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Abstract
Prenatal and early life exposure of chlorpyrifos (CPF), a widely used pesticide, is known to cause neuronal deficits and
Parkinson’s disease (PD). However, data about the effect of its exposure at adult stages on PD-like symptoms and associated
bone loss is scanty. In the present study, we investigated the impact of CPF on the behavioral alterations seen in PD using adult
Swiss albino mice. PD is often associated with bone loss. Hence, skeletal changes were also evaluated using micro-computed
tomography and histology. MPTP was used as a positive control. Cell culture studies using MC3T3E-1, SHSY5Y, and primary
osteoclast cultures were done to understand the cellular mechanism for the behavioral and skeletal changes. Our results showed
that CPF treatment leads to PD-like symptoms due to the loss of dopaminergic neurons. Moreover, CPF has a deleterious effect
on the trabecular bone through both indirect changes in circulating factors and direct stimulation of multinucleate osteoclast cell
formation. The impact on the bone mass was even stronger than MPTP. In conclusion, this is the first report demonstrating that
CPF induces parkinsonian features in adult Swiss albino mice and it is accompanied by loss of trabecular bone.
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Introduction

Chlorpyrifos (CPF) is a pesticide, which comes under the
organophosphothionate (OPT) group of chemicals (Eaton
et al. 2008). During World War II, OPTs were first introduced
as nerve gas chemicals to attack the neurotransmitters in the
body. However, later this group of molecules was repurposed
as insecticides (Trasande 2017). CPF is one of the most com-
monly used OPT insecticides for agricultural and domestic
applications, and its contamination is detectable in crops,
fruits, and vegetables (Konradsen 2007; Lozowicka 2015).
Numerous human and animal studies have reported that CPF
exposures cause hepatotoxicity, neurotoxicity, and endocrine

disruption (Eaton et al. 2008; Trasande 2017). Indoor residen-
tial and some agricultural uses of CPF were prohibited in
2000–2001 after the US environmental protection agency
(EPA) found that the exposure levels faced by the children
were unsafe (Kim et al. 2013; Mojsak et al. 2018; Rauh
2018). In 2016, EPA put a complete ban on the use of CPF
for all agricultural, gardening, and domestic purposes (Rauh
2018). However, this ban was not implemented as in 2017 this
plan was scrapped by the new administration of EPA (Rauh
2018). Moreover, most of the other parts of the world are still
using it as an insecticide due to its low cost and easy
availability.

Owing to its genesis, the most prominent effect of CPF is
neuronal damage. Several epidemiological studies have re-
vealed that developmental CPF exposure primes to cognitive
impairment (Engel et al. 2011; Grandjean and Landrigan
2014). Besides, CPF’s fetal and neonatal exposure leads to
behavioral changes due to alterations in the developing rodent
brain (Aldridge et al. 2005; Venerosi et al. 2015) along with
cholinergic impairment and long-term dopaminergic neuronal
damage (Dam et al. 2000). Some of the reports have also
suggested that developmental exposure of CPF may cause
Parkinson’s disease (PD)-like symptoms in rodents. PD is a
neurodegenerative disorder with a characteristic dopaminergic
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neuronal loss in the ventrolateral and caudal portions of the
substantia nigra pars compacta (SNpc) and a decline in the
levels of dopamine (DA) in the striatum (Kalia and Lang
2015; Opara et al. 2017; Schneider et al. 2017; Titova et al.
2017a; Titova et al. 2017b). The disease has both motor and
non-motor phenotypes. The motor phenotype includes trouble
in movement, resting tremor, postural instability, and rigidity
with impaired speech and dementia at advanced stages. There
is a broad spectrum of non-motor symptoms associated with
PD-like cognitive impairment, mood disorders, sleep difficul-
ties, loss of sense of smell, constipation, etc. (Cecchini et al.
2019; Jiang 2019) One of the most common non-motor fea-
tures of PD is osteoporosis, which results in low bone mass
leading to fracture (Choi et al. 2017; Cummings and Eastell
2016). Data suggest that 91% of women and 61% of men with
PD also have osteoporosis (Watts 2014). Osteoporosis is more
frightening in PD patients as there are higher chances of them
falling due to impaired movement and postural instability
(Metta et al. 2017; Sleeman et al. 2016).

