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ARTICLE INFO ABSTRACT

3-Nitropropionic acid (3-NP) induces a spectrum of Huntington's disease (HD)-like neuropathologies in the rat
striatum. The present study aimed to demonstrate the neuroprotective effect of lercanidipine (LER) in rats with
3-NP-induced neurotoxicity, address the possible additional protective effect of combined treatment with bone
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Lercanidipine marrow-derived mesenchymal stem cells (BM-MSCs) and LER, and investigate the possible involvement of the
('éI:;JI'\/iSCC:N /NFATc4 Ca** /calcineurin (CaN)/nuclear factor of activated T cells c4 (NFATc4) and Wnt/B-catenin signalling pathways.

Rats were injected with 3-NP (10 mg/kg/day, i.p.) for two weeks and were divided into four subgroups; the first
served as the control HD group, the second received a daily dose of LER (0.5 mg/kg, i.p.), the third received a
single injection of BM-MSCs (1 x 106/rat, i.v.) and the last received a combination of both BM-MSCs and LER.
The combined therapy improved motor and behaviour performance. Meanwhile, this treatment led to a marked
reduction in striatal cytosolic Ca®** CaN, tumour necrosis factor-alpha, and NFATc4 expression and the Bax/Bcl2
ratio. Combined therapy also increased striatal brain-derived neurotrophic factor, FOXP3, Wnt, and p-catenin
protein expression. Furthermore, haematoxylin-eosin and Nissl staining revealed an amelioration of striatum
tissue injury with the combined treatment. In conclusion, the current study provides evidence for a neuropro-
tective effect of LER and/or BM-MSCs in 3-NP-induced neurotoxicity in rats. Interestingly, combined LER/BM-
MSC therapy was superior to cell therapy alone in inhibiting 3-NP-induced neurological insults via modulation of
the Ca®* /CaN/NFATc4 and Wnt/pB-catenin signalling pathways. LER/BM-MSC combined therapy may represent
a feasible approach for improving the beneficial effects of stem cell therapy in HD.

Wnt/B-catenin

1. Introduction Ludolph et al., 1991).

A key pathological feature of neurodegenerative diseases is the ac-

Huntington's disease (HD) is a genetic neurodegenerative disease
caused by the expansion of CAG triplicate repeats in the huntingtin
(Htt) gene, which leads to the accumulation of polyglutamine-expanded
Htt protein within intranuclear inclusion bodies or neurites (Nagahara
and Tuszynski, 2011). HD is initiated by the death of neurons in the
striatum and is characterized by abnormal movements (chorea, dyski-
nesia), psychiatric disturbances, and progressive dementia (Lindvall
and Kokaia, 2006). Among the experimental models of HD, the 3-ni-
tropropionic acid (3-NP) model has been widely used in HD research. 3-
NP is a plant and fungal neurotoxin known to mediate preferential
neurodegeneration similar to that found in HD (Brouillet et al., 2005;

cumulation of misfolded aggregated proteins in the brain, leading to
neuronal dysfunction and disease (Quist et al., 2005). Misfolded pro-
teins damage cells by inducing endoplasmic reticulum stress and cal-
cium (Ca?") concentration changes (Mukherjee and Soto, 2011). Ca2*t
dyshomeostasis induces calcineurin (CaN), a key phosphatase in the
brain, that may trigger synaptic dysfunction and neuronal death (Wu
et al., 2010). Upon activation by CaN, the nuclear factor of activated T
cells (NFAT) translocates to the nucleus and guides the expression of
target genes involved in neuroinflammation and synaptic development
and plasticity (Schwartz et al., 2009). Mounting evidence suggests that
aberrant Ca®*/CaN/NFAT signalling significantly contributes to the
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pathologic and clinical features of neurodegenerative disorders (Abdul
et al.,, 2010; Sompol and Norris, 2018). Thus, Ca2™ /CaN/NFAT sig-
nalling is likely to serve as a potential therapeutic target for neurode-
generative disorders.

Wnts are a large family of proteins that participate in a signalling
cascade that regulates organogenesis and stem cell proliferation
(Inestrosa and Varela-nallar, 2014). Wnt signalling plays an essential
role in the development and function of the neuronal network (Ciani
and Salinas, 2005). The canonical Wnt signalling pathway is activated
by the binding of the ligand to its receptor, leading to the liberation of
B-catenin (Angers and Moon, 2009). As a consequence, B-catenin ac-
cumulates in the cytoplasm and translocates to the nucleus where it
regulates Wnt target gene expression (Inestrosa et al., 2012). Dysfunc-
tional Wnt signalling is associated with neuron pathology and synapse
degeneration (Silva-Alvarez et al., 2013). Synapse loss is an early fea-
ture of neurodegenerative diseases and correlates with the severity of
the disease (Purro et al., 2014). Therefore, protecting synapses early in
the disease through modulating Wnt/f-catenin signalling could provide
an effective therapeutic approach for the treatment of these diseases.

