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Abstract

The role of resveratrol (RV) as a neuroprotectant is well recognized, and cellular molecules involved in imparting the physio-
logical effect have been well illustrated. However, some ambiguity still prevails as the specific receptor, and downstream
signaling molecules are not yet clearly stated. So, we investigated the signaling pathway(s) involved in its cellular protection
in the human umbilical cord blood mesenchymal stem cell (hUCB-MSC) derived neuronal cells. The mesenchymal stem cells
were exposed to various concentrations (10, 100, 1000 uM) of monocrotophos (MCP), a known developmental neurotoxic
organophosphate pesticide, for a period of 24 h. The MAPK signaling pathways (JNK, p38, and ERK) known to be associated
with MCP-induced damages were also taken into consideration to identify the potential connection. The biological safe dose of
RV (10 uM) shows a significant restoration in the MCP-induced alterations. Under the specific growth conditions, RV exposure
was found to promote neuronal differentiation in the hUCB-MSCs. The exposure of cells to a specific pharmacological inhibitor
(LY294002) of PI3K confirms the significant involvement of PI3K-mediated pathway in the ameliorative responses of RV
against MCP exposure. Our data identifies the substantial role of RV in the restoration of MCP-induced cellular damages, thus
proving to have a therapeutic potential against organophosphate pesticide-induced neurodegeneration.
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Introduction

The central nervous system (CNS) being a complex system of
our body is particularly vulnerable to a large number of
toxicants/xenobiotics persisting in the environment [1].
Worst affected is the developing phase of the nervous system
which is highly prone to accumulating damages incurred due
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to in utero exposure to certain toxicants that may eventually
lead to neurodevelopmental anomalies. Neurotoxicants pres-
ent in the surroundings can harm the brain cells/neurons be-
yond repair and are majorly responsible for neurodegenerative
disorders [2]. These diseases are progressive in nature and
incurable so far [3]. A number of drugs/chemicals have been
linked with the incidence of such diseases which largely in-
clude inorganic metals, organometals, and several pesticides
[4]. Organophosphate (OP) pesticides have emerged as a po-
tent class of neurotoxicants. Residues and metabolites of OP
have been identified in dietary products as well as in biolog-
ical tissues raising concern regarding their neurotoxic burden
[5]. OP targets the entire body; however, brain is the most
vulnerable target for the induction of neurotoxicity that results
in long-term neurobehavioral alterations [6].

Monocrotophos (MCP) is a well-known organophosphate
insecticide. Its primary mechanism of action is its irreversible
inhibition of acetylcholinesterase, an enzyme essential for
nerve impulse transmission in the cholinergic neurons [7].
However, it also demonstrates its toxic effect via necrosis,
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apoptosis, and generation of oxidative stress [8].
Consequently, it becomes imperative to look for chemicals/
compounds that can ameliorate the neuronal damages inflicted
by pesticides like MCP. Phytochemicals with an inherent an-
tioxidant property can undo or considerably minimize the
damage hence caused. RV with a wider spectrum of pharma-
cological action is a promising neuroprotectant [9]. The pres-
ence of RV in grapes, peanuts, and red wine is well reported
[10]. RV is a naturally occurring polyphenol that can easily
cross the blood-brain barrier (BBB) and plays a critical role in
the prevention of Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), Huntington’s disease, and cerebral ischemia [11].
Its neuroprotective nature is attributed to its chemical structure
that imparts antioxidation phenomenon enabling it to scav-
enge upon reactive oxygen species (ROS) [12]. In vivo and
in vitro studies have demonstrated that RV inhibits A3 fibril
formation through sirtuin-dependent pathway [13]. Evidences
from various studies have shown RV to be a neuroprotectant
by scavenging hydroxyl and superoxide radicals and promot-
ing mitochondrial biogenesis through various modulators
[14]. Additionally, RV has been found effective in reducing
inflammation via attenuation of sirtuin-dependent arrest of
nuclear factor kappa light chain in microglia [15].

Mesenchymal stem cells (MSCs) can be used to study
the neurotoxicity of MCP and neuroprotection by RV.
MSCs have the inherent potential of self-renewal and dif-
ferentiation into multiple lineages [16]. It has already been
reported earlier by our research group that neurons derived
from human umbilical cord blood stem cells serve as a
robust in vitro tool for predicting the developmental neuro-
toxicity of MCP [17]. A number of signaling cascades op-
erate to mitigate these neurotoxic effects and promote cell
survival. One of the key components of neuronal survival is
the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
[18]. Mitogen-activated protein kinase (MAPK) signaling
pathway participates in cell survival mechanism by carry-
ing out the posttranslational modification as well as altering
the cell death machinery resulting in enhanced transcription
of pro-survival genes [19]. Cell proliferation is also regu-
lated by the MAPK cascade that activates extracellular
signal-regulated kinases 1 and 2 (ERK1 and ERK2).
However, the role of this cascade is also implicated in the
regulation of synaptic plasticity in the adult brain. ERK
signaling plays a key role in neuronal transcriptional events
[20]. RV prevents Cd-induced neurotoxicity and neuronal
cell death via inactivation of Erk1/2 and JNK pathways and
protein phosphatase (PP2A and PPS) [21]. RV was also
observed to mitigate cell death induced by oxygen and glu-
cose deprivation (OGD) via activation of PI3K/Akt path-
ways [22]. It would be interesting to decipher if RV can
exert its neuroprotective effects over MCP-induced neuro-
toxicity in MSCs and unravel the signaling cascade it fol-
lows for the same.

