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Abstract The aim of the present study was to evaluate the
therapeutic effect of the novel neuroprotective multitarget
brain permeable monoamine oxidase inhibitor/iron
chelating-radical scavenging drug, VAR10303 (VAR), co-
administered with high-calorie/energy-supplemented diet
(ced) in SOD1G93A transgenic amyotrophic lateral sclerosis
(ALS) mice. Administration of VAR-ced was initiated after
the appearance of disease symptoms (at day 88), as this regi-
men is comparable with the earliest time at which drug therapy
could start in ALS patients. Using this rescue protocol, we
demonstrated in the current study that VAR-ced treatment
provided several beneficial effects in SOD1G93A mice, includ-
ing improvement in motor performance, elevation of survival
time, and attenuation of iron accumulation and motoneuron
loss in the spinal cord. Moreover, VAR-ced treatment attenu-
ated neuromuscular junction denervation and exerted a signif-
icant preservation ofmyofibril regular morphology, associated
with a reduction in the expression levels of genes related to
denervation and atrophy in the gastrocnemius (GNS) muscle
in SOD1G93A mice. These effects were accompanied by up-
regulation of mitochondrial DNA and elevated activities of
complexes I and II in the GNS muscle. We have also demon-
strated that VAR-ced treatment upregulated the mitochondrial
biogenesis master regulator, peroxisome proliferator-activated
receptor-γ co-activator 1α (PGC-1α) and increased PGC-1α-
targeted metabolic genes and proteins, such as, PPARγ,
UCP1/3, NRF1/2, Tfam, and ERRα in GNS muscle. These
results provide evidence of therapeutic potential of VAR-ced

in SOD1G93A mice with underlying molecular mechanisms,
further supporting the importance role of multitarget iron che-
lators in ALS treatment.
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Introduction

Dysregulation of iron homeostasis and the associated oxida-
tive stress are essential pathogenic factors in neurodegenera-
tive diseases, including amyotrophic lateral sclerosis (ALS)
(Oshiro et al. 2011; Santillo et al. 2009). Iron has been shown
to be accumulated in spinal cord and cerebrospinal fluid in
ALS patients (Kasarskis et al. 1995; Kokic et al. 2005), as
well as in spinal cord and skeletal muscles of ALS models
in rodents (Halon et al. 2014; Jeong et al. 2009;
Kupershmidt et al. 2009; Wang et al. 2011; Winkler et al.
2014). Previous studies have shown a deposition of
hemoglobin-derived iron within the central nervous system
(CNS) and correlation of the pathological deterioration in
ALS patients with elevated serum ferritin and microglial iron
accumulation in the motor cortex (Ikeda et al. 2012; Kwan
et al. 2012; Winkler et al. 2013). Additionally, analyses of
postmortem human and cerebrospinal fluid (CSF) in ALS
patients have indicated that impairment of blood brain barrier
(BBB) and blood spinal cord barrier (BSCB), resulting in
accumulation of different plasma proteins, erythrocytes,
erythrocyte-derived hemoglobin, iron-containing hemosider-
in, and various neurotoxic blood components in the spinal
cord and motor cortex, may contribute to early motoneuron
degeneration (Zlokovic 2011; Miyazaki et al. 2011; Winkler
et al. 2013; Zhao et al. 2015). In support, previous studies
demonstrated that treatment with blood coagulation factor,
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activated protein C (APC) exerted beneficial effects in moto-
neurons during early and late disease stages in SOD1G93A

mice, presumably via repair or preservation of BSCB integrity
(Winkler et al. 2014; Zhong et al. 2009).

In addition, it has been reported that intervention in iron
accumulation with the use of iron chelators significantly de-
layed the disease onset and increased life span in transgenic
mice expressing ALS-linked SOD1 mutations (Jeong et al.
2009; Winkler et al. 2014). Previously, we have shown that
the multifunctional iron chelating/monoamine oxidase
(MAO) inhibitory drug, M30 exerted neuroprotective effects
in NSC-34 motoneuron cells and SOD1G93A mice
(Kupershmidt et al. 2009; Wang et al. 2011). In addition, our
recent study demonstrated that the combined administration of
M30 with high caloric energy supplemented diet (ced) pro-
duced additive effects on motor performance and increased
survival of SOD1G93A mice (Golko-Perez et al. 2016).
Preliminary observations revealed that M30-ced combined
treatment increased messenger RNA (mRNA) expression
levels in several mitochondrion-related genes in the gastroc-
nemius (GNS) muscle in SOD1G93A mice, including peroxi-
some proliferator-activated receptor-γ (PPARγ), PPARγ co-
activator 1 alpha (PGC-1α), and uncoupling protein (UCP) 1
(Golko-Perez et al. 2016).

Another multifunctional member of the novel series of
multitarget, non-toxic, and brain permeable drugs, designed
and synthesized by our research group, is the iron chelating/
MAO inhibitory compound, VAR10303 (VAR). VAR was
recently shown to afford iron chelation, iron-induced lipid
peroxidation inhibitory potency, and brain-selective MAO-A
and -B inhibitory effects (Bar-Am et al. 2015). In addition,
VAR was found to exert neuroprotective and neurorescue ac-
tivities in rat 6-hydroxydomaine (6-OHDA) and mouse 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
Parkinson’s disease models and beneficial effects on age-
related alterations in rats (Bar-Am et al. 2015).

In the present study, we applied the multifunctional com-
pound, VAR in combination with ced (VAR-ced) in symptom-
atic ALS SOD1G93A mice to assess the possible neurorescue
effect of the drug. We have determined motor function, moto-
neuron degeneration and survival, and analyzed some poten-
tial protective mechanisms of VAR-ced treatment, in the GNS
muscle, including PGC-1α, PGC-1α-related genes, mito-
chondrial DNA, and complexes I and II activities.

Methods

Materials

The multifunctional iron chelator, VAR10303 [5-(N-methyl-N
propargylaminomethyl)-8 hydroxyquinoline] was synthesized
and kindly provided by Varinel Inc. (Philadelphia, PA USA).