Mesenchymal stem cells (MSCs) are multipotent cells that have been
shown to be effective in the treatment of preclinical animal models of
neurological diseases such as experimental autoimmune en-
cephalomyelitis, multiple sclerosis, and HD (Colpo et al., 2019; Uccelli
et al., 2011). Intravenously injected MSCs are primarily trapped in the
lungs where they can secrete various factors for a systemic response.
Over time, MSCs migrate from the lung to various tissues, including the
brain Kean, 2013; Kim, 2015. MSCs have been reported to secrete
neurotrophic growth factors, including brain-derived neurotrophic
factor (BDNF) (Teixeira et al., 2017). MSCs modulate inflammatory and
apoptotic responses (Foraker et al., 2011; Li et al., 2015) and migrate to
injury sites (Prockop and Oh, 2012). Bone marrow-derived MSCs (BM-
MSCs) are, to date, the most commonly used stem cells for the treat-
ment of haematopoietic diseases, and thus, their isolation and appli-
cation are well studies (Gogel et al., 2011). Furthermore, BM-MSCs
provide superior therapeutic effects over other stem cell types because
of their low immunogenicity, making them the stem cell type with the
greatest foundation for successful clinical use (Tao et al., 2015).

Lercanidipine (LER) is a vasoselective dihydropyridine calcium
channel blocker (CCB) used for the treatment of hypertension (Wirtz
and Herzig, 2004). Because LER is an L-type CCB and L-type calcium
channels are considered the primary source of Ca®* that activates CaN/
NFAT signalling, LER has been speculated to inhibit this signalling.
Likewise, LER possesses high lipophilicity, long duration of action and
minimal adverse effects (Selvaraj et al., 2015). LER has been found to
be neuroprotective in a focal cerebral ischaemic-reperfusion injury
model via its antioxidant, anti-inflammatory and anti-apoptotic prop-
erties (Gupta et al., 2017).

Taken together, these observations suggest that a treatment that
modulates both the Ca®*/CaN/NFAT and Wnt/B-catenin signalling
pathways may have therapeutic potential in mitigating HD. Therefore,
the aim of the current study was to demonstrate the neuroprotective
effect of LER in rats with 3-NP-induced neurotoxicity, address the
possible additional protective effect of combined treatment with BM-
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MSCs and LER, and investigate the possible role of the Ca®>* /CaN/NFAT
and Wnt/fB-catenin signalling pathways.

2. Materials and methods
2.1. Animals

Adult male Wistar rats weighing 200-250 g were purchased from
Theodor Bilharz Research Institute (Giza, Egypt). Animals were housed
under controlled environmental conditions: constant temperature of
25 + 2°C, 60 = 10% humidity, ventilation with 10-20 changes/h,
and a 12/12-h light/dark cycle. Rats were allowed free access to a
standard chow diet and water. The protocols used in this study com-
plied with The Guide for Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No. 85-23,
revised 2011) and were approved by the Ethics Committee for Animal
Experimentation at Faculty of Pharmacy, Cairo University (Permission
Number: 2249). All efforts were exerted to minimize animal suffering
and to reduce the number of animals used.

2.2. Isolation, culture and labelling of MSCs

Once male Wistar rats (150-200 g) were euthanized with thiopental
(Sigma-Aldrich Co., USA) overdose, whole marrow from the femurs and
tibias was flushed in Mesencult basal medium supplemented with MSC
stimulatory enhancements (Stem Cell Technologies, Vancouver,
Canada), 100 U/mL penicillin, and 100 mg/mL streptomycin (Biowest,
France). Cells were seeded at a density of 3 X 107 nucleated cells per
millilitre at 37 °C in a 5% humidified CO, incubator (Sanyo, Osaka,
Japan) for 72 h. Detached cells were removed on the third day, and the
adherent population was cultured for more than 4-10 days to reach the
maximum number of fibroblast colony-forming units prior to initial
passage. Adherent cells were trypsinized (using 0.1% trypsin/0.1%
ethylene diamine tetra acetic acid) and subcultured at a density of
5 x 10° cells/cm. All cultures were used between passages 2 and 5 (Liu
et al., 2009). MSCs in culture were characterized by their flexible ad-
hesiveness and spindle-shaped fibroblast-like appearance. Flow cyto-
metric immunophenotyping was used to identify and characterize BM-
MSCs (CD34 %, CD90 * and CD105 + ) using a flow cytometer (Beckman
Coulter, EPICS-XL, USA). MSCs harvested during the 4th passage were
stained with red fluorochrome PKH26 (Sigma-Aldrich Co., USA), which
labels cells with both biological and proliferating activities preserved
and is convenient for in vitro and in vivo cell labelling (Alhadlaq and
Mao, 2004). Flow cytometric analysis depicted that 96.8% and 96.1%
cultured cells were positive for CD105 and CD90, respectively. In
contrast, CD34 was expressed in only 1.05% of total cells (Fig. 1A, B
and C).