Materials and Methods
Reagents and Consumable

All the specified chemicals, viz., resveratrol and
monocrotophos were procured from Sigma-Aldrich, India.
Resveratrol (Cat No. R5010, Sigma) was dissolved in
culture-grade dimethyl sulfoxide (DMSO) (Cat No. D2650,
Sigma-Aldrich, India) and stored at —20 °C. Monocrotophos
(Cat No. 36173, St. Louis, MO, USA) was dissolved in dis-
tilled water and stored at 4 °C. Alpha minimal essential me-
dium (x-MEM) (Cat No. 12561056), MSC-qualified FBS
(Cat No. 12662-029), antibiotic solution (100x) (Cat No.
15240062), GlutaMAX™-T (100%) (Cat No. 35050-061), so-
dium bicarbonate (7.5%) (Cat No. 25080-094), fluorescent
antibodies, and Dulbecco’s phosphate-buffered saline
(DPBS) (Cat No. 14200-75) were purchased from Gibco,
Invitrogen, Grand Island, NY, USA. Antibodies were pur-
chased from Millipore, USA.

Ethical Clearance for Collection and Transportation
of Human Tissues

The entire study was carried out following the protocols and
procedures approved by the Institutional Human Ethics
Committees of CSIR-Indian Institute of Toxicology
Research (CSIR-IITR) and CSM Medical University,
Lucknow, India. The informed consent of parents was obtain-
ed before collecting blood from umbilical cord. Mothers en-
rolled in the study were of age ranging from 24.5 to 30 years.
They fulfilled the entire inclusion criteria and were free from
malignancy or any other systemic disorder. All experiments
were performed according to institutional guidelines and
regulations.

Isolation of Mesenchymal Stem Cells from Human
Umbilical Cord Blood

A total of 40 blood samples (approximately 45 mL/cord) were
collected from the cord vein in sterile containers having anti-
coagulant citrate dextrose (ACD) buffer and immediately
transported to CSIR-IITR, Lucknow, for further processing.
Blood was diluted 1:1 with DPBS without Ca®* and Mg**, pH
7.5 (Stem Cell Technologies). MSCs were isolated as per our
previous protocol [23]. Freshly isolated MSCs were cultured
in plastic 25-cm? ultralow attachment culture flask (Nunc Inc.)
at a density of 1 x 10° cells/mL in 5 mL a-MEM (Gibco, Life
Technology, USA) supplemented with glutamax, antibiotic-
antimycotic and sodium bicarbonate, and 20% MSC qualified
FBS (Gibco, Life Technology, USA). Cells were allowed to
adhere and maintained in humidified atmosphere at 37 °C and
5% CO,. Half of the medium was changed every alternate day.
At each passage, cells were checked for cell surface markers to
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ascertain the purity of mesenchymal stem cells as described in
our previous study [23]. Cells were subcultured at the conflu-
ence of 85-90% in x-MEM containing serum and essential
supplement as mentioned earlier.

Cytotoxicity of MCP and RV and Non-Cytotoxic
Exposure to MSCs

For determining cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was used [17].
MSCs were co-exposed with different concentrations of MCP
(10, 100, 1000 M) and RV (0, 5, 10, 20 uM) for 24 h. After
completion of exposure period, 10 uL MTT (5 mg/mL) was
added in each well at a final concentration of 50 pg/mL and
the mixture was further incubated for 1 h at 37 °C. Liquid
content of each well was then replaced with 100 puL of
DMSO. After 10 min, the absorbance was recorded at 550 nm
using a multi-well microplate reader (Synergy HT, Bio-Tek,
USA). The relative cell viability was expressed as a percentage
of the untreated control group. On selection of non-cytotoxic
dose of RV and MCP, proliferating human umbilical cord
blood-derived mesenchymal stem cells (hUCB-MSCs) were
exposed to RV (10 uM) and MCP (100 uM) alone, as well as
in combination for 24 h.

Lipid Peroxidation Assay

Following the exposure of MCP and/or RV for 24 h, hUCB-
MSCs were harvested by centrifugation at 1000 rpm for
10 min and processed for the estimation of lipid peroxidation
using a commercially available kit (Lipid Peroxidation Assay
Kit, Cat No. 705003, Cayman Chemicals, USA) as per the
manufacturer’s protocol. Cells exposed to H,O, (100 uM)
for 2 h under identical conditions served as the positive
control.