High-fat diet chow was purchased from Research Diets, Inc.
Materials for histological analyses: tissue-freezing medium
(Triangle Biomedical Sciences, Durham, NC, USA); anti-
choline acetyltransferase (ChAT) polyclonal antibody
(Chemicon, EMD Millipore, USA); goat anti rabbit IgG anti-
body (Chemicon, EMD Millipore, USA); Alexa-594-α-
bungarotoxin (Invitrogen, USA); anti-neurofilament (SMI-31)
(Covance Inc., USA); anti-synaptophysin (Chemicon, EMD
Millipore, USA). The following materials were used for real-
time RT-PCR: PurfectPure RNA Tissue Kit (5′PRIME Inc.,
USA); PrimeScript™ RT reagent kit and SYBR Premix Ex
Taq (TaKaRa Bio Inc. Korea); primers for gene analyses was
purchased from QIAGEN, USA. The following antibodies were
used for Western blotting analyses: mouse monoclonal anti-low
(L)-ferritin (Santa Cruz Biotechnology, USA); rabbit anti PGC-
1α (Epitomics Inc., Burlingame, CA, USA); rabbit monoclonal
anti-myocyte enhancer factor 2C (MEF2C), mouse monoclonal
anti-glucose transporter type 4 (GluT4), and mouse monoclonal
anti-NADH dehydrogenase 1 alpha subcomplex subunit 9
(NDUFA9) (Cell Signaling Technology Inc. Beverly, MA,
USA); mouse monoclonal anti-glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) (Merck Millipore, Germany). C2C12
muscle skeletal myoblasts cells were obtained from American
Type Culture Collection (ATCC, Manassas, VA). Mitotracker
green FM (Invitrogen, USA); lipophilic cationic probe 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine io-
dide (JC-1) kit (Immunochemistry Technologies, MN, USA).
Other Chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Animal Treatment

All procedures were carried out in accordance with the
National Institutes of Health Guide for Care and Use of
Laboratory Animals, and were approved by the Animal
Ethics Committee of the Technion, Haifa, Israel. SOD1G93A

transgenic familial ALS female mice (high copy number;
B6SJL Tg SOD1G93A Gur/J) (Gurney 1997) and littermate
(WT; non-Tg) mice were obtained from The Jackson
Laboratories (Bar Harbor, ME, USA). The estimation of trans-
gene copy numbers was performed by determining the differ-
ence in threshold cycle (ΔCT) between the transgene (human
SOD1) and a reference gene (mouse interleukin (IL)-2), as
previously described (Kupershmidt et al. 2009). Mice were
housed at an ambient temperature of 22 °C with a 12-h light/
dark cycle and humidity-controlled environment. Food and
water were available ad libitum.

SOD1G93A mice (22 mice/group) were administered by
oral gavage with VAR (0.5 and 2.5 mg/kg, two times a week)
+ ced (the diet consisted of regular chow supplemented with
21 % (w/w) fat and 0.15 % (w/w) cholesterol and 1.25 %
creatine given in sterile drinking water and replaced by a
freshly prepared solution every 2 days). Control mice were
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given vehicle (no drug, no diet supplementation) and only
sterile drinking water by oral gavage. The range of VAR doses
used in the experiments were based on our previous studies
with VAR (Bar-Am et al. 2015). At 88 days of age, when mice
started to lose weight and motor impairments were observed
by using various behavioral tests (rotarod performance, screen
grasping, tail suspension, balance beam, and gait footprint),
compared to WT (non-Tg) mice, VAR-ced, or vehicle were
administered to SOD1G93A. At 120 days of age, mice were
sacrificed by decapitation, and GNS muscle and spinal cord
tissues were dissected, frozen immediately in liquid nitrogen
and stored at −80 °C for further biochemical or immunohisto-
chemistry analyses. The time of death was considered when
mice could not roll over within 30 s of being pushed on the
side (no other cause of death was seen) (Ludolph et al. 2007).

Animal Behavioral Analyses

Behavioral experiments were conducted during the light cycle
by a researcher blinded to the group type. Mice were primarily
trained in five independent motor behavioral tests, including
rotarod performance, screen grasping, tail suspension, balance
beam, and gait footprint experiments. After the establishment
of stable baselines, animals were assessed at weekly intervals,
starting at the week of treatment.

Rotarod Performance Test

Training sessions were conducted to acclimate the mice to the
rotarod apparatus (Columbus Instruments, Columbus, OH,
USA). Fore- and hindlimb motor coordination and balance
were assessed by measuring the length of time at which the
mice remain on the rotating rod (12 rpm), as described previ-
ously (Azzouz et al. 2000). Three trials were given to each
animal, and the longest retention time (maximum of 300 s)
was used as the measure of competence at this task.
Evaluation scores were as follows: grade 0, >300 s; grade 1,
180–300 s; grade 2, 60–180 s; grade 3, <60; and grade 4,
falling off the rod before rotation.

Screen Grasping Assay

This test served as an indicator of general muscle strength
(Combs and D’Alecy 1987). The animal was placed on a
horizontally positioned screen with grids. The screen was then
rotated to the vertical position. Deficit scores were as follows:
grade 0, grasping the screen with forepaws for 5 s; grade 1,
holding the screen with alternative paws without falling for
5 s; grade 2, holding the screen for less than 5 s; and grade 3,
falling off instantaneously.

Tail Suspension Test

The tail suspension test in mice was performed according to
the method described previously (Cryan et al. 2005). The
mouse was suspended by its tail, and extension of hind limbs
was observed. Deficit scores were as follows: grade 0, normal;
grade 1, partial hind limb extension of two legs; grade 2, no
hind limb extension of one leg; and grade 3, no hind limb
extension.

