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Abstract
Pioglitazone (PGT) is a PPAR-γ activator that has neuroprotective properties via different mechanisms. It is thought to be neuroprotective in
both acute and chronic use. Chlorpyrifos (CPS) is an Organophosphate insecticide that leads to attention deficit and cognitive problems in
children and its neurotoxic effects are well known. This study aims to investigate the neuroprotective effects of PGT on CPS neurotoxicity in
NB2a cell in the culture medium. We investigated the cell viability and proliferation using MTT assay and the percentage of neurite inhibition
was analysed by measuring neurite outgrowth. Apoptosis was evaluated using the apoptotic index in TUNEL staining. Cell proliferation was
found to be significantly reduced by CPS (25 µM), and this concentration-based reduction was prevented by PGT. Neurite outgrowth was
inhibited by CPS (25 µM), whereas PGT significantly reversed neurite inhibition at and above 10 μM concentrations. The apoptotic index,
which was increased using CPS (25 µM), was observed to reduce using PGT, depending on the concentration. Organophosphate is harmful
to human health, and to our knowledge, there is no treatment. In individuals exposed to chlorpyrifos toxicity, acute toxic effects on neurons
may be prevented or treated by PGT.
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Pioglitazonun NB2a Fare Nöroblastoma Hücre Kültürüdeki Nöroprotektif
Etkisi
Öz
Pioglitazon (PGT), farklı mekanizmalar yoluyla nöroprotektif özelliklere sahip bir PPAR-γ aktivatörüdür. PGT akut ve kronik kullanımının
nöroprotektif olduğu düşünülmektedir. Klorpirifos (CPS) çocuklarda dikkat eksikliği ve bilişsel problemlere yol açan bir organofosfat insektisit
olup nörotoksik etkileri iyi bilinmektedir. Bu çalışmada, kültür ortamında fare kaynaklı NB2a kanser dizin hücrelerinde CPS nörotoksisitesi
üzerine PGT’nin nöroprotektif etkileri olup olmadığının araştırdık. MTT analizini kullanarak hücre proliferasyonu üzerine etkilerini ve ılımlı
nörotoksik etkinin bir göstergesi olan Nörotoksisite Tarama Testi ile % nörit inhibisyonu incelendi. Apopitoz, TUNEL boyamada apopitotik
indeks kullanılarak değerlendirildi. CPS (25 μM) konsantrasyonda uygulandığında NB2a hücre proliferasyonu azalttı. PGT ise konsantrasyon
bağlı olarak klorpirosa bağlı azalmayı önlendi. Klorpirifon 25 μM konsantrasyonda tama yakın Nörit uzamasını inhibe ederken, PGT 10 μM
ve üzerindeki konsantrasyonlarda nörit inhibisyonunu önemli ölçüde engelledi. CFS (25 μM) ile artan apopitotik hücre sayısını, PGT 10 uM
konsantarasyondan itibaren anlamlı düzeyde azalttığı görüldü. Organofosfatlar insan sağlığına zararlıdır ve toksik etkilerini önlemek için
bildiğimiz bir tedavisi yoktur. Klorpirifos toksisitesine maruz kalan bireylerde, nöronlar üzerindeki akut toksik etkileri PGT ile önlenebilir veya
tedavi edilebilir.

Anahtar sözcükler: NB2a, Nörotoksisite, Pioglitazone, Nöroprotektif etki, Nörotoksisite tarama testi, Apoptioz, Klorpirifos

