in the CNS,
the myelin sheath is an extended and reformed membrane
wrapped around the nerve axon. Cup is frequently employed
in the toxic-induction of de- and remyelination, and molecu-
lar modeling of MS lesions [4]. The degree of demyelina-
tion in the cup model may be variable, hence the difficulty
associated with determining the time of de- and remyelina-
tion. Our previous work demonstrated that the best time for
cellular and molecular monitoring of active demyelination
and activation of autonomous repair is between weeks 5 to
6 of cup administration [28]. Accordingly, the optimal time
to conduct therapeutic interventions is during the last week
of model induction (week 6), when the maximum damage is
induced and minimum variations in the lesion are measur-
able. It has been confirmed that OLGs loss during feeding
with the cup is mediated by the induction of redox imbalance
and activation of endogenous apoptosis signals [29]. Oxida-
tive stress and ROS production entail lipid peroxidation, and
the end product of lipid peroxidation (MDA) reduces the res-
piratory activity of mitochondria, and reacts with cysteine,
histidine, and lysine, resulting in protein degradation and
loss of enzymatic function [24]. OLGs remarkably influence
processes which are dysregulated in different psychiatric
(schizophrenia and bipolar disorders) and neurodegenera-
tive diseases, including nerve impulse conduction and ionic

@ Springer

homeostasis. Furthermore, OLGs, like other cell types, have
their particular endogenous molecular protective systems to
either prevent or delay programmed cell death. Moreover,
signaling pathways such as AIPs could delay cell death and
allow for functional recovery following injuring [30].

Sepantronium bromide (YM155) is one of the favorable
inhibitors of BIRC5/survivin (with an IC50 of 0.54 nM)
showing suitable toxicity in patients with advanced solid
malignancies [20, 31]. However, Glaros et al. observed that
YM155 eradicates tumor cells primarily by inducing DNA
damage and not by direct BIRCS inhibition [32]. YM155
is highly hydrophilic and has a permanent cationic charge
on one of its nitrogen atoms with a short plasma half-life
of approximately 1-2 h, as determined in pharmacokinetic
measurements in experimental animals [33]. Safety and tol-
erability of YM155 have been confirmed in several clinical
trials and in a variety of malignancies [34-38].

In our proposed model of OLGs loss, it was observed that
YM155 negatively influences the cup-induced behavioral
deficits (Fig. 3), and promotes neuropathological changes
(Figs. 4 and 5). As shown in Fig. 3, cupYM model deterio-
rated motor function and coordination, indicating that the
suppression of Survivin/BIRCS signaling has a negative
effect on cup-induced behavioral deficits and motor dysfunc-
tion. These adverse effects could be due to downregulation
of endogenous anti-apoptosis mediators and its signal trans-
duction in OLGs.

Based on previous studies, in the classical model, OLGs
apoptosis (caspase-3* OLGs) commences as early as a
week following cup treatment in the most affected regions
(i.e. midline corpus callosum), while demyelination (with
LFB staining) is well-visualized only after 5 weeks of treat-
ment [39]. Therefore, the time point selected in this study is
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suitable for capturing OLGs apoptosis. Our results provided
evidence that down-regulation of AIPs (BIRC4, BIRCS, and
NAIP) by YM155 (Fig. 4) as a programmed cell death accel-
erator and AIPs inhibitor, contributes to early OLGs apopto-
sis and demyelination (Fig. 5). Therefore, activation of AIPs
signaling pathway may be a potential approach to overcome
OLGs degeneration, recruiting OLGs survival vs. death
mechanisms. In addition to down-regulation of BIRCS/
survivin expression, cuYM declined NAIP and BIRC4, but
not cIAP1 and cIAP2 proteins in comparison with the cup
group. NAIP is the first discovered IAP and found to be
missing in the spinal motor neurons, resulting in or contrib-
uting to spinal muscular atrophy. NAIP and BIRC4 have a
caspase recruitment domain that inhibits caspases [30].

Through in-silico studies, we examined whether
YMIS5S5 is able to exert its effect via interaction with
BIRC4, BIRCS, and NAIP genes promoters. Although
a precise mechanism of YM155 action is yet to be fully
understood, it has been proposed that YM155 interacts
with the translation initiation factor 3 (IF3)/transcription
factor pS4/Nuclear receptor factor (nrf) complex, and
binds the specificity protein 1 (Spl) transcription factor
to the survivin core promoter [40]. Our results from in-
silico analyses are in accordance with this mechanism of
action, and we showed that YM155 potentially interrupts
nuclear receptors (NRs) in a wide range in several clusters
of the BIRC4, BIRCS, and NAIP genes (Tables 2, 3, 4). It
was shown that YM155 also inhibits BIRCS by perturb-
ing transcription factor-DNA interactions of interleukin
enhancer-binding factor 3 (ILF3) [41], nuclear factor-kB1
(NF-kB1 or p50) [42], and Non-POU domain-containing
octamer-binding protein (NonO) [43]. Here we showed
that several TFs binding motifs are interrupted by YM155
in NAIP promoter clusters, among which binding motifs
of TFs such as Sox3, Pax2, and Gata4 were interrupted on
at least two clusters (Table 4). Moreover, immune-system
related transcription factors such as IRFs, and STATs were
interrupted in several clusters of the BIRC4, BIRCS, and
NAIP genes (Tables 2, 3, 4).

For the first time, our result suggests that capYM model
can interfere with other mechanisms to cause cellular
changes in addition to apoptosis. YM155 treatment signifi-
cantly increased redox signaling relative to the cup group,
and the induction of oxidative stress potentially facilitates
the apoptosis of OLGs in cupYM-induced demyelination.
The superiority of this new model over other laboratory
models of neurodegeneration is the immediate early OLGs
loss after cupYM administration, and the lower involve-
ment of the immune system. After 3 days of feeding with
cup, the expression of myelin proteins caused by mature
OLGs started to decrease, and was reduced by 90% after
5 weeks of cup diet [44]. In summary, BIRCS activation
in mature OLGs serves as a protective mechanism that
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defends against toxic demyelination through modulating
caspases 9-related pathways where BIRC5 impeding with
YM155 accelerates OLGs damage. Based on the find-
ings, it can be concluded that selective down-regulation
of BIRC5 by YM155 in mice during toxic demyelination
promotes the degeneration of mature OLGs via the activa-
tion of intrinsic apoptosis pathway.

Taken together, the cupYM model entailed extensive
OLGs loss and provided a suitable condition for early
detection of the pathobiological determinants of demy-
elination in comparison with cuprizone treatment. Fur-
thermore, YM155 is responsible for the hypersensitization
of OLGs to cup and exhibits potent cytotoxicity against
mature OLGs. A faster rate of demyelination provides a
shorter period to investigate the prophylactic effects of
compounds. These unique features of YM155 were con-
ductive to the development of our new toxic model of
demyelination. This new modified model can potentially
be used for the evaluation of new therapeutic candidates
that prevent demyelination or promote remyelination in the
early phases of OLGs degeneration.
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