Balance Beam Experiment

Motor coordination and balance of mice were assessed by
measuring the ability of the mice to traverse a graded series
of narrow beams to reach an enclosed safety platform (Filali
et al. 2011; Garbuzova-Davis et al. 2001). The beams
consisted of long and fixed stainless steel bar (45-cm long
and 0.9 cm in diameter) covered with rough sticker for a
comfortable grip, 50 cm above the bench surface. Each mouse
was given three trials, and the maximum durations (up to 30 s)
at which mice fall off from the bar were scored. Deficit scores
were as follows: grade 0, remains on beam 30 s; grade 1,
remains on beam 30 s without using four paws; grade 2, re-
mains on beam 11–20 s; grade 3, remains on beam <10 s; and
grade 4, unable to maintain grip or balance.

Gait Footprint Test

Gait abnormalities were assessed by analyzing the footprint
pattern of mice (Filali et al. 2011). To obtain footprints, the
hind- and forefeet of the mice were coated with purple and
green non-toxic paints, respectively. The animals were then
allowed to walk along a 50-cm-long, 10-cm-wide runway
(with 10-cm-high walls). All mice had three training runs
and were then given one run per week. The footprint patterns
were analyzed for three step parameters (cm): (1) stride length;
(2) hind-base width, and (3) front-base width. These values
were determined by measuring the perpendicular distance of a
given step to a line connecting its opposite preceding and
proceeding steps. The mean value of each set of three values
was used in subsequent analysis.

Lumbar Spinal Cord Histological Analyses

Spinal cord tissues were post-fixed in 4 % paraformaldehyde
in 0.1 M phosphate buffered saline for 24 h in 4 °C. Next, the
lumbar spinal cords (L2–L6) were removed and cryoprotected
in sucrose gradient (15–30 %) in 0.1 M sodium phosphate
buffer (pH 7.4), following embedded in a tissue-freezing me-
dium and sectioned (10-μm thickness) on a cryostat for further
immunohistochemical analyses.
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Motoneuron Examination

Every fifth section of a serial lumber cross-sections was
stained with ChAT polyclonal antibody using immunohisto-
chemical detection with HRP-DAB, according to the manu-
factory procedure. Briefly, sections were incubated with sec-
ond goat anti rabbit IgG antibody for 2 h, then in 0.05 %DAB
for 10 min and finally with 0.01 % H2O2 for another 5 min, to
stop the reaction. Slides were dehydrated in alcohol gradient
and coverslipped in a mounted DPX type. The number of
surviving motoneurons within the ventral horn of the lumbar
spinal cord was assessed by counting the number of ChAT-
stained motoneuron, determined by cell body size, using an
inverted-phase contrast microscope (Olympus America Inc.,
Melville, NY) with a digital camera (15–20 sections of ~200
motoneurons). Only large, polygonal neurons with a distin-
guishable nucleus and nucleolus and clearly identifiable were
included in the counts. This method avoided the possibility of
counting the same motoneuron in consecutive sections. At
least four mice were analyzed from each experimental group.
Analysis was performed using the BFiji^ software (ImageJ,
NIH, USA).

Perl’s DAB Staining

Iron staining was performed on lumbar serial sections using a
Perl’s DAB method, as previously described (Kupershmidt
et al. 2012). Iron labeling was observed using an inverted
phase contrast microscope (Olympus America Inc., Melville,
NY) with a digital camera. The iron burden analysis was per-
formed using the BImage Pro Plus^ software (Media
Cybernetics, Silver Spring, USA).

GNS Muscle Histological Analysis

Neuromuscular Junction Morphology

Morphological analysis of neuromuscular junction (NMJ) was
performed in the GNS muscle, using previously described
procedure (Ionescu et al. 2016). GNSmuscle was stained with
Alexa-594- α-bungarotoxin (red) to visualize post-synaptic
acetylcholine receptors (AChR), and double labeled with
ant i -neurof i lament (SMI-31) together with ant i -
synaptophysin (green) for distal axon and pre-synaptic nerve
terminal staining. Immunofluorescencewas observed by Zeiss
LSM 510 Meta confocal microscopy (Carl Zeiss, Germany)
using a 25×/40× objectives. Acquisition and analysis was per-
formed using the BZeiss Axiovision 4.8^ software (Carl Zeiss,
Germany). For quantitated analysis, 100 NMJs of three differ-
ent populations (fully and partial innervated and denervated
NMJs) were examined per muscle. NMJs that exhibited an
overlap of red and green were considered innervated, while
those that exhibited only α-bungarotoxin expression were

considered denervated. All NMJs in every 30-μm section
were analyzed. The percentage of fully and partial innervated
NMJs was determined in each treatment group using previ-
ously established counting criteria (Gifondorwa et al. 2007).

Muscle Morphology Determination

GNS muscle was embedded in a tissue-freezing medium and
serial cryostat sections were cut at 10 μm and stained by
hematoxylin and eosin (H&E). Every fifth slide of 15 sections
was examined, by using an inverted phase contrast micro-
scope (Olympus America Inc., Melville, USA) with a digital
camera. The number of myofibers in each GNS muscle was
assessed by counting the normal myofibers morphology;
plump and polygonal or triangular shape with peripherally
nuclei. Analysis was performed by using the BFiji^ software
(ImageJ, NIH, USA).

Quantitative Real-Time Reverse Transcriptase-PCR

Isolation of total RNAwas performed using PurfectPure RNA
Tissue Kit, as recommended by the manufacturer. After ex-
traction of total RNA from tissues, the RNA concentrations
were determined by NanoDrop spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, USA). Reverse transcription
(RT) was performed using PrimeScript™ RT reagent kit. The
resulting complementary DNA (cDNA) was amplified with
specific primers of genes examined in the present study, by
using 7500 real-time PCR system (Applied Biosystems,
USA). SYBR Premix Ex Taq (Tli RNase H Plus) was per-
formed according the manufacturer’s protocol. Real-time
PCR was performed with specific primers for the genes
in search and two reference genes: γ-tubulin and
GAPDH.