Glutathione Disulfide/Reduced Glutathione Ratio

The ratio of glutathione disulfide (GSSG) with respect to re-
duced glutathione (GSH) was assessed under the same exper-
imental setup as that of lipid peroxidation assay (LPO) using a
commercially available kit (ApoGSH Glutathione
Colorimetric Assay Kit, Cat No. K261-100, Biovision,
USA). The data are represented as the ratio between GSSG
and GSH. Cells exposed to H,O, (100 uM) for 2 h under
identical conditions were used as the positive control.

Reactive Oxygen Species Generation
MCP-induced ROS generation and RV-induced protection
over MCP-damaged hUCB-MSCs were assessed using the

fluorescent dye 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA, Sigma-Aldrich, USA). Briefly, cells (5 10*
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per well) were seeded in tissue culture chamber slide and
allowed to adhere. Adhered cells were then exposed to various
concentrations of MCP (10> to 10’ M) for 24 h. F ollowing
exposure, cells were washed twice with DPBS and incubated
for 30 min in the dark in serum-free culture medium contain-
ing DCFHDA (20 uM). Slides were washed twice with DPBS
and mounted for microscopic analysis. Intracellular fluores-
cence was measured using an upright fluorescence micro-
scope (Nikon Eclipse 80i equipped with Nikon DS-Ril
12.7-megapixel camera). Quantification of fluorescence was
done using the image analysis software Leica Qwin 500, and
data were expressed as the fold change of unexposed control.
Cells exposed to H,O, (100 uM) for 2 h under identical con-
ditions were used as a positive control.

Flow Cytometry Analysis

After exposure with MCP and/or RV, hUCB-MSCs were har-
vested by trypsinization and washed once with DPBS
(pH 7.4). After centrifugation, the cells were stained with
annexin-V and propidium iodide (PI) using the annexin V-
FITC apoptosis detection kit (BD Biosciences, San Jose,
CA, USA) for analysis of the translocation of
phosphatidylserine from the inner to the outer leaflets of the
plasma membrane. For annexin V and PI double staining, the
procedure was performed according to the instructions of the
manufacturer. Staurosporine (100 nM) was used as positive
control. For analysis of ROS generation, cell pellets were re-
suspended in 1-mL cell culture medium and incubated with
10 uM DCFDA dye and incubated for 30 min at 37 °C, after
centrifugation cells were washed with DPBS. H,O, (200 uM)
was used as positive control. Analysis of mitochondrial mem-
brane potential (MMP) was performed by using mitochondrial
stain kit (Cat No. CS0390, BD Bioscience, USA). In this
study, cell pellets were re-suspended in 1-mL cell culture me-
dium containing JC-1 (10 uM) and incubated at 37 °C for
15 min. After centrifugation, the cells were re-suspended in
DPBS. Valinomycin (10 uM) was used as positive control.
The entire analysis was performed using a flow cytometer
(Model: FACS BD Influx; BD Biosciences, USA).

Ultrastructural Analysis by Transmission Electron
Microscopy

Cells were harvested using trypsin-EDTA and fixed in 2%
glutaraldehyde for 4 h and then centrifuged. Cells in untreat-
ed control and treated groups were washed with 1x PBS (PH 7.2)
and fixed in 2.5% glutaraldehyde prepared in sodium
cacodylate buffer (Ladd Research Industries, USA) (pH
7.2) for 2 h at 4 °C. Cells were washed three times
with 0.1 M sodium cacodylate buffer and post fixed in
1% osmium tetroxide for 2 h. Fixed cells were washed with
sodium cacodylate, dehydrated in acetone series (15-100%),
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and embedded in araldite-DDSA mixture (Ladd Research
Industries, USA). After baking at 60 °C, blocks were cut
(60—80 nm thick) by an ultramicrotome (Leica EM UC7),
and sections were stained by uranyl acetate and lead citrate.
Sections were then analyzed under FEI Tecnai G2 spirit twin

transmission electron microscope equipped with Gatan digital
CCD camera (SEM Quanta FEG, FEI Netherlands) at 80 kV.

Translational Study

Western blot analysis was carried out for selected neuronal
markers (nestin, 3-1II tubulin) and apoptosis marker proteins
(cytochrome ¢, Bax, Bcl2, and activated caspase-3). Briefly, fol-
lowing MCP and/or RV exposure, cells were centrifuged and
lysed using CelLytic M Cell Lysis Reagent (Cat No. C2978,
Sigma, USA) supplemented with 1x protein inhibitor cocktail
(Cat No. P8340, Sigma, USA). Protein estimation was done by
Coomassie Plus™ Protein Assay (Cat No. 23236, Thermo
Scientific, USA). Equal amount (50 pg per well) of protein
was loaded in 10% tricine-SDS gel and blotted on
polyvinylidene fluoride (PVDF) membranes using wet transfer