Most of the previous studies with CPF exposures were
directed towards its developmental toxicity demonstrating
the loss of dopaminergic neurons in the striatum (Basaure
et al. 2018; Silver et al. 2017). Only limited studies focused
on the PD-associated behavioral changes when CPF expo-
sures happened in the later stages of life. Besides, there is no
study investigating the PD-associated bone loss after CPF
exposure. Recently, in our studies, we have shown that the
MPTP mouse model of PD not only displays the behavioral
symptoms of the disease but also shows deterioration of bone.
We have also demonstrated that this effect on bone mass was
due to the endocrine changes in the serum of the animals (Ali
et al. 2019). In the present study, we are investigating the
effect of CPF exposures on the behavioral aspects of PD when
given to the adult mice. Taking the lead from our previous
study, we have also evaluated its effect on the skeleton and
whether the result is due to the direct exposure of CPF to bone
cells or indirectly through the changes in the circulating fac-
tors. MPTP is used as a positive control throughout the study.
Until now, there was no study evaluating the effect of CPF
exposure on bone mass or bone cells. Conclusively, the pres-
ent study provides novel data on the effects of CPF exposures
on dopaminergic neurotoxicity in the striatum of adult mice
along with its predisposition to the osteoporotic conditions.

Materials and Methods

CPF, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 1-
methyl-4-phenylpyridinium iodide (MPTP and MPP+), cell
culture mediums, fine chemicals (α-MEM, FBS), sodium py-
ruvate, non-essential amino acid, antimycotic antibiotic solu-
tion (100×), sodium bicarbonate, and Hams F-12 were

purchased either from Invitrogen (Carlsbad, CA, USA) or
Sigma-Aldrich (St. Louis, MO, USA).

Pesticide Solution

CPF was dissolved in groundnut oil and administered orally at
of 3 and 6 mg/kg body weight doses. MPTP was dissolved in
normal saline and administered intraperitoneally at a dose of
20 mg/kg body weight of mice.

Animals and Care

Male Swiss albino mice (8 weeks old and 25–30 g) were
provided standard conditions of 12:12-h light/dark cycles,
50% ± 5% humidity, and temperature of 25 ± 2 °C, and
housed in polypropylene cages. Pellet diet was provided ad
libitum with free access to water. All animal procedures were
done following the guidelines of the Institute Animal Ethics
Committee.

Study Overview

There were four groups into which 40 male Swiss albino mice
were distributed: Control, MPTP, 3 and 6 mg/kg/day doses of
CPF (1/20 and 1/10 of the LD50, respectively). The MPTP
treatment included four I.P. injections at a total dose of
20 mg/kg b.wt. with 2 h interval on day 1 (Jackson-Lewis
and Przedborski 2007) followed by animal maintenance on
chow diet for 8 weeks. Acute oral LD50 of CPF in mice was
60 mg/kg and sublethal doses not exceeding 1/3 of the LD50

were selected based on previous studies (El-Sebae et al. 1978).
Mice received oral gavage of CPF. Analysis was done for
neurobehavioral deficits after CPF and MPTP treatments at
4 and 8 weeks. After which, they were sacrificed, and various
organs such as the brain, bones, and serum were harvested.
Dissected femurs and tibias were stored at 4 °C until the mea-
surement of various bone parameters was performed.

Neurobehavioral Studies

Block Test

This behavioral assay was done in accordance with previously
published protocols (Ali and Rajini 2016; Sanberg et al.
1988). Time taken by the mouse to recover from a cataleptic
posture, i.e., from an awkward to its normal posture when
holding a 3-cm wooden block by its forelimb was recorded.
A score of 0.1 was awarded on failing to revert to its normal
posture. The average score of 10 trials was considered as the
catalepsy score.
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Rotarod Test

Motor coordination and learning test were followed using a
previously published method (Deacon 2013). Briefly, mice
were made to run on a digitalized treadmill (the rotarod appa-
ratus, Orchid Scientifics, Nasik, India) at an initial speed of
4 rpm that was constantly accelerated at a rate of 20 rpm/min.
Time at which they fell off the rotarod was noted. A retrial was
given if the mouse fell off before 10 s and a baseline score of
4 rpm was given if it failed to grip the rod within 10 s for three
consecutive trials. Ten such tests were given to each animal
per day.

Gait Analysis

For gait analysis, fore and hind paws of animals were wetted
with color and were allowed to run on a strip of a white sheet
of paper measuring 42 × 4.5 cm in length. For stride length
(SL), the distance between two consecutive prints of the same
paw was measured.

DA Content

Striatal DA was measured using a previously published pro-
tocol (Gruntenko et al. 2005). In short, we homogenized
striatal samples in 100 mM PBS buffer with 0.1% Tween-20
pH 8 and centrifuged them at 4 °C and 14,000 rpm for 30 min.
DA levels were estimated using high-performance liquid
chromatography (HPLC) with the following specifications:
C18 reverse phase column, isocratic pump, with a flow rate
of 1 mL/min and detection at 280 nm. The mobile phase was
made with 0.2% trifluoroacetic acid in 30% methanol. A
20-μL of sample was injected. DA concentration was
expressed as μg/mg protein.