2.3. Drugs and chemicals
3-NP purchased from Sigma-Aldrich Co. (St Louis, MO, USA) was

dissolved in normal saline (0.9% w/v) in a volume of 0.5mL 100 g’1
animal body weight for intraperitoneal (i.p.) injection. Lercanidipine
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Fig. 1. Flow cytometric immunophenotyping for the identification and characterization of BM-MSCs (A-C).
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hydrochloride was provided as a gift from Pharmacare Egypt (Cairo,
Egypt) and was prepared in 20% ethanol, 20% dimethyl sulfoxide
(DMSO), and 60% normal saline. All other chemicals were of the
highest purity and analytical grade.

2.4. Experimental design

Sixty rats were randomly divided into five groups (12 animals each).
Rats in group 1 (the control group) received i.p. injection of
ethanol:DMSO:saline at a ratio of 20:20:60 for 14 days and served as a
normal control. Rats in group 2 (the 3-NP group) received 3-NP (10 mg/
kg/day, i.p.) for 14 days and served as the HD control group (Shalaby
et al.,, 2018). Rats in group 3 (the BM-MSC group) received 3-NP
(10 mg/kg/day, i.p.) for 14 days and a single intravenous injection of
BM-MSCs (1 x 10°%/rat) into the tail vein 1 h before the first 3-NP in-
jection (Mohamed et al., 2015). Rats in group 4 (the LER group) re-
ceived 3-NP (10 mg/kg/day, i.p.) and LER (0.5 mg/kg/day, i.p.) (Gupta
et al., 2017) 1 h before 3-NP injection for 14 days. Rats in group 5 (the
BM-MSC + LER group) received 3-NP (10 mg/kg/day, i.p.) and a
combined therapy of BM-MSCs as in group 3 and LER as in group 4. The
dose of LER was selected on the basis of the previous study by Gupta
et al. (2017) who reported the neuroprotective activity of LER against
stroke in rats and was confirmed by our pilot study results (data not
shown).

2.5. Behavioural and motor assessments

Twenty-four hours after the last 3-NP injection, animals were sub-
jected to behavioural tests with a minimum of 30 min between each
test. All testing was conducted during the animal's light cycle.

2.5.1. Open field test

An open field was performed to examine the spontaneous motor
activity of rats. The apparatus was made of a square wooden box
80 X 80 X 40 cm in size with a red painted wall. The floor was divided
with white lines into a 4 X 4 grid of 16 equal squares. Each rat was
gently placed in the central area of the open field, and the locomotor
behaviour was video recorded for 3 min. The test was performed in a
quiet room under white light, and the apparatus was cleaned with 20%
ethyl alcohol after each rat was tested. The ambulation frequency (the
number of squares traversed by the rat), rearing frequency (the fre-
quency of standing on its hind legs) and latency time (time passed with
lack of movement during testing) were recorded for each animal
(Moreira et al., 2010).

2.5.2. Rotarod test

Motor coordination was examined using the rotarod test. In brief,
the rotarod apparatus consisted of a metallic rotating rod (120 cm in
length, 3 cm in diameter and 30 cm in height) operating at a constant
speed of 25 rpm. The rod was partitioned into four sections by discs
24 cm in diameter. Prior to the test, rats were adapted on the rotarod in
training sessions. Each rat performed 3 separate trials with a 5-min gap,
and the average latency to fall was recorded as the time on rotarod
(Jones and Roberts, 1968).

2.5.3. String test for grip strength
A rat grip strength metre (Model 47200, Ugo Basile, Comerio, Italy)

was used to assess forelimb grip strength. Animals were gently placed
over a base plate in front of a triangle bar. When the rat grasped the bar,
the animal was gently pulled steadily by their tail away from the tri-
angle bar. The maximum pulling force (in grams) was recorded when
the animal lost its grip on the grasping bar. The mean of three values for
each rat was recorded (Massicotte et al., 2015).
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2.6. Tissue processing

At the end of behavioural tests, rats were weighed and sacrificed by
cervical dislocation under light anaesthesia, and their brains were ra-
pidly dissected, washed with ice-cold saline and dried. Afterward, each
of the groups was divided into two subgroups. In the first set (n = 3),
brains were fixed in 10% (v/v) formalin for 24 h for histopathological
staining. In the other set (n = 9), the striatal tissues were excised from
each brain on an ice-cold glass plate and used for biochemical in-
vestigations.