Fig. 1 a Protective efficacy of 0— a
20 uM RV against 0-1000 uM

MCP in terms of percent cell 120

®0pM RV

system. After blocking for 1 h at 37 °C, the membranes were
incubated overnight at 4 °C with primary antibodies specific for
nestin and (3-I1I tubulin (1:1000, Millipore, USA) and Bax, Bcl2,
cytochrome c¢ (cyt-c), and (3-actin (1:1000, Millipore, USA).
Following western blot analysis, immune-cytochemical
studies were also conducted to further decipher the expression
profile of the above mentioned markers. After the completion
of treatment, cells were fixed with 4% paraformaldehyde
(PFA) (pH 7.4) for 30 min and then blocked for 1 h in a
solution comprising of bovine serum albumin (BSA) and
Triton X-100 in DPBS. Following overnight incubation with
primary antibodies, cells were washed three times with DPBS
to remove the unbound antibodies. Then, fluorescein isothio-
cyanate (FITC)-conjugated rabbit anti-mouse (1:500) and
rhodamine-conjugated mouse anti-rabbit (1:500) antibodies
were added to each well and kept on a rocker shaker in dark
for 2 h at room temperature. Cells were then washed with
DPBS three times for 5 min each. Thereafter, the cells were
visualized under an upright fluorescence microscope (Nikon
Eclipse 80i equipped with Nikon DS-Ril 12.7-megapixel
camera, Japan) using specific filters for FITC and rhodamine.

#5uM RV
*

#10uM RV ®=20nM RV

viability: MTT assay performed

in MSCs following the exposure 100
to MCP and/or RV for 24 h. The
values are the mean + SEM of
three experiments each carried out
in triplicate. The data are
expressed as the mean of the per-
cent of the unexposed control +
SEM, n =38, *p<0.05. b Lipid
peroxidation (LPO) and ratio of
glutathione disulfide (oxidized
form of glutathione) to reduced
glutathione (GSSG/GSH) in
hUCB-MSC:s following the ex-
posure of MCP for 24 h. 0
Exposure of 100 uM H,0, for2 h OpM MCP
was used as the positive control.
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Fig. 2 RV inhibits ROS formation in MSCs exposed to MCP. a hUCB-
MSCs were treated with 10 pM RV and/or 100 pM MCP for 24 h and
incubated with 10 uM H2-DCF-DA fluorescent dye for 20 min for the
detection of total cellular ROS. Cellular and mitochondrial ROS genera-
tion was observed, and images were taken using Nikon phase-contrast
cum fluorescence microscope (model 80i) attached with a 12.7-mega-
pixel Nikon DS-Ril digital CCD cool camera. b Percent changes in
ROS generation in hUCB-MSCs after 24-h exposure to 10 uM RV and/
or 100 pM MCP were assessed by spectrofluorometric analysis.

For each marker, 20 randomly selected microscopic fields
were captured and analyzed for fluorescence intensity with
the help of Leica Qwin 500 Image Analysis Software (Leica,
Germany). The values were expressed in mean = SE of
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Fluorescence intensity was measured using a multi-well microplate reader
(Synergy HT; Bio-Tek) using an excitation wavelength of 485 nm and
emission wavelength of 528 nm. The data are expressed as the mean of
the percent of unexposed control = SEM, n=38. *p<0.05; **p<0.01;
*#%p < 0.001. ¢ Flow cytometric analysis of H,O, stimulated, untreated,
and MCP exposed cells, with or without RV, were incubated with 10 uM
DCFH-DA for 30 min and analyzed using a flow cytometer (BD Influx;
BD Biosciences, USA). The red to green shift in the histogram signifies
cell death due to increased ROS production

percent area for fluorescence intensity covered. The values
of undifferentiated cells at day O were used as control to cal-
culate the differentiation-induced alterations in the expression
of each neuronal marker.
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Statistical Analysis carried out in triplicate. Statistical analyses were per-

formed using one-way analysis of variance (ANOVA),
Results are expressed as the mean + SE of the values  namely Tukey compare to all and post hoc Dunnett’s
obtained from at least three independent experiments, two-sided test to compare the findings in different
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<« Fig. 3 Resveratrol (RV) abrogates MCP-mediated apoptosis in hUCB-
MSCs. a hUCB-MSCs were treated with RV (10 uM) and/or MCP
(100 uM) for 24 h and then stained with Annexin-V and PI and then
analyzed using a flow cytometer (BD-Influx; BD Biosciences, USA).
The cells in the quadrant P3-Q1 denote necrotic cells; P3-Q2 denotes late
apoptotic cells; P3-Q3 denotes early apoptotic cells; P3-Q4 denotes
healthy viable cells. b hUCB-MSCs were treated with RV (10 uM)
and/or MCP (100 uM) for 24 h, stained with JC-1, and then analyzed
using a flow cytometer (BD Influx; BD Biosciences, USA). The JC1
aggregates are present in viable cells, while these aggregates dissociated
into JC1 monomers in cells undergoing cell death. Analysis was done by
BDFACS™ software v.1.0. ¢ hUCB-MSCs were treated with RV
(10 uM) and/or MCP (100 uM) for 24 h. Mitochondrial morphological
changes were analyzed using transmission electron microscopy using
different magnification for comparative higher resolution as described
under “Materials and Methods™ section. Scale bar, 2 um %6500, 1 um
x15,000, and 0.5 um and %30,000

groups with the untreated control group. The values,
p <0.05, were considered significant.