Acetylcholinesterase Activity

Acetylcholinesterase (AChE) activity was measured follow-
ing a previously published method (Ellman et al. 1961).
Briefly, to an amount of phosphate buffer (100 mM, pH 8),
we added acetylthiocholine iodide (0.01 mL of 0.1 M). To
this, a suitable amount of striatal/cell supernatant stock and
dithionitrobenzene were also added. The rate of change in
absorbance for the solution was examined over 5 min at
420 nm in a microplate reader, and the results were expressed
as units/mg protein.

Bone Parameter Measurement
Through Micro-computed Tomography

Bone analysis was done using Sky Scan 1076 micro-
computed tomography (μ-CT) scanner (Aartselaar, Belgium)
(Sharan et al. 2011). Briefly, the bone samples were scanned at

of 9-μm resolution trailed by reconstruction by recon soft-
ware. The trabecular bone analysis was done by drawing re-
gions of interest of 350 secondary spongiosa bone slides after
excluding all primary spongiosa. For cortical bone analysis,
450 following image slides from growth plate were discarded,
100 following image slides were selected for analysis. BMD
of the femur and tibia were measured from the volume of
interest made for the cortical and trabecular region using hy-
droxyapatite phantom rods of 4 mm in diameter with known
BMD taken as reference (Bachagol et al. 2018).

Quantitative Real-Time Polymer Chain Reaction

RNA from the bones of CPF (6 mg/kg/day dose), MPTP, and
vehicle-treated mice were isolated through Trizol method
(Invitrogen) following previously published protocols (Khan
et al. 2012; Lewis et al. 2017). One microgram of RNA from
eachwas used for cDNA synthesis using a cDNA synthesis kit
(Applied Biosystems). Using specific primers, relative expres-
sion of transcripts for all genes was ascertained using SYBR
Green chemistry. β-Actin was taken as an internal control
(Supplementary Table 1).

Bone Histology

Bone histology was done with third lumbar vertebral samples.
Calcein double fluorochrome labeling on the bone samples
was performed for histomorphometric study using a previous-
ly published method (Roman-Garcia et al. 2014). Briefly,
bones were embedded in an acrylic material, and 5 μm sec-
tions were sliced from lumber three vertebra using Leica mi-
crotome. For the determination of bone formation rate/bone
surface (BFR/BS) and mineral appositional rate (MAR), pho-
tographs were taken under fluorescent microscope aided with
appropriate filters. BFR/BS andMARwere calculated accord-
ing to a previously published method (Sharan et al. 2011).
Osteomeasure Analysis System (Osteometrics, Atlanta, GA,
USA) was used to analyze undecalcified sections stained with
tartrate-resistant acid phosphatase (TRAP) or Von Kossa/Von
Gieson following previously published protocols (Lewis et al.
2017; Sharan et al. 2017).

Cell Culture

MC-3T3-E-1 preosteoblast and SH-SY5Y human neuroblas-
toma cell lines were procured from American Type Culture
Collection (ATCC, USA). MC-3T3-E-1 cells were grown in
α-MEM, and SH-SY5Y cells in Hams F-12 media supple-
mented with heat-inactivated fetal bovine serum, penicillin
(10 IU/mL), streptomycin, (10 mg/mL), 2 mM glutamine,
1 mM sodium pyruvate, and 0.1 mM non-essential amino
acids.
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Dopaminergic Differentiation of SH-SY5Y Cells

Seven thousand SH-SY5Y cells/well were seeded on a 96-
well plate that was grown for 24 h at 37 °C with 5% CO2 after
which they were differentiated. Later, the cells were treated
with 10 μM retinoic acid (RA) per well for 3 days, followed
by 80 nM 12-O-tetradecanoyl-phorbol-13-acetate (TPA) per
well for another 3 days (Presgraves et al. 2004). On the 7th
day, MPP+ and CPF treatments with concentrations from 1 to
100 μM were given to the cells, and various assays were
performed as mentioned below.

MTT Assay

Five thousand MC3T3-E1 cells/well and 10,000 SH-SY5Y
cells/well were plated in a 96-well plate and were allowed to
grow for 24 h. They were further treated with varying concen-
trations of CPF and MPP+ (1–100 μM) in 0.5% FBS. After
24 h, MTT (5 mg/mL) was added to the cells for 4 h. The
formazan crystals formed were dissolved in 50 μL of DMSO.
The absorbance was read at 560 nm.

Bromodeoxyuridine Cell Proliferation Assay

For bromodeoxyuridine (BrdU) assay, 4000 MC-3T3-E-1
cells were plated on a 96-well plate and were exposed to
CPF and MPP+ (1–100 μM concentrations). BrdU ELISA
from Roche (Indianapolis, IN, USA) was used to analyze cell
proliferation following the manufacturer’s instructions.