INTRODUCTION
People may be exposed to toxic effects of many chemicals
throughout their lives. Some of these chemicals have a
neurotoxic effect. Although neurons are highly developed
cells, they cannot protect themselves and regenerate in
case of damage [1].
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Some of them have a neurotoxic effect. Although neurons
are highly developed cells, they cannot protect themselves
and to be regenerated in case of damage [1].
Chlorpyrifos (CPS: chlorpyrifos, O, O-diethyl O-3,5,6trichloropyridin-2-yl phosphorothionate, O, O-diethyl
O-3,5,6-trichloro-2-pyridyl phosphorothionate, chlor-
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pyrifos-ethyl) is one of the most extensively used organophosphate (OP) insecticides. CPSwas introduced into the
market in the 1960s and is still used widely in agriculture
and the home. Following its entry into the body, CPS is
metabolically converted into its oxygen or oxon analogue,
in which theSulphur of its P=S group is replaced by oxygen.
This biotransformation reaction is carried out mainly
in the liver by the cytochrome P450 (CYP)-dependent
monooxygenase system. CPS activation to CPS-oxon is the
main cause of moderate acute toxicity in mammals.CPS,
have neurotoxic effects in susceptible species and cause
neurodegenerative changes in central and peripheral
nerves [2]. Therefore, we decided to use this compound to
produce moderate acute toxicity.
Thiazolidinedione group drugs used in the treatment of
diabetes act by increasing insulin response in the target
cell. Cellular effects occur via the activation of peroxisome
proliferator-activated receptors (PPARs) [3]. Activation of
PPARγ is known to regulate inflammatory responses.and
reduce the expression of many proinflammatory genes
(COX-2, iNOS and cytokines), and it is also associated with
inflammation in neurodegeneration [4]. Pioglitazone (PGT),
a member of this group, is thought to have neuronprotective property through several mechanisms by
increasing the gene transcription with the agonistic
effect of PPARγ. However, it is not known whether it has
a protective effect against neuronal damage in acute and
long-term use [5]. PGT is known to have antidiabetic and
adverse effects on the heart [6,7]. One of the findings of PGT
use is that the medication may have a neuroprotective
effect [3].
The differentiation of neurons in culture (evidenced by
neurite outgrowth) is a physiological process that is a
general indicator of cellular well-being. Its measurement,
therefore, provides a useful in vitro model for the
assessment of neurotoxicity and has been successfully
used to demonstrate the neurotoxic potential of a wide
range of agents, including excitatory amino acids. Neurite
outgrowth is a specific structural end-point unique to the
nervous system and depends upon a number of critical
cellular processes, such as axonal transport. The inhibition
of neurite outgrowth is only one marker of neurotoxicity
that involves differentiating cells; thus, it may be of more
relevant to exposure of the developing nervous system,
rather than the mature nervous system. The mouse NB2a
neuroblastoma cell has been determined to be a sensitive
predictor of neurotoxicity, and its relative ease of culture
and reproducibility suggested it was suitable for further use
and development of experiments involves the assessment
of interactions [8]. NB2a is a cell line and is frequently used
in the examination of neurotoxic effects on the neuronal
cells. The neurotoxic effect of the drugs is evaluated by %
inhibition of neurite. If the damage is moderate, the nerve
cell withdraws the neurite outgrowth [9].
The aim of this study is to show neuroprotective property

of PGT on the OP toxicity. In the damage caused by CPS,
the neuroprotective effect created by PGT is an important
condition, whichcould be used clinically. The findings
will also contribute to understanding the behavioural
mechanisms of the nerve cell in pathological conditions.