2.7. Biochemical parameters

One striatum was homogenized in ice-cold saline to prepare 10%
homogenates for the determination of cytosolic Ca?* concentration,
tumour necrosis factor-alpha (TNF-a), BDNF, forkhead box P3 (FOXP3),
and CaN expression using Enzyme-linked immunosorbent assay
(ELISA). The other striatum was used for Western blot analyses. The
protein contents of the tissue homogenates were determined using the
Bradford method (1976).

2.7.1. Cytosolic Ca®* concentration

An aliquot of the 10% homogenate was ultracentrifuged at
105,000 x g for 15minat 4°C. A cytosolic fraction was used to assay
cytosolic Ca®* concentration using a Unicam 939 atomic absorption
spectrophotometer (Cambridge, UK) (Subramanian, 1995).

2.7.2. ELISA

Brain TNF-a, BDNF, FOXP3 and CaN levels were estimated using rat
ELISA kits purchased from Elabscience Biotechnology Co., Ltd. (Wuhan,
China), Abnova Corporation (Jhongli, Taiwan), R&D Systems Inc.
(Minneapolis, USA) and Cusabio Life Science (Wuhan, Hubei, China),
respectively. The procedures were performed according to the manu-
facturer's instructions. The results are expressed as pg/mg protein for
TNF-a, BDNF and FOXP3 and ng/mg protein for CaN.

2.7.3. Western blot analysis of Bax, Bcl2, Wnt and f-catenin protein
expression

After total protein was extracted from the striatal tissue, equal
amounts of protein (20-30 ug of total protein) were separated by SDS-
PAGE (10% acrylamide gel) using a Bio-Rad Mini-Protein II system. The
protein was transferred to polyvinylidene difluoride membranes
(Pierce, Rockford, IL, USA) with a Bio-Rad Trans-Blot system.
Subsequently, the membranes were washed with phosphate-buffered
saline (PBS) and blocked for an hour at room temperature with 5% (w/
v) skim milk powder in PBS. The manufacturer's guidelines were fol-
lowed for the primary antibody reactions. After the membranes were
blocked, the blots were developed using antibodies against Wnt and f-
catenin obtained from R&D Systems Inc. (Minneapolis, USA) as well as
Bax, Bcl2, and p-actin obtained from Thermo Fisher Scientific Inc.
(Rockford, IL, USA). After the membranes were washed, peroxidase-
labelled secondary antibodies were added, and the membranes were
incubated at 37 °C for an hour. The band intensity was analysed using
the ChemiDoc™ imaging system with Image Lab™ software version 5.1
(Bio-Rad Laboratories Inc., Hercules, CA, USA). The results are ex-
pressed as arbitrary units after normalization to fB-actin protein ex-
pression.

2.8. Histological examinations

2.8.1. Assessment of striatal damage and Nissl staining

The fixed brain tissues were serially sectioned (5-pm thickness) and
embedded in paraffin. The striatal sections were then stained with
haematoxylin and eosin (H&E) and examined under a light microscope.
Morphological changes, including necrosis, neurophagia, congestion of
blood vessels and cellular oedema, were defined in five different fields
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for each section. Changes were semi-quantitatively evaluated using the
following scoring system: O =no changes, 1 = mild changes,
2 = moderate changes and 3 = severe changes. A total score for striatal
injury was recorded for each rat with a maximum score of 12 (Woodruff
et al., 2006). Nissl staining was performed to demonstrate degenerated
and intact neurons in the striatum, as outlined by Bancroft and Stevens
(Bancroft and Stevens, 1990).

2.8.2. Glial fibrillary acidic protein (GFAP) immunostaining

Immunohistochemical staining of GFAP was performed using a
mouse monoclonal antibody (Thermo Fisher Scientific Inc., Rockford,
IL, USA). All procedures were performed according to the manufac-
turer's instructions. The percentage of GFAP immunoreactivity in five
random non-overlapping fields per tissue section was measured using a
Full HD microscopic camera operated by the Leica application module
for tissue section analysis (Leica Microsystems GmbH, Wetzlar,
Germany).

2.8.3. Estimation of the number of labelled BM-MSCs

Other brains were excised, snap frozen in liquid nitrogen and cut
into 5-um-thick sections. PKH26, a red fluorochrome, was used to label
BM-MSCs. The homing of injected BM-MSCs in the brain tissue was
detected by a fluorescence microscope (Leica DM 5500 B, Germany)
and estimated by manually counting the number of PKH26-stained cells
in 5 random fields for each frozen section (5 sections for each brain)
(Ali et al., 2017).

2.9. Statistical analysis

All data were tested for normality using the Shapiro test. The data
are presented as the mean + S.D. Data were analysed using one-way
ANOVA followed by the Tukey-Kramer multiple comparison test, ex-
cept for the histopathological scores, which were analysed using
Kruskal-Wallis ANOVA followed by Dunn's multiple comparison test
and expressed as a median and range. Unpaired Student's t-test was
used to analyse the number of labelled BM-MSCs in the striatum.
GraphPad Prism software (version 7.04; GraphPad Software, Inc., San
Diego, CA, USA) was used to perform the statistical analysis and present
the data. The level of significance was fixed at p < 0.05 for all statis-
tical tests.