Western Immunoblotting Analysis

For Western blot analyses, the GNS muscle tissues were ho-
mogenized in Tris-sucrose buffer pH = 7.4. C2C12 cells were
washed with ice-cold PBS and lysed in whole buffer, contain-
ing protease inhibitor, as described previously (Kupershmidt
et al. 2009). Detection was completed by using Western blot-
ting ECL reagent system (Amersham Pharmacia, UK).

Mitochondrial Respiratory Chain Enzymatic Activities

Mitochondrial respiratory chain enzymatic activity of com-
plex І (NADH ubiquinone oxidoreductase) and complex ІІ
(succinate dehydrogenase), from frozen GNS muscle tissues,
was based on measuring the ubiquinone/decylubiquinone
(DUB) reduction by the electron acceptor after oxidation of
NADH/succinate by complexes І and ІІ at 340 mm and
600 nm, respectively, as previously described (Spinazzi et al.
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2012). The specific activity of complexes І and ІІ was calcu-
lated by subtracting the total activity using specific inhibitors,
rotenone (10 μM) and malonate (10 mM), respectively, and
expressed as nanomole per minute per milligram.

Cell Culture and MTTAssay

C2C12 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing high glucose (4.5 mg/ml)
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supplemented with 10 % fetal bovine serum, penicillin/
streptomycin (100 U/ml), and incubated at 37 °C in a water-
saturated atmosphere of 95 % ambient air and 5 % CO2. For
experiments with H2O2, cells were incubated in the cultured
medium for 24 h before drug treatment. VARwas added to the
culture medium 20 min prior-, or 30 and 60 min post-
treatment with H2O2 (1.5 mM) and further incubated for 3 h.
Vehicle-treated cultures were used as controls. The cell viabil-
ity of C2C12 myoblasts was determined by colorimetric MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide) assay, based on conversion of MTT to blue formazan
crystals by viable cells, as described previously (Kupershmidt
et al. 2009). Cells viability was measured by the absorbance at
570/650 nm.

Measurement of Reactive Oxygen Species Generation

Reactive oxygen species (ROS) generation was measured
with the non-fluorescent probe DCF-DA, which passively dif-
fuses into cells and was deacetylated by esterases to form non-
fluorescent probe non-fluorescent 2′,7′-dichlorfluorescein
(DCFH). In the presence of ROS, DCFH reacts with ROS to
form the fluorescent product 2′,7′-dichlorofluorescein (DCF),
which was trapped inside the cells. C2C12 cells were pre-
incubated with DCF-DA (10 μM) for 30 min, then treated
with VAR for 20 min before H2O2 addition in the dark. The
fluorescence intensity was measured after 3 h using a
MicroPlate reader infinite M200 PRO Tecan (AG,
Switzerland) at 485/530 nm.

M
yo

fib
ril

s 
w

ith
 p

er
ip

he
ra

lly
nu

cl
eu

s 
(fo

ld
s)

0

0.2

0.4

0.6

0.8

1

1.2

*

#

WT SOD1G93A

VAR-ced
(0.5mg/kg)

- - +

a

0 

0.5

1

1.5

2

M
uR

F1
 m

R
N

A 
ex

pr
es

si
on

 (f
ol

ds
) #

*

WT SOD1G93A

VAR-ced (0.5mg/kg) - - +

0

2

4

6

8

10

#

*

M
uS

K
m

R
N

A 
ex

pr
es

si
on

 
(fo

ld
s)

WT SOD1G93A
- - +

WT

#

*
Ac

hR
γ

m
R

N
A 

ex
pr

es
si

on
 

(fo
ld

s)

0

4

8

12

16

20

SOD1G93A
- - +

WT
VAR-ced (0.5mg/kg)

#

0

4

8

12

16

20

24

28

Ac
hR

α
m

R
N

A 
ex

pr
es

si
on

 
(fo

ld
s) *

SOD1G93A
- - +

0

0.5

1

1.5

2 #

*

At
g-

1 
m

R
N

A 
ex

pr
es

si
on

  
(fo

ld
s)

WT SOD1G93A

- - +

b

c

VAR-ced (0.5mg/kg)vehicleWT

SOD1G93A

25μm

Fig. 5 Effect of VAR-ced treatment on myofibril cell morphology and
mRNA expression levels of denervation and atrophy markers in the GNS
muscle of SOD1G93A mice. SOD1G93A mice were treated by oral gavage
with vehicle or VAR-ced (0.5 mg/kg), as described in Fig. 1. The GNS
muscle tissues were collected at symptomatic age of 120 days. a The
GNS muscle was stained with H&E, for myofibril morphology.
Polygonal and triangular shapes with peripherally nuclei (filled arrow)

were indicated as normal morphology and round/ shrunk with centrally
located nuclei (empty arrow) as irregular morphology. Histogram
represents myofibrils with peripherally nucleus (folds). b mRNA
expression of markers of denervation, AChR subunits α and γ and
MuSK. c mRNA expression of muscle atrophy markers, MuRF1 and
Atg-1. Results are expressed as means ± SEM; (n = 4/experimental
group); #p < 0.05 vs. WT; *p < 0.05 vs. vehicle-treated SOD1G93A mice
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Mitochondrial Mass Staining and Mitochondrial
Membrane Potential (ΔΨM) Determination

The cells were incubated under normal culture condi-
tions for 30 min and then visualized by fluorescence
microscopy (Olympus, Tokyo, Japan) for active mito-
chondrial mass by using Mitotracker green FM, accord-
ing to manufacturer’s instructions. Mitochondrial mem-
brane potential (ΔΨM) was detected with fluorescent
probe lipophilic cationic probe JC-1 kit according to
manufacturer’s instructions. For quantitative fluores-
cence measurements, cells were scanned with a micro-
plate fluorimeter (Tecan, Hombrechtikon, Switzerland) at
485/535 nm excitation and 550/600 nm emission, to
measure green and red JC-1 fluorescence, respectively.