Alkaline Phosphatase Assay

Alkaline phosphatase (ALP) activity was measured using pre-
viously published protocols (Khan et al. 2013; Sharan et al.
2017). Briefly, CPF and MPP+ (at concentrations 1–100 μM)
treatment were given to MC3T3-E-1 cells for 48 h under os-
teoblast differentiating conditions (α-MEM medium with
10% FBS, 10 mM β-glycerophosphate, and 50 mg/mL of
ascorbic acid). Total ALP activity was measured using p-
nitrophenyl phosphate (PNPP) as a substrate, and absorbance
was read at 405 nm.

In Vitro Mineralization Assay

Twenty-five thousand to 30,000 MC3T3-E1 cells/well were
seeded in 12-well plate and were grown in the presence of
CPF and MPP+ for 30 days in osteoblast differentiation me-
dium. The media were changed every alternate day along with
the treatments. After the end of the experiment, cells were
washed in PBS and fixed for 30 min with 4% formalin after
which they were stained with 40 mMAlizarin red stain for 1 h
to detect calcification. Extraction was done with 10%

cetylpyridinium chloride and read calorimetrically at 570 nm
(Sharan et al. 2017).

Differentiation of Osteoclasts

Bone marrow cell (BMC) cultures were exposed to osteoclast
differentiation medium comprising 30 ng/mL of receptor ac-
tivator of nuclear factor kB ligand (RANKL) and 50 ng/mL of
monocyte/macrophage colony-stimulating factor (M-CSF).
Osteoclast differentiation was quantified through histochemi-
cal staining for TRAP (Siddiqui et al. 2010; Swarnkar et al.
2011). Treatment was done throughout the differentiation.

Statistical Analysis

Mean and standard error (SE) values were determined for all
the parameters, and the results were expressed as mean ± SE.
The data were analyzed employing one-way analysis of vari-
ance (ANOVA) followed by post hoc analysis (Tukey test) for
the comparison of means to determine the significance of dif-
ference among the groups. “P” values below 0.05 were con-
sidered statistically different.

Results

Effect of CPF on the Behavioral Symptoms of PD

Male Swiss albino mice were divided into four groups namely
vehicle, MPTP, and two doses of CPF (3 and 6 mg/kg/day).
MPTP injections were administered four times with 2-h inter-
val on the first day and mice were maintained on chow diet for
8 weeks. CPF treatments were given daily for 8 weeks by oral
gavage. Behavioral studies were done 4 weeks and 8 weeks
after the treatment to evaluate the potential of CPF to cause the
development of PD-like symptoms. MPTP was used as a pos-
itive control.

Treatment-induced catalepsy in mice was analyzed through
the block test. While a lower dose of CPF did not affect cat-
alepsy score after 4 weeks of treatment, and symptoms were
apparent nearing 8 weeks of treatment. The higher dose of
6 mg/kg/day of CPF however showed an increased cataleptic
score even after 4 weeks of treatment which persisted till
8 weeks when compared to control (Fig. 1a, b). MPTP cata-
leptic scores were higher as compared to CPF at both 4 and
8 weeks after treatment.

We further subjected the mice to the rotarod test to assess
their motor coordination and learning ability. Results of the
study showed that CPF exposures at both the doses had a
significant decrease in their motor coordination comparably
for both 4 and 8 weeks of treatment as compared to control
when tested over the accelerating drum (Fig. 1c, d). The effect
was even comparable to the MPTP group. However, the
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analysis of time taken to remain balanced on the rotating drum
at static rpm showed a significant decrease at 4 weeks and
8 weeks only with 6 mg/kg/day dose of CPF when compared
with control. The effect at this dose was even comparable to
that of MPTP treatment (Fig. 1e, f).

Finally, both CPF and MPTP treatments were studied for
their effect on the parameters of gait impairment as it is a
cardinal clinical finding in patients with PD. CPF treatment
at both doses caused a significant decrease in the stride length
of forelimb and hind limb after 4 and 8 weeks of treatment.
The results were comparable to the MPTP group (Fig. 1g, h).

Effect of CPF Treatment on DA Content and AChE
Activity in the Striatum

Striatal DA levels were measured in the mice after 8 weeks of
CPF and MPTP treatment. A significant decrease in striatal
DA levels was observed in both the doses of CPF-treated
groups as compared to the control (Fig. 1i). Next, we mea-
sured the AChE activity calorimetrically in the striatal

homogenates for CPF and MPTP-treated mice. Similar to
DA, the results showed a significant reduction of the striatal
AChE activity at both the doses of CPF when compared to
control. The effect at both the doses was comparable to MPTP
treatments (Fig. 1j).