Results

Resveratrol Protects hUCB-MSCs
Against MCP-Induced Cytotoxicity

Cell viability was measured in the presence of different con-
centrations of MCP; the 10 uM concentration of MCP showed
toxicity even in the presence of different concentrations of RV
with no statistical significance. But the exposure of 100 uM of
MCP shows significant toxicity against different concentra-
tions of RV. Cell viability got decreased up to 65-80% in a
concentration-dependent manner (Fig. 1a). RV alone en-
hanced cell viability at different concentrations. Cells subject-
ed to the co-exposure of MCP and RV show reduced cell
death. However, RV failed to protect the cells against MCP
at higher concentrations like 1000 M. Although RVat20 uM
concentration inhibited cell death in hUCB-MSCs, induced by
varying concentrations of MCP (1-1000 uM), at 10 puM, it
effectively prevented cell death induced by 100 uM MCP
(Fig. 1a) We therefore selected 100 uM MCP and 10 uM
RV to further investigate the mechanism followed by RV that
is responsible for its neuroprotective effect.

Antioxidant Properties of RV

MCP-induced alteration and RV-mediated protection can be
seen in Fig. 1b. hUCB-MSCs exposed to MCP show in-
creased LPO (142 +3.1%) in comparison to unexposed cells
(100 + 1.73%), while in co-exposed cells, percentage of LPO
was found to be even lesser (76.3 £3.2%) (Fig. 1b). This
shows the protective property of RV wherein it restores the
damaged lipid membrane found in toxicant exposed cells.
Ratio between GSSG and GSH in MCP and RV exposed cells
alone as well as in combination is summarized in Fig. 1b.
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hUCB-MSCs exposed with MCP have decreased GSH pro-
duction (68 = 3.7%) as compared with unexposed cells (100 £
3.4%), while in the case of co-exposure of RV with MCP, cells
show increased percent of GSH production (113.6+5.2%)
(Fig. 1b). This result indicates a protective role of RV against
MCP-induced cell damage via reduced GSH production.

To further authenticate this, we conducted experiments to
see whether RV could affect MCP-induced intracellular ROS
accumulation in hUCB-MSCs. Microscopic study shows that
ROS generation in MCP-insulted cells was around 200% in
comparison to control (100%) while RV-induced protection
when co-exposed with MCP and reduced ROS levels up to
150% (Fig. 2a, b). Likewise, flow cytometry analysis divulged
the pattern of ROS generation in hUCB-MSC cells exposed
with MCP and/or RV (Fig. 2¢). Flow cytometry analysis was
done in such manner that three continuous horizontal popula-
tion gates (P3, P4, and P5) were placed in histogram showing
emission at 530 +40 nm. The emission order in these gates
was P3 < P4 < P5. Therefore, P3 gate contains unstained
population (in blue), P4 contains stained, live, and healthy
cells with normal ROS levels (in red), and P5 contains dam-
aged and unhealthy cells with high level of ROS generation
(in green). Hence, the higher the ROS generation, the higher
will be the emission at 530 =40 nm, which leads to the
shifting of peak towards right, i.e., from P3, P4, to P5 gate.
In Fig. 2¢, minimum emission at 530 + 40 nm was seen in the
case of unstained untreated cells. The control set (untreated
but stained) had the basal level of ROS, and emission at 530 +
40 nm was recorded (Fig. 2C (a)) which showed that 95.41%
cells were healthy (red) and only 4.19% cells exhibited high
ROS level (green). While in positive control, the H,O,
(100 uM) treated cells (Fig. 2C (b)) showed extensive oxida-
tive damage where 36.21% cells were affected. MCP
(100 uM) treated cells around 28.78% of ROS generation
was seen (Fig. 2C (c)) in comparison to the control one.
When cells were co-exposed with RV (10 uM) and MCP
(100 uM), a significant restoration of oxidative damage was
seen (Fig. 2C (d)). Even when cells were treated with RV
(10 uM) alone, there was minimum ROS production and con-
ditions were very much similar to the control set (Fig. 2C (e)).
As per the above inferences, the neuroprotective potential of
RV over MCP exposure is postulated.

Levels of Annexin-V-FITC and PI

We investigated the changes in plasma membrane asymmetry
(using the annexin-V and PI double-staining method) to quan-
tify the population of dead cells. With this method, cells
stained singly positive for PI are considered mostly necrotic
cells and cells stained singly positive for annexin-V are con-
sidered mostly in early phase of apoptosis, but cells that are
stained double positive are either necrotic or apoptotic. The
unexposed control group recorded least percentage of necrotic
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and apoptotic cells (Fig. 3A (a)), whereas the cells exposed to
staurosporine have shown cell damage and only 2.77% of
cells are found to be live (Fig. 3A (b)). We found that exposure
of hUCB-MSCs to 100 1M MCP alone for 24 h also increased
the number of damaged cells in comparison to control (56.67
vs 89.13%) (Fig. 3A (c)). On the other hand, cells treated with
RV are comparable to that of control cells (Fig. 3A (d)).
However, co-treatment of these cells with MCP and RV mark-
edly reduced the population of dead cells, and more live cells
were seen (71.15%) (Fig. 3A (e)). This observation was con-
sistent with the cell viability data as shown in Fig. 1a, thus
confirming that RV itself is not cytotoxic rather it abrogated
the damaging effect of MCP.