Statistical Analysis

Kaplan-Meier survival analysis was used for survival
and onset comparisons, using log rank test to compare
curves. A two-way repeated measures ANOVA was used
to determine significant differences in motor dysfunction
and body weight. A one-way ANOVA was used to de-
termine significant differences among means in mRNA
expression and mean of survival. When significance oc-
curred (P ≤ 0.05), a Tukey-Kramer post hoc test was
used to determine significance. All statistical analyses
were completed by using GraphPad Prism program (La
Jolla, CA, USA).

Results

VAR-ced Treatment Prolonged Life Span and Improved
Motor Behavior of SOD1G93A Mice

The Kaplan-Meyer curve of survival demonstrates that the
mean of survival of SOD1G93A mice increased from
128 ± 1.8 days in vehicle-treated to 140 ± 1.8 and
138.5 ± 1.97 days in VAR-ced-treated, 0.5 and 2.5 mg/kg,
respectively (Fig. 1).

The effect of VAR-ced on overall deficit scores of motor
dysfunction was assessed by independent behavioral tests:
rotarod performance, screen grasping, tail suspension, and
balance beam experiments, performed routinely (1/week), as
described in BMethods.^ Figure 2a shows that in SOD1G93A

mice, the curve of motor dysfunction (scores) was shifted to
the right following VAR-ced (0.5 mg/kg) treatment, compared
to vehicle-treated animals. Additionally, gait abnormalities
were assessed by analyzing the footprint pattern of mice.
Indeed, stride length distance is most commonly a gait foot-
print parameter in mouse models of ALS (Filali et al. 2011).
As shown in Fig. 2b, c, a significant increase in stride length
distance (cm) was seen at 100–128 days of age in VAR-ced-
vs. vehicle-treated SOD1G93A mice.

VAR-ced Attenuated Motoneuron Cell Death, Iron
Accumulation, and NMJ Denervation in SOD1G93A Mice

Vehicle- and VAR-ced-treated SOD1G93A and WT (non-Tg)
mice were evaluated histologically for motoneuron cell
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Fig. 6 Effect of VAR-ced treatment onmtDNA and enzymatic activity of
complexes I and II in the GNS muscle of SOD1G93A mice. SOD1G93A

mice were treated by oral gavagewith vehicle or VAR-ced (0.5 mg/kg), as
described in Fig. 1. The GNS muscle tissues were collected at the
symptomatic age of 120 days. a mtDNA levels were expressed as the
ratio between the mitochondrial encoded gene, Cox1, and
nuclear-encoded gene, CypA. mRNA levels were assessed by real-time
RT-PCR and normalized to γ-Tubulin and GAPDH. The values represent

relative expression vs. WT (non-Tg) controls and results are
means ± SEM; (n = 4/experimental group); #p < 0.05 vs. WT;
*p < 0.05 vs. vehicle- treated SOD1G93A mice. b The enzymatic activity
was measured by spectrophotometer at 340 and 600 nm for NADH
(complex I) and succinate dehydrogenase (complex II), respectively.
Results represent the activity (nmol/min/mg) and are expressed as
means ± SEM; (n = 4/experimental group); #p < 0.05 vs. WT;
*p < 0.05 vs. vehicle- treated SOD1G93A mice
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number in the lumbar spinal cord. Immunohistochemistry
with ChAT antibody was used to visualize motoneuron cell
bodies in the ventral horn of the lumbar spinal cord
(Fig. 3a). As summarized in Fig. 3b, vehicle-treated
SOD1G93A mice had fewer motoneuron cell number
(~20 %) in the lumbar spinal cord. In contrast, there was a
significant attenuation of motoneuron cell loss in VAR-ced-
treated SOD1G93A mice, relative to vehicle-treated
SOD1G93A mice (Fig. 3b). VAR-ced treatment also lowered
the elevated iron levels in the spinal cord in SOD1G93A mice
(Fig. 3c). In addition, L-ferritin expression levels were

significantly increased in the GNS muscle of SOD1G93A

mice, compared to WT (non-Tg) mice (0.08 ± 0.02 and
3.12 ± 0.50, respectively; p < 0.05), while VAR-ced treat-
ment significantly reduced L-ferritin expression levels
(1.38 ± 0.190; p < 0.05).

Next, we have examined NMJs in the GNS muscle with
staining with α-bungarotoxin to visualize post-synaptic
AChR, and with anti-neurofilament (SMI-31) and anti-
synaptophysin antibodies to identify distal axon and pre-
synaptic nerve terminal staining. As illustrated in Fig. 4,
NMJs were classified as fully innervated, partially innervated,
or denervated based on the extant of overlap of these markers.
In WT (non-Tg) mice, motor endplate innervation was
~100 %, while in vehicle-treated SOD1G93A mice, endplate
innervation was only ~8 %; in contrast, in VAR-ced-treated
SOD1G93Amice, NMJ innervation was significantly increased
to ~25 % (Fig. 4b).

Effect of VAR-ced on Myofibril Cell Morphology mRNA
Expression of Markers of Denervation and Atrophy
in GNS Muscle of SOD1G93A Mice

At 120 days of age, vehicle-treated SOD1G93A mice
displayed atrophy of the GNS muscle, as revealed by
H&E staining and reduced number of myofibrils with nor-
mal morphology of polygonal and triangular shapes, com-
pared to WT (non-Tg) mice (Fig. 5a). In contrast, VAR-
ced-treated SOD1G93A mice displayed a significant preser-
vation of myofibril regular morphology (Fig. 5a). In accor-
dance, mRNA expression of markers of muscle denerva-
tion: AChRα and AChRγ [two subunits of the nicotinic
acetylcholine receptor and muscle-specific tyrosine kinase
(MuSK) (Palamiuc et al. 2015)], as well as mRNA expres-
sion of muscle atrophy markers: muscle specific ring finger
protein 1 (MuRF1) and atrogin-1 (Atg-1) (Chen et al.
2010) were significantly higher in vehicle-treated
SOD1G93A mice, compared to WT (non-Tg) mice
(Fig. 5b, c). VAR-ced treatment significantly reduced
mRNA expression levels of these markers of denervation
and atrophy in the GNS muscle in SOD1G93A mice, com-
pared to vehicle- treated SOD1G93A mice (Fig. 5b, c).