3. Results

3.1. Effect of LER, BM-MSCs and their combination on 3-NP-induced
changes in body weight and mortality rate

3-NP intoxication caused a significant reduction in body weight
together with an increase in mortality rate compared to control treat-
ment. In contrast, treatment with either BM-MSCs or LER significantly
hindered body weight loss and decreased the mortality rate compared
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to 3-NP treatment alone. However, co-treatment with LER and BM-
MSCs improved the abovementioned parameters (Fig. 2, Table 1).

3.2. Effect of LER, BM-MSCs and their combination on 3-NP-induced
behavioural and motor abnormalities

3-NP-intoxicated animals showed behavioural and motor abnorm-
alities, as evidenced by the open field (ambulation frequency, rearing
frequency, and latency time), rotarod, and grip strength tests. In the
open field test, the 3-NP group exhibited a significant reduction in
ambulation and rearing frequencies, together with a striking elevation
in the latency time, compared to the control group. Moreover, 3-NP
administration decreased grip strength (rotarod and grip strength
metre). Treatment with LER, BM-MSCs or their combination sig-
nificantly ameliorated the aforementioned behavioural and motor
changes in the open field and grip strength tests. Interestingly, only the
combined therapy succeeded in prolonging the time on the rotarod
compared to 3-NP alone (Table 1).

3.3. Effect of LER, BM-MSCs and their combination on 3-NP-induced
striatal inflammation

3-NP induced a state of inflammation as revealed by a significant
elevation in the TNF-a level together with a marked decrease in the
FOXP3 level compared to control treatment. Conversely, treatment with
either LER or BM-MSCs significantly attenuated the elevation in TNF-a
levels and the reduction in FOXP3 levels. However, combined therapy
caused a more pronounced anti-inflammatory effect (Fig. 3).

3.4. Effect of LER, BM-MSCs and their combination on the 3-NP-induced
alteration in the Ca®* /CaN/NFATc4 and Wnt/B-catenin signalling
pathways

Compared to the control animals, the 3-NP-treated animals ex-
hibited increased striatal cytosolic Ca®>* concentration, CaN level, and
NFATc4 expression. In addition, 3-NP down-regulated expression of
Wnt and its downstream effector 3-catenin. However, treatment with
either LER or BM-MSCs significantly decreased cytosolic Ca®** con-
centration, CaN level, and NFATc4 expression and up-regulated Wnt
and (-catenin expression. Furthermore, combined therapy further
ameliorated the changes in NFATc4, Wnt, and p-catenin expression
levels as compared to monotherapy with BM-MSCs (Fig. 4). Notably,
LER significantly decreased cytosolic Ca®* concentration as compared
with BM-MSCs group value.

3.5. Effect of LER, BM-MSCs and their combination on 3-NP-induced
apoptosis

Treatment with 3-NP markedly decreased striatal BDNF levels and
Bax expression, while increasing Bcl2 expression, resulting in a marked

Fig. 2. Effect of LER, BM-MSCs and their com-

Control bination on the 3-NP-induced change in rat body
weight. Each bar with a vertical line represents
3-NP the mean of experiments + S. D (n = 6-8). a
Compared with the control group, b compared
BM-MSCs with the 3-NP group, ¢ compared with the BM-
LER MSC group, and d compared with the LER group.

All values are statistically significant at
p < 0.05. Abbreviations: 3-NP: 3-nitropropionic
acid, BM-MSCs: bone marrow-derived mesench-
ymal stem cells, LER: lercanidipine.

BM-MSCs + LER
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Table 1
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Effect of LER, BM-MSCs and their combination on 3-NP-induced changes in mortality rate as well as performance on open field, rotarod, and grip strength tests.

Mortality (%) Open field test

Time on rotarod (s) Grip strength (g)

Ambulation frequency (No. of squares/

Rearing frequency (count/

Latency time (s)

3 min) 3 min)
Control 0 49.17 * 4 31.5 = 1.3 1.667 + 0.33 230 + 17.89 548.6 + 23.75
3-NP 33.33% 12.17 + 3.66 ° 9.667 + 1.822 12.83 + 1.14° 14.67 + 3.76 ° 195.6 + 11.88%
BM-MSCs 25% 23.83 + 3.29 2 21 + 2P 7.667 + 1.17%® 425 + 6.922 347.4 + 2243
LER 25% 30.67 + 472 23 + 2.7P 7.333 + 12 48.33 + 7.38 2 342.7 + 24.54
BM-MSCs + LER 7.95% 39.83 + 3.32P 31.17 * 3° 4167 + 048> 175 + 12324 4467 + 22.06 ¢