MCP and/or RV Induced Alteration in MMP

To investigate whether MCP leads to change in MMP in
hUCB-MSCs, we further administered JC-1 dye in MCP-
insulted cells. JC-1 gets excited at ~490 nm and emits wave-
length at~ 530 + 40 nm (for JC-1 monomers—green) and at ~
580+30 nm (for JC-1 aggregates—red). The higher the ratio

Control RV MCP

of monomer to the aggregates (530 +40:580 + 30), the higher
will be the membrane depolarization. When the membrane
potential of mitochondria is high, JC-1 moves inside mito-
chondria and gets polymerized into its aggregates, while dur-
ing low MMP, monomers of JC-1 are formed. When mito-
chondria are in a good condition, their membrane potential
is high and the entrance of JC-1 is fast, but toxicants can affect
this membrane potential resulting in mitochondrial damage,
which leads to an overall reduction in membrane potential. In
Fig. 3B (a), the cells in control group were 95.86% healthy
and lay under JC-1 aggregate region (red). Only 4.25% of
cells had JC-1 monomers due to loss in MMP. We used
valinomycin (1 pg/mL), a known MMP disrupter, as the pos-
itive control, and its effect can be clearly seen in Fig. 3B (b),
with increased number of cells in JC-1 monomer region
(93.27%) and lesser number of viable cells (=0%). In Fig.
3B (¢), an enhancement in the number of JC-1 monomeric
cells was observed (i.e., up to 82.96%), due to induced
MMP loss by MCP (100 uM) treatment, while 18.44% cells
showed the presence of JC-1 aggregates, hence were viable.
The MMP-enhancing role of RV can be observed in Fig. 3B
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Fig.4 Alterations in the expression of proteins, involved in the induction
of apoptosis, were studied in hUCB-MSCs exposed to MCP (100 uM)
and/or RV (10 uM) for 24 h. Beta-actin was used as the internal control to
normalize the data. Untreated control; cells exposed to MCP for 24 h;
cells exposed with RV; and cells exposed to MCP and/or RV for 24 h;
molecular weight of protein studied: activated caspase-3 (21 kDa),
cytochrome-c (17 kDa), Bax (29 kDa), Bcl2 (23 kDa), and (3-actin

Cytochrome C € Bax & Bcl2

MCP RV+MCP

(42 kDa). Fold changes: The relative protein level was calculated accord-
ing to the densitometry of each band, normalized according to the internal
control. The control group was arbitrarily set at 1.0 for ease of comparison
for normalization. Quantification was done in Gel Documentation System
(Alpha Innotech, USA) with the help of AlphaEase FC StandAlone V.4.0
software
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studied in hUCB-MSCs exposed to MCP (100 uM) and/or RV
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the data. Untreated control; cells exposed to MCP for 24 h; cells exposed
with RV; and cells exposed to MCP and/or RV for 24 h; molecular weight
of protein studied: beta III-tubulin (56 kDa) and nestin (280 kDa) and (3-

Fig. 6 Immunocytochemical
study was carried out to detect
changes in neuronal markers, viz.,
[3-1IT tubulin and nestin under
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of comparison for normalization. Quantification was done in Gel
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AlphaEase FC StandAlone V.4.0 software
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(d) wherein cells were treated with RV (10 uM) alone. The
toxic effect of MCP (100 uM) was significantly restored by up
to 78.08% when cells were co-exposed to RV (10 uM) and
MCP (100 uM) (Fig. 3B (e)).

Mitochondrial Anomalies Analyzed by TEM

We investigated the effect of RV on MCP-induced changes in
the topography of mitochondria. To determine the changes in
mitochondrial morphology, we applied transmission electron
microscopy analysis. Following the exposure to 100 uM
MCP, majority of mitochondria in the hUCB-MSCs were
swollen and few of them lost cristae (Fig. 3c—MCP
100 uM). However, RV and MCP-exposed cells mostly abro-
gated these morphological changes (Fig. 3c—RV + MCP).

Changes in Protein Expressions

In western blot analysis, a significant increase in protein ex-
pression of apoptosis markers like cytochrome ¢ (17 kD), Bax
(29 kD), Bcel2 (23 kD), and caspase-3 (21 kD) was observed in
cells exposed to MCP (100 uM) for 24 h. The cells also
showed a significant increase in the expression of cytochrome
¢, Bax, and activated caspase-3 when co-exposed to RV and
MCP for 24 h; however, the elevated levels of Bax, activated
caspase-3, and cytochrome ¢ were restored in comparison to
the MCP-exposed cells (Fig. 4). In the case of Bcl2, MCP-
exposed cells have showed a significant decrease in expres-
sion, that is, 0.50-fold in comparison with the control, and in
the co-treatment group, RV + MCP-exposed cells showed
0.69-fold expression of BCI2 in comparison with the control.