Effect of CPF on SH-SY5Y Neuroblastoma Cell Lines

Dopaminergic neuron toxicity was further analyzed for both
1-methyl-4-phenylpyridinium ion (MPP+) (the active toxic
metabolite of MPTP) and CPF using neuroblastoma cell line.
In vitro treatment of MPP+ and CPF to undifferentiated SH-
SY5Y cells had no cytotoxic effect at 1–100 μM concentra-
tions (Fig. 2a). However, when SH-SY5Y cells were differen-
tiated towards a dopaminergic lineage, MPP+ (~ 37%) and
CPF (~ 41%) treatments both showed cytotoxicity at
100 μM concentration (Fig. 2b). Moreover, we also found a
significant decrease in the AChE activity of the differentiated
SH-SY5Y cells when treated with both MPP+ and CPF at 10
and 100 μM concentrations (Fig. 2c).

Fig. 1 CPF increased neurobehavioral deficits similar to MPTP and
decreased neurochemical parameters in the striatum as compared to
control. Vehicle or CPF at 3 and 6 mg/kg/day doses were administered
orally to the animals. MPTP injections were given on day 1. All the
groups were analyzed at 4 and 8 weeks for a, b catalepsy score by
block test, c, d total time taken to remain balanced on the rotating drum

at consecutive rpm by rotarod test, e, f time taken to remain balanced on
the rotating drum at static rpm by rotarod test, and g, h stride length by
gait analysis. i Dopamine content and j AChE activity in the striatum
were measured after 8 weeks. Each group contains ten animals. Data
are presented as mean ± S.E.M. (*P < 0.05, **P < 0.01; ***P < 0.001)
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Effect of CPF and MPTP on Trabecular Bone

We next analyzed the trabecular bone structure at femur distal
metaphysis and tibia metaphysis of the control and treatment
group mice by μ-CT after 8 weeks of treatment with MPTP
and CPF. As shown in Fig. 3a, the reconstructed 3D μ-CT

image at femur trabeculae revealed a gross depletion of tra-
becular structure in MPTP and both the doses of CPF as com-
pared to the control. Furthermore, CPF treatment at both doses
resulted in decreased trabecular bone volume/tissue volume
(BV/TV) (Fig. 3b), trabecular bone mineral density (BMD)
(Fig. 3c), trabecular number (Tb.N) (Fig. 3d), and connection

Fig. 3 CPF and MPTP treatment cause loss of bone microarchitecture. a
Representative reconstructed 3-D μ-CT images, b BV/TV (%), c BMD
(g cm−3), d Tb.N (mm−1), e connection density (mm−3), f Tb.Sp (mm),
and g SMI at trabecular region of femur distal metaphysis of the vehicle,
CPF (3 and 6 mg/kg/day), and MPTP-treated mice. h Representative

reconstructed 3-D μ-CT images, i BV/TV (%), j BMD (g cm−3), k
Tb.N (mm−1), l connection density (mm−3), m Tb.Sp (mm), and n SMI
at trabecular tibia metaphysis of the vehicle, CPF, and MPTP-treated
mice. Each group contains 10 animals. Data are presented as mean ±
S.E.M. (*P < 0.05, **P < 0.01; ***P < 0.001 as compared to vehicle)

Fig. 2 CPF and MPP+ decrease SH-SY5Y cell viability differentiated
towards dopaminergic neurons. a MTT assay on undifferentiated SH-
SY5Y cells treated with varying concentrations of CPF and MPP+. b
MTT assay on SH-SY5Y cells differentiated towards dopaminergic phe-
notype and treated with a 100-μM concentration of CPF and MPP+ for

24 h. c AChE activity of SH-SY5Y cells differentiated to dopaminergic
phenotype and treated with CPF and MPP+ at 100 μM concentration.
Data are presented as mean ± S.E.M. (*P < 0.05, **P < 0.01;
***P < 0.001 as compared to vehicle)
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density (Conn. Den) (Fig. 3e) when compared to control. The
effect was even comparable to the MPTP group. Femur tra-
becular separation (Tb.Sp) (Fig. 3f) was only increased in
6 mg/kg/day dose of CPF when compared to control, whereas
the lower dose of CPF and MPTP did not affect (Fig. 3f).
Structure model index (SMI) (Fig. 3g) which is inversely pro-
portional to the quality of bone was significantly increased in
MPTP and both the doses of CPF group as compared to the
control.

Similarly, in the tibia, CPF (at both 3 and 6 mg/kg/day
doses) and MPTP treatments resulted in a gross decrease of
trabecular bone structure (Fig. 3h) with a decreased BV/TV
(Fig. 3i), BMD (Fig. 3j), Tb.N (Fig. 3k), and Conn. Den
(Fig. 3l). Similar to the femur, Tb.Sp (Fig. 3m) was only
increased in 6 mg/kg/day dose of CPF whereas SMI was in-
creased at both the doses of CPF and MPTP (Fig. 3n) when
compared to control.