MATERIAL and METHODS
Ethical Approval
Ethical Approval was given by the Medical Ethics
Committee of Manisa Celal Bayar University (No: 10.05.2018
- 20.478.480).
Materials
Mouse NB2a neuroblastoma cells were provided from.
European Collection of Cell Cultures (ECACC) (cell line:
89121404). All the chemicals used in the experiment were
obtained from Sigma (St. Louis, MO, USA). Tissue culture
flasks and culture plates were supplied from Falcon/
Fred Baker (Runcorn, Cheshire, UK) and gentamicin was
provided from I. Ethem (Genta® 20 mg ampul, I. Ethem,
Istanbul, Turkey). In all experiments, the solvent was
evaluated for its effect on culture cells. PGT was dissolved
in ethyl alcohol at 1/5 (0.2%) final concentration and the
cells were incubated for a further 24 h.
Cell Culture
Neuroblastoma cells were proliferated in culture flasks
with high glucose Dulbecco’s Modified Eagle Medium
(DMEM) with Glutamax-1, containing 5% fetal calf serum,
5% horse serum, 1% penicillin/streptomycin solutions
(10000 U/10 mg) and 25 µg/mL gentamicin within the
incubator humidified with 37°Cand 5% CO2.
Cell Viability
The MTT assay, reduction of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide to a purple formazan
product, was used to estimate cell viability and growth.
PGT at concentrations of 1, 3, 10 and 30 µM and CPS at
25 µM concentrations for measurement. Cell suspensions
were first prepared at densities of 5 × 104/mL cells per each
well of 96-well culture dishes and plated in triplicate for
each concentration. Medium (100 μL) without PGT was
used as a positive control, and only medium which did not
contain any cells and PGT was used as a negative control.
Cells were treated with the concentrations previously
mentioned for 24 and 48 h. Cells were incubated in
humidified 5% CO2 (in air) at 37°C with MTT in the last 4 h of
the culture period tested. The medium was then decanted
and 200 μL dimethylsulfoxide (DMSO, Sigma-Aldrich) was
added to each well to ensure dissolving of the formazan
salts. The absorbance was immediately determined at
570 nm in an UV-visible spectrophotometer multiplate
reader (Versa Max, Molecular Device, Sunnyvale, CA) [10].
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Measurement of Neurite Outgrowth
In order to measure neurite outgrowth, NB2a cells were
plated in the proliferation medium on to 24 well culture
plates at a cell density of 15.000 cells/mL. Twenty-four
hours after, the cells were induced to differentiate and
generate neurites in the presence of the PGT with the
following method: the culture medium within each well
were poured and replaced with serum-free medium plus 0.5
mM dibutyryl cyclic AMP containing PGT at concentrations
of 1, 3, 10 and 30 µM and CPS at 25 µM concentrations
for measurement of neurite outgrowth [11]. Ethanol was
added in 1/5 (0.2%) final concentration and the cells were
incubated for a further 24 h. Fixed cells with 4% (w/v)
formaldehyde.in phosphate buffered saline (PBS) for 10 min
at temperature of 24°C, then were stained for 3 min with
Coomassie. Blue cell stain (0.6% [w/v] Coomassie Brilliant
Blue G in 10% [v/v] acetic. acid, 10% [v/v] methanol, and
80% [v/v] PBS), washed with PBS. Three blinded observers
took photograph of samples by using the Olympus BX-40
(Olympus, Tokyo, Japan) light microscope with a video
camera (JVC-TK-C 601, Tokyo, Japan) for digital imaging.
Image analyses were made by Image-Pro Plus image
analyser (5.1.259, Bioscience Technology, Bethesda, MD,
USA). Than, for drug and control, 10 different fields with
approximately 10 cells were selected. A software routine
was written using the functions of the image analyser to
enable the automatic measurement of the total length
of neurites (in pixels) for the cells in a given field and
to express the results as the average.length of neurites
per cell [11].
TUNEL Assay
Terminal deoxynucleotidyl transferase-biotin nick endlabelling (TUNEL) using the DeadEndTM Colorimetric TUNEL
system (Promega, Madison, WI, USA) were used to detect
apoptotic cells. After application, cells were fixed in 4%
paraformaldehyde for 30 min and rinsed three times in
PBS for 5 min. After then cells were incubated with 20 μg/
mL Proteinase K. for 10 min and washed three times again
in PBS for 5 min. For endogenous activity inhibition, cells
were treated with 3% hydrogen peroxide and rinsed in
PBS. Afterward, cells which were treated with equilibration
buffer for 5 min incubated with Tdt-enzyme for 60 at 37°C
than were proceeded with 2×SCC solution for 15 min and
then washed three times in PBS for 5 min. Streptavidinperoxidase procedure was performed for 45 min, after
which cells were rinsed in PBS and incubated with DAB;
Mayer’s hematoxylin was performed for counterstaining.
Cells were than rinsed in distilled water and mounted
in the mounting medium. TUNEL-positive staining was
evaluated by the blinded observer under an Olympus
BX40 light microscope [12]. Percentage and intensity of the
immunostaining were scored with H-scoring and showed
as the ratio of positively labelled cells to all cells in the
chosen fields. An immunohistochemical score (HSCORE).
was calculated as the sum of the percentages of positively