Influence of RV on Neuronal Markers in the Cells
Exposed to MCP

It is reported that MSCs express early neuronal markers in the
undifferentiated state [24]. Our group also reported the effica-
cy of hUCB-MSCs into neuronal subtypes in the presence of
NGF-50 ng/mL and RV-10 uM [25]. Here, we investigated
the effect of MCP on neuronal markers by immune-
cytochemical analysis as well as western blotting. When cells
were lysed and subjected to western blotting (Fig. 5a), it
shows significant restoration of neuronal marker expression
status in RV and/or RV-exposed cells in contrast to MCP-
exposed cells in which these markers are prominently down-
regulated. Data in Fig. 5b shows that MCP-exposed cells have
statistically significant diminished expression of neuronal
markers, while cells co-exposed to RV and MCP show resto-
ration of early stage neuronal markers, viz., nestin and 3-III
tubulin in comparison to MCP (Fig. 6).

RV Triggers the MAPK and PI3K Signaling Pathways
in hUCB-MSCs Exposed to MCP

We examined the role of MAPK and PI3K signaling mol-
ecules in restoration of MCP-induced cytotoxicity in
hUCB-MSCs. As shown in Fig. 7, after 24-h exposure
to MCP alone, JNK1/2, ERK, and p38 were significantly
activated (phosphorylated). However, when the cells were
co-exposed to RV and MCP, these changes were abrogat-
ed. We further have chosen selective inhibitors of these
signaling proteins to probe their functional roles. The
hUCB-MSCs were first pre-exposed to each of the inhib-
itors and then cultured in the presence of MCP with or
without RV. As shown in Fig. 7a (MTT assay) and Fig. 7b
(western blot study), SP600125 (an inhibitor of JNKI,
JNK2, and JNK3), SB202190 (an inhibitor of p38
MAPK-f3), and U0126 [an inhibitor of MEK1/2 (MAPK
or ERK kinase)] each significantly reduced MCP-induced
cell death in a concentration-dependent manner. On the
contrary, RV’s protective effect was strongly diminished
by LY294002 (a PI3K inhibitor) depicted in Fig. 7c, d.
Taken together, these results suggest that, however, the
MAPK signaling pathways (JNK, p38, and ERK) are in-
volved in MCP-induced oxidative cell death and activa-
tion of the PI3K signaling pathway is specifically associ-
ated with neuroprotective effect of RV.

Discussion

Toxicological research helps us probe into cellular, mo-
lecular, tissue, organ and organ system changes, and
system-wide pathologies [26]. The present study describes

Fig. 7 Activation of JNK, p38, and ERK signaling pathways after MCP P>
and/or RV treatment. a Study of cell viability in the presence of inhibitors.
hUCB-MSCs were treated with MCP (100 uM) and RV (10 uM) with
inhibitors of ERK (PD98059), p38 (SB202190), INK (SP600125), and
PI3K (LY294002), respectively. hUCB-MSCs were treated with MCP
(100 uM) and/or RV (10 uM) (b). After incubation for the indicated
length of time, cell extracts were subjected to SDS-PAGE and immuno-
blotting with antibodies specific for phospho-JNK (Thr183/Tyr185),
phospho-p38 (Thr180/Tyr182), and phospho-ERK (Thr202/Tyr204).
Membranes were stripped and re-probed for total INK, total p38, or total
ERK. The ratio of phosphorylated protein was calculated from three
independent experiments (shown under each immunoblot of the phos-
phorylated protein). The relative protein level for the phosphorylated
protein was calculated according to the densitometry reading of each
band, which was then normalized according to the densitometry reading
for the corresponding total protein level. The control group was arbitrarily
set at 1.0 for ease of comparison. Involvement of PI3K in RV-induced
signaling: hUCB-MSCs were treated with MCP (100 uM) and RV
(10 uM) with inhibitors of PI3K (LY294002) in ¢. The relative protein
level was calculated according to the densitometry reading of each band,
which was then normalized according to the densitometry reading for the
corresponding total protein level
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health risks that are associated with pesticide exposure
[27]. It aims to find out the toxicity in hUCB-MSCs due
to MCP exposure and its protection by RV along with the
signaling molecules involved (Fig. 8). Brain’s high lipid
content makes it vulnerable towards MCP toxicity [28].
Oxidative stress induced by OP (MCP) intoxication is
associated with elevated lipid peroxidation and decreased
antioxidant defense. It also induces the production of re-
active oxygen species by several biochemical mechanisms
[29]. ROS generation subsequently results in lipid perox-
idation, protein oxidation, modulation of gene expression,
alteration of redox status, certain diseases, and premature
aging. Reduced glutathione is the principal antioxidant
molecule for scavenging and detoxification of free radi-
cals and preventing oxidative damage [30]. Therefore, if
we consider the GSH level, it is reported that increased
GSSG/GSH ratio propels PC12 cells towards apoptosis
[31]. In hUCB-MSCs also, GSSG/GSH ratio was found
to be higher in MCP-exposed cells.