Effect of VAR-ced Treatment on mtDNA
andMitochondrial Respiratory Chain Complexes I and II
Enzymatic Activity in GNS Muscle of SOD1G93A Mice

Given the importance of mtDNA and mitochondrial respi-
ratory chain complex in muscle atrophy (Ripolone et al.
2015), we have measured the levels of mtDNA expression
(expressed as the ratio between the mitochondrial encoded
gene, cytochrome c oxidase subunit 1 (Cox1), and the
nuclear-encoded gene, cyclophilin A (CypA)) and the en-
zymatic activity of complexes I and II in the GNS muscle
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Fig. 7 Effect of VAR-ced treatment on expression levels of PGC-1α and
PPARγ and pCREB (ser133) in the GNS muscle of SOD1G93A mice.
SOD1G93A mice were treated by oral gavage with vehicle or VAR-ced
(0.5 mg/kg), as described in Fig. 1. The GNS muscle tissues were
collected at symptomatic age of 120 days. a mRNA expression and
protein levels of PGC-1α; mRNA products were assessed by real-time
RT-PCR and normalized to γ-Tubulin and GAPDH; Western blotting
analysis was normalized to GAPDH. b Levels of pCREB (ser133) were
evaluated byWestern blotting analysis; the graph represents densitometry
quantification of the lanes, normalized to total CREB and GAPDH. c
mRNA expression levels of PPARγ; mRNA products were assessed by
real-time RT-PCR and normalized to γ-Tubulin and GAPDH. The values
represent relative levels vs. respective controls. Results are expressed as
means ± SEM; (n = 4/experimental group); #p < 0.05 vs. WT; *p < 0.05
vs. vehicle- treated SOD1G93A mice.
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of VAR-ced- and vehicle-treated SOD1G93A mice and WT
mice). VAR-ced treatment significantly prevented the de-
crease in mtDNA mRNA expression levels (Fig. 6a) and
in complexes I and II enzymatic activity (Fig. 6b) in the
GNS muscle of SOD1G93A mice, compared to vehicle-
treated SOD1G93A mice.

Effect of VAR-ced on pCREB, PGC-1α,
and PGC-1α-Target Genes and Proteins in GNS Muscle
of SOD1G93A Mice

We have further analyzed the effect of VAR-ced treatment
on levels of the master regulator of mitochondrial biogen-
esis and energy production PGC-1α (Lin et al. 2002; Wu
et al. 1999) in the GNS muscle of SOD1G93A mice. As
seen in Fig .7a, PGC-1α mRNA and protein levels were
decreased in vehicle-treated SOD1G93A mice, compared to
WT (non-Tg) mice, whereas they were significantly in-
creased in VAR-ced- vs. vehicle-treated SOD1G93A mice.
This increase in PGC-1α levels was associated with an
upregulation of the signaling regulator of PGC-1α, p-

cAMP response element-binding protein (CREB) (ser133)
(Fig. 7b), and PGC-1α-co-activated gene PPARγ
(Fig. 7c).

In addition, treatment with VAR-ced increased
mRNA expression levels of several regulated genes of
PGC-1α pathway, including uncoupling protein 3
(UCP3), nuclear respiratory factor 1 (NRF1), NRF2,
nuclear-encoded mitochondrial transcription factor A
(Tfam), estrogen-related receptor α (ERRα), and vascu-
lar endothelial growth factor (VEGF) in the GNS mus-
cle of SOD1G93A mice (Fig. 8a). As shown in Fig. 8b,
mRNA and protein levels of the insulin-sensitive glu-
cose transporter 4, Glut4 were reduced in the GNS mus-
cle of vehicle-treated SOD1G93A mice vs. WT (non-Tg).
However, VAR-ced administration to SOD1G93A mice
significantly upregulated mRNA and protein levels of
Glut4 in the GNS muscle, in comparison to vehicle-
treated SOD1G93A mice (Fig. 8b). Additionally, VAR-
ced increased protein levels of the myocytes-specific
enhancer factor MEF2C in the GNS muscles, compared
with vehicle-treated SOD1G93A mice (Fig. 8c).
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Fig. 8 Effect of VAR-ced
treatment on PGC-1α-target
genes and -proteins in the GNS
muscle of SOD1G93A mice.
SOD1G93A mice were treated by
oral gavage with vehicle or
VAR-ced (0.5 mg/kg), as
described in Fig. 1. The GNS
muscle tissues were
collected at symptomatic age of
120 days. a mRNA expression
levels of UCP3, NRF1, NRF2,
Tfam, ERRα, and VEGF; mRNA
products were assessed by real-
time RT-PCR and normalized to
γ-Tubulin and GAPDH. b
mRNA expression and protein
levels of GluT4; the amount of
mRNA products were assessed by
real-time RT-PCR and normalized
to γ-Tubulin and GAPDH;
Western blotting analysis was
normalized to GAPDH. cWestern
blotting analysis of MEF2C. The
graph represents densitometry
quantification of the lanes,
normalized to GAPDH and the
values represent relative levels vs.
WT. Results are expressed as
means ± SEM; (n = 4/
experimental group); #p < 0.05
vs. WT; *p < 0.05 vs. vehicle-
treated SOD1G93A mice
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The Cytoprotective Effects of VAR Against Oxidative
Stress in C2C12 Myoblasts

Functional deficits of the mitochondrial function can cause a
major intracellular generation of ROS, such as superoxide and
H2O2 (Kiaei et al. 2005). Thus, we have further examined the
potential cytoprotective/antioxidant effects of VAR in C2C12
myoblasts, using H2O2 as an oxidative stress inducer. As
shown in Fig. 9a, H2O2 (1.5 mM) markedly reduced viability
of C2C12 myoblasts, while VAR (25 μM) significantly in-
creased cell survival at pre- (Fig. 9a) and post- (Fig. 9b)
H2O2 cytotoxicity treatment, as assessed by MTT test. No
effect was seen when the drug was given alone (without
H2O2; data not shown). In addition, we determined the intra-
cellular levels of ROS, using the DCF-DA assay. Figure 9c
demonstrates that VAR dose-dependently suppressed

intracellular ROS generation in H2O2-treated C2C12 myo-
blasts, indicating a putative antioxidant property of the drug.