Each value represents the mean of experiments + S.D. (n = 6-8). a Compared with the control group, b compared with the 3-NP group, ¢ compared with the BM-
MSC group, and d compared with the LER group. All values are statistically significant at p < 0.05. Abbreviations: 3-NP: 3-nitropropionic acid, BM-MSCs: bone

marrow-derived mesenchymal stem cells, LER: lercanidipine.

decline in the Bax/Bcl2 ratio. Treatment with either BM-MSCs or LER
significantly attenuated the elevation in the Bax/Bcl2 ratio; however,
only BM-MSC treatment succeeded in ameliorating the 3-NP-induced
alterations in BDNF levels. Notably, the combined therapy group ex-
hibited significantly higher BDNF levels than the group treated with
BM-MSCs alone and a normalized Bax/Bcl2 ratio (Fig. 5).

3.6. Effect of LER, BM-MSCs and their combination on 3-NP-induced
histopathological alterations

Histopathological photomicrographs showed that the group ad-
ministered 3-NP exhibited extensive neuronal necrosis, pyknosis, neu-
rophagia, vascular congestion and cellular oedema compared with the
control group (Fig. 6B). Furthermore, the striatum injury score was
markedly increased in rats with 3-NP insults (Fig. 6R). However, ex-
tensive astroglia activation was also demonstrated by a marked increase
in GFAP immunoreactivity as well as marked neuronal loss as evi-
denced by Nissl staining (Fig. 6G & L, respectively). On the other hand,
the group given LER treatment showed moderate necrosis, neuro-
phagia, vascular congestion and oedema as well as significantly ame-
liorated astroglia activation and neuronal loss (Fig. 6D, I & N, respec-
tively). BM-MSCs, either alone or in combination with LER, retained
striatal and neural structures with minimal morphological changes
(Fig. 6C and E), as evidenced by the marked reduction in the striatum
injury scores (Fig. 6R), astroglia activation (Fig. H, J & S) and neuronal
loss (Fig. 6M, O & T).

3.7. Effect of LER on homing of BM-MSCs

As shown in Fig. 6P, Q & U, the use of LER with BM-MSCs enhanced
the homing of implanted cells to the damaged striatum. Fluorescent
microscopic examination revealed more PKH-26-labelled cells in the

striatum of rats treated with LER and BM-MSCs than in the striatum of
rats treated with BM-MSCs alone.

4. Discussion

The current study reveals a neuroprotective effect of LER against 3-
NP-induced neurotoxicity in rats and compared it to that of BM-MSCs
either alone or in combination with LER. Our study also confirms the
involvement of the Ca*2/CaN/NFATc4 and Wnt/p-catenin signalling
pathways in 3-NP-mediated neurotoxicity and indicates that modula-
tion of these signalling pathways is involved in the neuroprotective
effect of LER and BM-MSCs.

Systemic administration of the mitochondrial toxin 3-NP to rats
serves as a good experimental model of HD that closely mimics the
biochemical manifestations and pathophysiological features of HD in
humans (Alberch et al., 2010; Ttnez et al., 2010). In the present study,
3-NP induced a significant increase in mortality rate together with a
significant decrease in body weight. In addition, 3-NP administration
resulted in reduced locomotor activity, loss of grip strength and co-
ordination imbalance, all of which characterize the late stages of HD.
Our results are in good agreement with previous studies demonstrating
similar motor deficits following 3-NP administration (Ahmed et al.,
2016; El-Abhar et al., 2018). Such movement disabilities are usually
associated with anorexia and decreased food intake, which explains the
significant body weight loss observed in the 3-NP group (Keene et al.,
2001). Compared with monotherapy, co-treatment with LER and BM-
MSCs mitigated 3-NP-induced mortality, body weight loss and motor
impairment.

Changes in cytoplasmic Ca®>* concentration lead to disturbance of
several signalling pathways (Mukherjee and Soto, 2011). CaN is highly
expressed in the brain and is activated by increased cytosolic Ca®* in
neurological disorders (Klee and Krinks, 1978). CaN stimulation has

Fig. 3. Effect of LER, BM-MSCs and their com-
bination on 3-NP-induced striatal inflammation

5a indicated by TNF-a (A) and FOXP3 (B) expres-
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Fig. 4. Effect of LER, BM-MSCs and their combination on the 3-NP-induced alteration in cytosolic Ca?* concentration (A), CaN level (B), NFATc4 (C), Wnt (D), and B-
catenin (E) protein expression. Each bar with a vertical line represents the mean of experiments + S. D (n = 6-8). a Compared with the control group, b compared
with the 3-NP group, ¢ compared with the BM-MSC group, and d compared with the LER group. All values are statistically significant at p < 0.05. Abbreviations: 3-
NP: 3-nitropropionic acid, BM-MSCs: bone marrow-derived mesenchymal stem cells, LER: lercanidipine, CaN: calcineurin, NFATc4: nuclear factor of activated T cells

c4.