Effect of CPF and MPTP on Vertebral Histology

The histological analysis of the third lumbar vertebra of the
control and treated mice was performed. The results showed a
significant decrease in the in BV/TV (%) of CPF (at both 3
and 6 mg/kg/day dose) treated mice compared to control,
where the values at higher dose were even significantly lower
than MPTP bones. MAR and BFR/BS also had a significant
decrease at both the doses of CPF showing a decline in bone
formation. Consistent to that both osteoblasts per trabecular
area (N.Ob/T.Ar) and the number of osteocytes per trabecular
area (N.Os/T.Ar) were decreased in CPF and MPTP-treated
groups when compared control. Analysis of osteoclast activity
parameters revealed an increase in the number of osteoclast
per trabecular area (N.Oc/T.Ar) and osteoclast surface per
bone surface (Oc.S/BS) in the MPTP and CPF-treated mice
compared to control (Fig. 4a). Interestingly, the Oc.S/BS and
N.Oc/T.Ar were significantly higher in 6 mg/kg/day dose of
CPF as compared to MPTP.

Effect of CPF on the mRNA Expression of the Markers
of Bone Formation and Resorption

The quantitative real-time PCR analysis of the bone formation
markers from the tibia of control and treatment group mice
showed a significant decrease in mRNA expression levels of
osteoblast early differentiation marker Runx2, Col1a1, and
late differentiation marker Atf-4 in the 6 mg/kg/day dose of
the CPF group when compared to control. The expression was
even comparable to MPTP-treated mice bones (Fig. 4b–d).
Whereas, the expression levels of Trap, the osteoclast differ-
entiationmarker, were significantly increased in the CPF treat-
ment group (Fig. 4e). Interestingly, the expression levels of
Trap in CPF-treated bones were even significantly higher than
the MPTP group.

Effect of CPF and MPTP-Treated Mice Serum on Bone
Cells

An ex vivo model of toxicity of MPTP and CPF was also set
up to model PD physiology. To clear out the CPF and its
metabolite from serum, the treatment was stopped 3 days be-
fore the sacrifice. Serum that was collected from both MPTP
and CPF (6 mg/kg/day) treated mice was exposed to bone
cells (to a final volume of 1% mice serum in the medium).
MTT assay with MC3T3-E1 preosteoblast cells showed a sig-
nificant decrease in cell viability when treated withMPTP and
CPF-treated mice serum as compared to control mice serum
treatment (Fig. 5a). Similarly, proliferation (Fig. 5b) and dif-
ferentiation (Fig. 5c) of the cells also decreased in the presence
of both MPTP and CPF-treated mice serum.

MPTP and CPF-treated mice serum was also treated with
primary bone marrow cells to study their potential for osteo-
clast differentiation. The results showed a ~threefold increase
in the number of multinucleated TRAP-positive osteoclast
cells in bothMPTP and CPF-treated mice serum culture when
they were compared to the control group (Fig. 5d).

Effect of CPF on MC3T3-E1 Preosteoblastic Cell Lines

To evaluate whether the decrease in bone mass due to CPF
treatment was caused by its direct effect on bone-forming
osteoblast cells, we treated MC3T3-E1 preosteoblastic cells
with MPP+ and CPF.

Our results showed that treatment of MPP+ and CPF at
varying concentrations (1–100 μM) did not affect the osteo-
blast cell viability (Fig. 6a), differentiation (Fig. 6b), and ma-
trix mineralization (Fig. 6c).

Effect of CPF on Primary Osteoclast Differentiation

Effect of MPP+ and CPF treatments on bone marrow-derived
primary osteoclast cell differentiation was also investigated.
Our results showed that while MPP+ treatment had no signif-
icant effect on the formation of multinucleated TRAP-positive
cells (Fig. 6d), CPF at 100 μM concentration significantly
increased (~two times) the number of multinucleated TRAP-
positive osteoclast cells when compared to control and MPTP
(Fig. 6d).