Results indicate that MCP also mediates cellular
damage via apoptosis. Apoptosis manifests its effect

via two major execution programs downstream of the
death signal: the caspase pathway and organelle dys-
function. Out of them, mitochondrial dysfunction is the
best characterized so far. As the Bcl-2 family members
reside upstream of irreversible cellular damage and fo-
cus much of their efforts at the level of mitochondria,
they play a pivotal role in the selection of cell fate [32].
Bcl-2 molecules are considered as “guards of mitochon-
drial gate.” On the other hand, pro-apoptotic molecule
like Bax gets translocated to the mitochondria. cyt-c-
mediated mechanism has been suggested to occur via
potential differences which are associated with mito-
chondrial swelling and as a consequence would result
in the rupture of the outer mitochondrial membrane that
leads to the release of cyt-c into the cytoplasm [33].
Thus, in some system, dissipation of MMP has been
associated with cyt-c release from mitochondria [34].
MMP study showed significant perturbation in the mi-
tochondrial potential in MCP-exposed hUCB-MSCs.

TEM study results clearly demonstrate mitochondrial
damage. The inhibitory effect of MCP over neuronal
differentiation has also been proved earlier wherein
MCP-exposed neural stem cells of rat brain exhibited
diminished expression of TrkA and other key signaling
molecules as well as neural markers associated with
neuronal differentiation [35]. However, the damages in-
curred by hUCB-MSCs after exposure to MCP were
seemingly restored by RV which is primarily due to
the transient, non-cytotoxic, S-phase delay induced by
RV as well as its antioxidant properties [36, 37]. RV
exerted its neuroprotective effects at lower concentra-
tions of MCP but failed to do so at higher ones. This
can possibly be attributed to the immense amount of
stress resulting due to exposure to such high concentra-
tions of MCP [37].

It has already been reported in earlier studies that RV
possesses a direct radical scavenging property [38]. ROS
generation is a trademark of MCP-induced toxicity in
PC12 [39], SHSY-5Y, and stem cells [40, 41]. The neuro-
protective role of RV against MCP-induced neurotoxicity
has already been proved in in vitro neuronal model of
PCI12 cells [42]. The hUCB-MSCs also demonstrated a
similar pattern of neuroprotection by RV and nerve
growth factor [23, 25]. The results obtained are in lines
of an earlier study which reported that RV exerted direct
significant protection in cerebral cortical astrocytes
against 100 uM H,O, [43]. Moreover, RV itself does
not show any evidence of apoptosis, and the MCP and
RV co-exposed group shows significant neuroprotection
against MCP-induced neurotoxicity in these cells. MMP
study also showed significant protection in co-exposed
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Fig. 8 Diagrammatic MCP
representation of MCP-induced ' o
neurotoxicity and restoration of
cell survival and neurogenesis by
RV. RV manifests its effects via
PI3K-associated pathway. RV
maintains neuronal integrity
along with induction of neuronal
differentiation
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hUCB-MSCs against MCP-induced alterations in mito-
chondrial potential. The change in MMP has been postu-
lated to be an early obligate event in the apoptotic signal-
ing pathway. In previous studies, it has been reported that
MCP causes alteration in MMP in PC12 cells [8], stem
cells [44], and neuroblastoma cell lines. Ultrastructural
studies show restoration of mitochondria structure in
MCP and RV co-exposed cells. It has also been proved
earlier by our research group that mitochondrial dysfunc-
tion is an earlier demarcating event in MCP-induced oxi-
dative toxicity [45]. Consequently, we hypothesize here
that RV stimulates a direct signaling pathway which
shows increased antioxidant activity in hUCB-MSCs and
lowers the effect of MCP-induced toxicity.

Earlier studies showed that RV could alter the activity
of MAPKs and PI3K/Akt signaling molecules [26],
which are regulated by phosphorylation. To know the
signaling molecules associated with mechanistic studies
of RV in hUCB-MSCs, we focused on pathway

@ Springer

involving pERK'/,, P-38, and JNK. Our results clearly
indicate the involvement of PI3K in RV-mediated cell
survival. Studies conducted earlier on subarachnoid hem-
orrhage (SAH) rats [46] and glucose-induced neurotoxic-
ity of PC12 cells [21] have also reported PI3K-mediated
pathway as one of the primary pathways operating in the
case of RV-induced neuroprotection. Therefore, the pres-
ent study emphasizes the neuroprotective role of RV as-
sociated with PI3K-mediated signaling cascade in MCP-
induced neurotoxicity of hUCB-MSCs and its possible
implementation as a therapeutic intervention in MCP or
OP pesticide-induced neurodegeneration.
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