The mitochondrial-specific fluorescent dye, MitoTracker
Green was used to assess the effect of VAR on the mitochon-
drial mass in C2C12 myoblasts following exposure to H2O2.
Figure 10a, b show reduced mitochondrial mass in C2C12
myoblasts treated with H2O2 (1.5 mM), whereas VAR signif-
icantly and dose-dependently (3.5–25 μM) prevented the loss
of mitochondrial abundance.

We have further examined whether Δψm was involved in
the protective effect of VAR on H2O2-induced cell death in
C2C12 myoblasts, by using the molecular probe JC-1. In liv-
ing cells, JC-1 accumulates as aggregates in normal
hyperpolarized mitochondria, resulting in red fluorescence;
while in apoptotic cells, the mitochondrial potential collapses
and JC-1 exists in a monomeric form and stains the cytosol in
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Fig. 9 Protective/rescue effects
of VAR on cell viability and
intracellular accumulation of
ROS, following H2O2-induced
cytotoxicity in C2C12 myoblasts.
C2C12 myoblast cells were
treated without or with various
concentrations of VAR: a 20 min
prior- or b 30 and 60 min
post-treatment with H2O2

(1.5 mM) and further incubated
for 3 h. Cell viability was
evaluated by MTT assay; c ROS
levels were measured by HPF
fluorescence intensity. Data are
means ± SEM values and
expressed as percentage of
control, untreated cells. n = 3;
#p < 0.05 vs. untreated cells;
*p < 0.05 vs. H2O2 alone
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green. Treatment with H2O2 induced a green diffused fluores-
cence pattern, corresponding to monomers appearing in the
cytoplasm, indicating dissipation of the Δψm, while pre-
(Fig. 10c) and post- (Fig. 10d) treatment with VAR signifi-
cantly and dose-dependently showed an increase in red fluo-
rescence, indicating inhibition of mitochondrial transmem-
brane potential loss in H2O2-induced cells.

Discussion and Conclusions

The concept of complex etiology in neurodegenerative disor-
ders led our group to develop a series of multifunctional, brain
permeable, non-toxic compounds with iron chelating and anti-
apoptotic properties (Bar-Am et al. 2015; Zheng et al. 2005a,
b). Among these novel multitarget drugs, the compound VAR,
which amalgamates the propargyl moiety of rasagiline, with
the backbone of the iron chelator VK28, was shown to afford
iron chelation, iron-induced lipid peroxidation inhibitory po-
tency, and brain MAO-A and -B inhibitory effects (Bar-Am
et al. 2015). In this study, we have evaluated the potential

therapeutic effects of VAR, combined with ced, in the
SOD1G93A transgenic mouse model of ALS. This combina-
tion protocol of VAR-ced was based on our recent data, dem-
onstrating additive protective effects of low doses of the mul-
tifunctional iron chelator, M30 with ced in SOD1G93A mice
(Golko-Perez et al. 2016). At 126 days of age, the overall
motor dysfunction scores of the M30-ced group were signifi-
cantly lower (p < 0.05), compared to the individual treatments,
ced, low dose of M30 and vehicle-treated SOD1G93A mice. In
addition, the differences in life extension between M30-ced
and each of the individual treatments, ced, and low dose of
M30 were significantly different (p < 0.05), indicating a su-
periority of the combination protocol upon the individual
treatments (Golko-Perez et al. 2016).

In the current study, the treatment of VAR-ced in
SOD1G93A mice was initiated after the appearance of disease
symptoms (at day 88), as this regimen is comparable with the
earliest time at which drug therapy could start in ALS patients.
Using this rescue protocol, here, we demonstrated that VAR-
ced provided several beneficial effects in SOD1G93A mice: (1)
the treatment increased survival, (2) attenuated spinal cord
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Fig. 10 Protective/rescue effects of VAR on H2O2-induced loss of
mitochondrial mass and mitochondrial membrane potential (ΔΨm) in
C2C12 myoblasts. C2C12 myoblast cells were treated without or with
VAR, 20 min prior H2O2 (1.5 mM) and further incubated for 3 h. a
C2C12 myoblasts were stained with MitoTracker Green FM for
mitochondrial mass analysis and JC-1 for ΔΨm analysis, using
fluorescence microscope; b Total active mitochondrial mass was
detected by MitoTracker Green FM. C2C12 myoblasts were treated

without or with VAR, c 20 min prior- and d 30 and 60 min
post-treatment with H2O2 (1.5 mM) and further incubated for 3 h.
ΔΨm was expressed as the ratio of J-aggregate and JC-1 monomer
(red/green) fluorescence intensities. Mitochondrial depolarization (i.e.,
loss ofΔΨm) manifests itself by a decrease in the red/green fluorescence
ratio. Values are means ± SEM of values and expressed as folds of
control, untreated cells. n = 3; #p < 0.05 vs. untreated cells; *p < 0.05
vs. H2O2 alone
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motoneuron loss, and (3) improved motor performance. We
also demonstrated that VAR-ced treatment prevented the up-
regulation in iron levels in the spinal cord of SOD1G93A mice,
indicating that the drug may attenuate the progression of ALS
by reducing excessive iron and its redox activity. In addition,
VAR-ced treatment reduced expression levels of H-ferritin
and L-ferritin in the GNS muscle of SOD1G93A mice. These
results are in accordance with previously described iron dys-
regulation in ALS patients, ALS mouse model, and in culture
neurons overexpressing SOD1G93A (Ignjatovic et al. 2012;
Imon et al. 1995; Ince et al. 1994; Jeong et al. 2009;
Kasarskis et al. 1995; Oba et al. 1993; Winkler et al. 2014).
Indeed, it was shown that iron chelators have a potential in
delaying disease onset and increasing survival in SOD1G93A

mice, with decreasing oxidative stress and glial activation in
the spinal cord (Jeong et al. 2009; Winkler et al. 2014;
Kupershmidt et al. 2009). In addition, it was shown that iron
chelators significantly prevented the decrease in SOD activity
in SOD1G93A mice, following 120 days of treatment (Wang
et al. 2011).