Discussion

Despite a complete ban over the use of CPF by EPA (Clevelan
et al. 2001), it is still the widely used pesticide in most parts of
the world. Although there is evidence that fetal and early life
exposure to CPF leads to persistent neurological deficits in
humans and rodents (Eaton et al. 2008; Engel et al. 2011),
there is no data in conjunction to the bone health, as
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Fig. 4 CPF treatment decreases
vertebral bone mass more than
MPTP with decreased
osteoblastogenesis and increased
osteoclastogenesis. a
Representative von Kossa
staining for lumbar 4 vertebrae
from CPF (3 and 6 mg/kg/day),
MPTP, and vehicle-treated mice
with measurement of bone
volume/tissue volume percentage
(BV/TV %), measurements for
mineral apposition rate (MAR)
and bone formation rate per bone
surface (BFR/BS), analysis of os-
teoblast numbers per total area
(N.Ob/T.Ar), osteocyte number
per total area (N.Os/T.Ar), analy-
sis of osteoclast numbers per total
area (N.Oc/T.Ar), and osteoclast
surface per bone surface (Oc.S/
BS). b–e qPCR analysis of long
bone from control, CPF (6 mg/kg/
day), and MPTP-treated mice
showed a decreased mRNA ex-
pression levels for b Runx2, c Atf-
4, d Col1a1 and increased levels
for e Trap. Data are presented as
mean ± S.E.M for n = 6
(*P < 0.05, **P < 0.01;
***P < 0.001 and ^P < 0.05 as
compared to MPTP)

Fig. 5 Ex vivo treatment of CPF
and MPTP-treated mice serum
decreases osteoblastogenesis and
increases osteoclastogenesis. a
MTTassay, bBrdU ELISA, and c
ALP assay of cells treated with
CPF and MPTP-treated mice sera
on MC3T3-E1 cells as compared
to vehicle-treated mice sera. d
Representative picture and e
analysis of the number of TRAP-
positive multinucleated osteo-
clasts from primary osteoclast
culture treated with mice serum
for 6 days. Data are presented as
mean ± S.E.M. (*P < 0.05,
**P < 0.01; ***P < 0.001)
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osteoporosis is the most common non-motor symptom of PD
(Dobson et al. 2013; Schneider et al. 2008). Moreover, the
knowledge about the neurotoxic effect of CPF exposure lead-
ing to PD at adult stages remains obscure. These limitations
highlight the need to implement further investigations in this
direction. Therefore, in the present study, using an animal
model, we have evaluated the neurotoxic effect of CPF in
the adult brain and the consequent behavioral symptoms of
PD. Moreover, we have also reported for the first time its
influence over the adult bonemicroarchitecture and associated
histomorphometric changes. The results obtained were com-
pared with MPTP treatment groups as it is an established
model for PD and bone loss.

PD pathogenesis has been shown to affect catalepsy, motor
coordination, and gait negatively (Beitz 2014). In the present
study, to examine the effect of CPF treatment on PD symp-
toms, adult male Swiss albinomice were treated with CPF at 3
and 6 mg/kg/day. Mice were subjected to several behavioral
tests after 4 and 8 weeks of treatment to check whether PD-
like symptoms have developed or not. While 6 mg/kg/day
dose of CPF resulted in catalepsy, motor deficit, and gait im-
pairment even after 4 weeks of treatment, 3 mg/kg/day dose
had a limited effect. These changes were further enhanced
after 8 weeks at both doses. Interestingly, 6 mg/kg/day dose

of CPF showed effect comparable to MPTP except for the
catalepsy score. Further, reduced levels of striatal DA and
AChE activity, characteristic features of PD, were also ob-
served at both the doses of CPF with 6 mg/kg/day showing
a greater loss. The effect at both the doses was even compa-
rable to MPTP, indicating the severity of the damage. Next to
understand whether CPF causes loss of neurons by targeting
undifferentiated neuronal cells or the differentiated dopami-
nergic neurons, we used SHY5Y cell line. Treatment of CPF,
like MPP+ (the toxic metabolite of MPTP), did not affect
undifferentiated cells. However, it resulted in the decreased
viability of dopaminergic neurons and their reduced AChE
activity. This result suggested that similar to MPTP, CPF tar-
gets the differentiated dopaminergic neurons. These results
were consistent with the earlier studies where it had been
shown that developmental and early age exposure of CPF
causes PD-like symptoms (Dam et al. 2000; Venerosi et al.
2015).

In recent years, understanding of the neuroendocrine regu-
lation of bone mass has gained tremendous importance.
Several pieces of evidence suggest that factors originating
from the brain regulate skeleton maturation and homeostasis
(Fukuda and Takeda 2015; Huang et al. 2019; Sharan et al.
2017; Sharan and Yadav 2014). In neurodegenerative diseases

Fig. 6 CPF treatment shows no
effect on osteoblast cells but
increases osteoclastogenesis. a
MTT assay: MC3T3-E1
preosteoblast cells treated with
varying concentrations of CPF
and MPP+ for 24 h. b Alkaline
phosphatase (ALP) assay: Cells
treated with varying concentra-
tions of CPF and MPP+ for 48 h
followed by ALP activity assay. c
MC3T3-E1 cells treatedwith CPF
and MPP+ for 21 days followed
by alizarin red staining and ex-
traction. d Primary osteoclast
culture treated with CPF and
MPP+ for 6 days in osteoclast
differentiation media and analysis
of the number of multinucleated
TRAP-positive cells after CPF
treatment. Data are presented as
mean ± S.E.M. (*P < 0.05,
**P < 0.01; ***P < 0.001)