been demonstrated in astrocytes surrounding amyloid deposits and
aggravates neuroinflammation, resulting in pathological and morpho-
logical changes (Norris et al., 2005). Elevated CaN activity has been
reported in neuronal cells immortalized from HD mice (Xifré et al.,
2008). Furthermore, CaN inhibitors have been reported to improve 3-
NP-induced cognitive dysfunction in rats (Kumar and Kumar, 2009).
Hyperactivation of CaN results in dephosphorylation and nuclear
translocation of cytoplasmic NFATc1-4, which translocates to the nu-
cleus to induce sustained expression of genes encoding for many in-
flammatory modulators (Kipanyula et al., 2016). The NFATc4 isoform
has been shown to be involved in neurodegenerative processes
(Rojanathammanee et al., 2015). Here, 3-NP induced a significant in-
crease in striatal cytosolic Ca®>* concentration, CaN level and NFATc4
expression, confirming the role of the Ca®*/CaN/NFATc4 signalling
pathway in 3-NP-induced neurotoxicity. However, treatment with ei-
ther LER or BM-MSCs significantly suppressed 3-NP-induced activation
of the Ca®*/CaN/NFATc4 pathway, and their combination further
suppressed its activation. In line with these results, BM-MSCs have been
shown to have antihypertrophic effects and inhibit isoproterenol-in-
duced deleterious changes in cardiomyocytes, most likely through the
secretion of vascular endothelial growth factor, which inhibits the ac-
tivation of Ca®*/CaN/NFAT signalling (Cai et al., 2015). Various
paracrine growth factors are observed secreted into the microenviron-
ment by BMSCs and then lead to cellular regeneration via anti-in-
flammatory and anti-apoptotic effects (Mignone and Murry, 2011; Xu
et al., 2007). Furthermore, LER has been reported to inhibit cardio-
myocyte hypertrophy by suppressing the CaN/NFATc4 pathway (Chen
et al., 2017). The further improvement in CaN and NFATc4 levels

observed here with the combined therapy could be related to the CCB
activity of LER and to its high lipophilicity and extensive storage in cell
membranes (HERBETTE et al., 2016).

Increased CaN/NFATc4 activity in astrocytes leads to the induction
and release of numerous immune/inflammatory factors (Kraner and
Norris, 2018). TNF-a is a pro-inflammatory cytokine that was first de-
scribed in the immune system but has since been found in significant
amounts in the CNS (Golan et al., 2004). Canellada et al. (2006) re-
ported the induction of TNF-a via CaN/NFAT signalling in PC12 neural
cells, which may account for the 3-NP-induced increase in striatal TNF-
a levels observed in the current study and other previous studies (El-
Abhar et al., 2018; Khan et al., 2015). FOXP3 is the key transcription
factor controlling T-regulatory cells (Lu et al., 2017). NFAT has been
identified as an interaction partner of FOXP3, regulating its expression
(Vaeth et al., 2012). Moreover, TNF-a has been shown to downregulate
FOXP3 expression (Gao et al., 2015). In parallel, our results showed
diminished striatal levels of FOXP3 in 3-NP-treated rats. Conversely,
treatment with either LER or BM-MSCs significantly attenuated the
elevation in TNF-a expression as well as the reduction in FOXP3 ex-
pression. However, combined therapy caused a more pronounced anti-
inflammatory effect. Earlier studies have shown that BM-MSCs can re-
press inflammation via activating FOXP3 regulatory T cells, thus re-
ducing the production of pro-inflammatory cytokines such as TNF-a (Le
Blanc and Mougiakakos, 2012). Likewise, LER was reported to at-
tenuate the production of TNF-a in vascular dysfunction in rats (Yeh
et al., 2013).

Hyperactivated CaN/NFAT signalling has been associated with
neuronal apoptotic pathways involving Bcl-2 family proteins
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Fig. 5. Effect of LER, BM-MSCs and their combination on 3-NP-induced changes in BDNF (A), Bax (B), and Bcl2 (C) protein expression and the Bax/Bcl2 ratio (D).
Each bar with a vertical line represents the mean of experiments = S. D (n = 6-8). a Compared with the control group, b compared with the 3-NP group, c compared
with the BM-MSC group, and d compared with the LER group. All values are statistically significant at p < 0.05. Abbreviations: 3-NP: 3-nitropropionic acid, BM-

MSCs: bone marrow-derived mesenchymal stem cells, LER: lercanidipine.