Although motoneuron loss is the most prominent charac-
teristics of ALS pathogenesis, it has been indicated that the
skeletal muscle is a primary target of SOD1G93Amice-induced
toxicity (Dobrowolny et al. 2008). It has been proposed that
defects in skeletal muscle, leading to muscle cell dysfunction,
may contribute to the motoneuron pathology (Capitanio et al.
2012). Recently, Capinio et al. (2012) have characterized pro-
tein alteration in hind- and forelimb muscles and identified
muscular signatures (e.g., muscle albumin, complexes I and
II, PI3 kinase, PGC-1α. rho-associated protein kinase 1
(ROCK1)) of ALS diagnosis and progression in the
SOD1G93A mice. Thus, in the current study, we have further
evaluated the effects of VAR-ced treatment on the GNS mus-
cle in SOD1G93A mice. The results showed that VAR-ced
affected various parameters in the GNS muscle in
SOD1G93A mice, including attenuation of NMJ denervation,
preservation of myofiber regular morphology, and reduction
of mRNA expression levels of markers of muscle denervation
and atrophy. Consistent with the involvement of mitochondri-
al abnormalities in muscles in ALS (Al-Sarraj et al. 2014; Luo
et al. 2013; Nefussy and Drory 2010), we also found that
VAR-ced treatment prevented the decrease in mRNA expres-
sion levels of mtDNA and complexes I and II enzymatic ac-
tivity in the GNS muscle of SOD1G93A mice.

Based on the analysis of the effect of VAR-ced on
mitochondrial dysfunction in skeletal muscles that may
precede motoneuron death in SOD1G93A mice, we have
further investigated the protective effects of the drug
against oxidative stress in muscle cell line. We have
used the mouse myoblastic cell line C2C12, which pro-
vides a well-established in vitro model for a morpho-
functional features of muscle cells (Burattini et al.
2004), as well as common model of oxidative stress-

induced muscle cell death to investigate therapeutic im-
plications for ALS (Schoneich et al. 2014; Pansarasa
et al. 2014). Our experiments in mouse C2C12 myo-
blasts demonstrated that VAR markedly and dose-
dependently inhibited H2O2-induced cytotoxicity, associ-
ated with decreased cellular ROS formation. In addition,
VAR treatment attenuated H2O2-induced mitochondrial
membrane potential loss, further suggesting that the
drug may produce its protective effects via the preser-
vation of mitochondrial function. Indeed, previous stud-
ies with M30 and HLA20 demonstrated that both mul-
tifunctional iron chelators attenuated H2O2-induced mi-
tochondrial membrane potential loss, decreased the re-
lease of cytochrome c into the cytoplasm, and inhibited
activation of caspase-3 in pancreatic beta-cells, indicat-
ing that these iron cheating drugs may produce
cytoprotective effects via the preservation of mitochon-
drial function (Mechlovich et al. 2010).

In this respect, a potential therapeutic target is the transcrip-
tional co-activator, PGC-1α, which has been identified as a
master regulator of mitochondrial biogenesis and also has
been shown to regulate proteins involved in angiogenesis
and the antioxidant defense in skeletal muscles (Dillon et al.
2012; Kang and Li Ji 2012; Villena 2015). PGC-1α exerts
these effects through direct interaction with and co-
activation of PPARγ, ERRs, and NRF1 and NRF2 among
other transcriptional factors (Finck and Kelly 2006). Studies
in various ALSmouse models demonstrated that PGC-1α and
PPARγ agonists protected motoneurons and NMJs, altered
disease progression, and extended life span in ALS mice
(Kiaei et al. 2005; Shibata et al. 2008; Liang et al. 2011).
Additionally, assessment of double-transgenic overexpression
SOD1G93A and PGC-1α revealed protective effects on moto-
neuron loss (Liang et al. 2011).

Here, we observed a significant increase in PGC-1α mRNA
and protein and phosphorylated levels of CREB at serine 133 in
the GNS muscle of VAR-ced-treated SOD1G93A mice, com-
pared with vehicle-treated SOD1G93A mice. This is in accor-
dance with previous findings demonstrating that involvement
of pCREB (ser133) in the regulation and activation of PGC-
1α (Handschin et al. 2003). In addition, consistent with the
activation of PGC-1α pathway, our study demonstrated that
VAR-ced could increase mRNA expression levels of several
downstream-related factors, involved in regulation of mitochon-
drial function/biogenesis (e.g., NRF1, NRF2, Tfam); mitochon-
drial bioenergetic response and angiogenesis (e.g., ERRα,
VEGF); oxidation and antioxidants detoxification (e.g.,
PPARγ, UCP3) and glucose consumption (e.g., MEF2C,
GLUT4) in the GNS muscle in SOD1G93A mice.

In summary, we have demonstrated that VAR-ced treat-
ment exerted potent rescue effects on motor/neurological dys-
function and life span in SOD1G93A ALS mice. We have also
showed a possible molecular mechanism of VAR-ced
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treatment in the GNS muscle, including beneficial effects on
mitochondrial biogenesis, which may be associated with the
observed protective effects on motoneuron degeneration,
muscle atrophy, and NMJ destabilization in SOD1G93A mice.
These results provide evidence of therapeutic potential of
VAR-ced in SOD1G93A mice with underlying molecular
mechanisms, further supporting the importance role of multi-
target iron chelators in ALS treatment.
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