708 Neurotox Res (2019) 36:700–711



like PD, clinicians have observed that bone loss is a common
phenomenon. Data suggest that there is a strong association
between PD and osteoporosis (Ali et al. 2019; Cheng et al.
2019). In our recent study using a mouse model of PD, we
have also shown that PD results in the trabecular bone loss in
rodents due to decreased bone-forming osteoblast cells and
increased bone-resorbing osteoclast cells (Ali et al. 2019).
Results of the present study showed the occurrence of PD-
like symptoms with CPF treatment. Hence, next, we evaluated
whether the loss of the dopaminergic neurons is also accom-
panied by a decline in bone mass in CPF-treated mice or not.
Results of our study showed that both the doses of CPF caused
decreased BV/TVand BMD of femur and tibia. Interestingly,
both lower and higher doses of CPF had a similar and com-
parable decline in these parameters when compared to MPTP.
Besides, connection density and SMI were also negatively
affected by CPF, and there was no significant difference
between CPF and MPTP group. Although there was a com-
parable decrease in tibial Tb.N with MPTP in CPF group,
in femur only CPF (at both the doses) decreased the Tb.N.
Moreover, Tb.Sp. was only increased by 6 mg/kg/day dose
of CPF. These results indicated a more robust effect of CPF
on the bone as compared to MPTP. Histological and
histomorphometrical analysis of lumber three vertebrae of
mice revealed that CPF groups had higher bone loss in
vertebra as compared to MPTP (lower BV/TV). There
was a comparable decrease in bone formation parameters,
osteoblast, and osteocyte numbers in CPF and MPTP
groups. However, there was a stronger effect on osteoclas-
togenesis in CPF groups as compared to MPTP groups,
where there was a greater increase in osteoclast number
and surface to the bone surface in the CPF group.
Moreover, while there was a comparable decline in gene
expression of osteogenic genes between CPF and MPTP
bones, the expression of Trap (an osteoclastogenic marker)
was higher in the CPF group as compared to MPTP.

In our previous study, we have shown that in the MPTP
mouse model of PD, bone loss happens due to the paracrine
changes in the circulating neuroendocrine factors (Ali et al.
2019). In this study where the PD symptoms were weaker
than MPTP but the bone loss was higher with increased oste-
oclast markers, there was a possibility that CPF had both in-
direct (through circulating factors) and direct (through osteo-
clast) effect on bone cells. To further test this, we first evalu-
ated whether the changes in circulating factors are indirectly
responsible for the greater decrease in bone mass of the CPF
group than the MPTP-treated mice. For that, we did the
ex vivo treatment of the bone cells with the serum obtained
from the control and treatment group mice. Our results dem-
onstrated that the CPF-treated mice serum was equally cyto-
toxic to the osteoblast cells when compared to MPTP.
Moreover, both MPTP and CPF-treated mice serum had a
comparable negative effect on the proliferation and differenti-
ation of osteoblast cells. Besides, both the groups’ sera treat-
ment equally enhanced the formation of multinucleated oste-
oclast cells. These results suggested that both MPTP and CPF
affected the circulating factors in more or less the same way.
Next, to find out the possibility of the direct modulation of
bone cells activity by CPF, we treated osteoblast and osteo-
clast cells with varying concentrations of CPF and MPP+.
Although both CPF and MPP+ did not affect osteoblast cell
viability, proliferation, differentiation, and mineralization, on-
ly CPF treatment led to an increase in osteoclastogenesis when
treated to differentiation osteoclast cells. These results sug-
gested that unlikeMPTP, CPF has a deleterious effect on bone
both indirectly through changes in circulating factors and di-
rectly through the stimulation of multinucleate osteoclast cell
formation.

In conclusion, our study reveals that CPF, when given to
adult mice, induces PD-like behavioral changes along with the
loss of DA and AChE activity in the striatum. Furthermore,
the loss of dopaminergic neurons is accompanied by the

Fig. 7 Diagrammatic
representation of the mechanism
by which CPF induces PD and
bone loss
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microarchitectural deterioration of the trabecular bone even at
a 1/20th time dose of the LD50 of CPF. We have also shown
that the effect is both due to the changes in the circulating
factors in the serum (leading to the decreased bone formation
and increased bone resorption) and direct stimulation of oste-
oclastogenesis (leading to further increase in bone resorption)
by CPF (Fig. 7).
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