(Mukherjee and Soto, 2011) and aberrant dephosphorylation of Htt
protein, leading impaired vesicular transport of essential neurotrophins
including BDNF (Pineda et al., 2009). In the same context, the present
work showed a significant increase in the striatal Bax/Bcl2 ratio along
with a prominent suppression of BDNF levels in the 3-NP-treated group.
The anti-apoptotic and neurotrophic effects of combined therapy were
manifested by increased BDNF levels and normalized Bax/Bcl2 ratios
compared to monotherapy. Therefore, the improvement in the repair
potential of BM-MSCs by the concomitant use of LER may partially rely
on the anti-inflammatory, neurotrophic, and anti-apoptotic effects of
both treatment, as well as the modulation of CaN/NFATc4 signalling, as
demonstrated in the present study.

Finally, the canonical Wnt/p-catenin pathway contributes to the
regulation of neuronal survival and homeostasis in the CNS (Caraci
et al., 2008). Current evidence indicates that the downregulation of the
Wnt/[B-catenin pathway in HD is correlated with an increase in apop-
tosis (Libro et al., 2016). Herein, the elevation of apoptotic markers in
3-NP-treated rats was associated with a significant decrease in striatal

Wnt and B-catenin protein expression. Interestingly, enhanced Wnt/f3-
Catenin signalling was previously demonstrated to promote the neu-
ronal differentiation of BM-MSCs (Kondo et al., 2011). Moreover, Oh
et al. (2015) reported that enhanced neurogenesis via the Wnt signal-
ling pathway plays an important role in the effect of MSCs on mouse
models of Alzheimer. However, the effect of combined therapy on the
upregulation of Wnt and fB-catenin protein expression was more pro-
nounced than that of either treatment alone. These effects may be due
to the inhibitory effect of LER on the CaN/NFATc4 pathway (Chen
et al., 2017). CaN-activated NFAT has been reported to participate in
switching off canonical Wnt/p-catenin signalling (Huang et al., 2011).

The findings of the present study were correlated with the histo-
pathological changes evidenced by the increased striatal injury score
and GFAP immunoreactivity as well as extensive neuronal loss shown
by Nissl staining. Accumulating evidence supports a fundamental role
for Ca®*/CaN/NFAT signalling in astrocyte activation, which con-
tributes to neuroinflammation, amyloid pathology and synapse dys-
function (Sompol and Norris, 2018). CaN inhibitors prevent astrocyte
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Fig. 6. Effect of LER, BM-MSCs, and their combination on 3-NP-induced histological changes. A-E Specimen stained with H&E (400 x magnification). A The
control group showed normal striatal structure; B the 3-NP group showed extensive necrosis of neurons and congestion of blood vessels; C the BM-MSC group showed
mild morphological changes; D the LER group showed moderate vascular congestion and mild necrosis of neurons, and E the LER + BM-MSC group showed no
histological changes. F-J Specimens stained with GFAP (400 x magnification). F The control group showed normal GFAP immunostaining of inactivated astrocytes. G
The 3-NP group showed a marked increase in GFAP-immunoreactive astrocytes. H & I The BM-MSC group and LER group showed a moderate increase in reactivity of
the activated proliferated astrocytes. J The BM-MSC + LER combination group showed a mild increase in reactivity of the activated proliferated astrocytes. K-O
Specimens stained with Nissl (400 x magnification). P & Q Sections for the determination of BM-MSC homing by fluorescence microscopy. P BM-MSC group. Q BM-
MSC + LER group. R Striatum injury score. Statistical analysis was carried out using Kruskal-Wallis ANOVA followed by Dunn's multiple comparison test and
expressed as the median and range (n = 3). S GFAP-immunoreactive astrocytes (% area). T Number of Nissl-stained cells (intact neurons). Statistical analysis was
carried out using one-way ANOVA followed by the Tukey-Kramer multiple comparison test. a Compared with the control group, b compared with the 3-NP group, ¢
compared with the BM-MSC group, and d compared with the LER group. U Number of BM-MSCs in the striatum. Statistical analysis was carried out using unpaired
Student's t-test. o Compared to BM-MSCs. Values are expressed as the mean + S. D (n = 3). All values are statistically significant at p < 0.05. Abbreviations: BM-
MSC: bone marrow-derived mesenchymal stem cell; GFAP: glial fibrillary acidic protein; LER: lercanidipine.
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activation and markedly decrease GFAP level (Liu et al., 2018). Fur-
thermore, MSCs modulate reactivity of astrocytes thereby promoting
neuroregeneration in the area of spinal cord injury (Mukhamedshina
et al., 2019).

In conclusion, the current study provides evidence for a neuropro-
tective effect of LER and/or BM-MSCs in 3-NP-induced neurotoxicity in
rats. Interestingly, LER augmented BM-MSC's effect in inhibiting 3-NP-
induced neurological insults, via exerting synergistic modulatory effects
on inflammation, apoptosis, and Ca®*/CaN/NFATc4 and Wnt/pB-ca-
tenin signalling pathways. LER/BM-MSC combined therapy may re-
present a feasible approach for improving the beneficial effects of stem
cell therapy in HD.
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