stained epithelial cells multiplied by the weighted intensity
of staining: HSCORE = ∑Pi (I + 1), where “I” represents
staining intensity (0=no expression, 1=mild, 2=moderate,
and 3 = intense) and “Pi” is the percentage of stained cells
for each intensity.
Apoptotic Index
Apoptotic index was defined as the ratio of positively.
labelled cells to all cells in selected fields. For TUNEL staining,
each section was.counted for 100 TUNEL-positive cells
from randomly chosen fields. The percentage of apoptotic
cells were also checked out by a blinded observer as 0: no
apoptosis, 1: 1%-10% apoptosis, 2:11%-25% apoptosis, 3:
26%-50% apoptosis, 4: 51%-75% apoptosis, and 5: more.
than 75% apoptosis [12]. The apoptotic index was counted
up as the percentage.of apoptotic cells relative to the total
cell number.
Statistical Analysis
The results were analysed.usingGraphPad (GraphPad.
Software, SanDiego, CA, USA) using one-way ANOVA with
Tukey.post hoc testing and presented as mean ± SEM.
Statistical significance was defined as P≤0.05 or P≤0.001.

RESULTS
Effect of Pioglitazone on NB2a Mouse Neuroblastoma
Cells
NB2a cells were taken into the culture medium and left
to proliferate. Then, we waited for further 24 h for the
neurite outgrowth in the differentiation medium, and
the cells were stained with Coomassie Blue (Fig. 1). In the
cell proliferation phase, PGT was applied, and analysis of
neurotoxic effects was performed through MTT assay (Fig.
2). PGT was left for neurite inhibition for 24 h after the
differentiation (Fig. 3). PGT did not show any neurotoxic
effects nor caused neurite inhibition (P>0.05).

Fig 1. Differentiation NB2a cell to neurons by adding d-cAMP to serum
free medium (Coomassie Blue stain, X400)
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Fig 2. MTT measurements with different concentrations
of PGT in NB2a cell culture Results are expressed as mean
percentage compared the controls ± SEM (P>0.05)

Fig 3. The effects of PGT at different concentrations the
neurite outgrowth measured by image analysis. Results are
expressed as mean percentage compared the controls ± SEM
(P>0.05)

Fig 4. The effect of Chlorpyrifos administration (25 μM)
with PGT at different concentrations on NB2a cells on MTT
metabolism. Results are expressed as mean percentage
compared the controls ± SEM (*** P<0.001)

The Neuroprotective Effect of Pioglitazone on
Chlorpyrifos Induced Neurotoxicity in NB2a Cells
CPS was found to reduce the cell viability and proliferation,
based on to the MTT assay results. PGT began to prevent
the CPS-dependent reduction in cell proliferation at and
above 10 μM concentration in the MTT assay (P<0.001) (Fig.
4). PGT started to prevent the neurite outgrowth caused
by CPS significantly 3 μM concentration (P<0.05) (Fig. 5).
Pioglitazone is Protective Against Chlorpyrifos
Induced Apoptosis in NB2a Cells
No significant difference was observed in the apoptotic

cell index of PGT usage, which was analysed by TUNEL,
compared to the control group of apoptosis. Depending
on the dose, PGT was observed to reduce the apoptotic
cell count, which was significantly increased (P<0.001)
when CPS was added at a concentration of 25 μM in the
culture (Fig. 6,7).

DISCUSSION
OP is an important health problem, and there is not sufficient
information about its chronic toxicity [13]. Information on
possible chronic effects could be obtained only with the
tests to be performed in the culture [14,15]. PGT is used in
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Fig 5. The effects of PGT at different concentrations on
the neurite outgrowth measured by image analysis on
Chlorpyrifos (25 μM) on NB2a cells. Results are expressed
as mean percentage compared the Chlorpyrifos ± SEM
(* P<0.05, *** P<0.001)

Fig 6. NB2a cells were observed to have quite healthy
morphology with neurite outgrowths at 10 and 30 μM
concentrations under PGT influence and without marked
apoptosis. No statistically significant difference was observed
between PG 10 and 30 μM concentrations (P>0.05), Chlorpyrifos (25 μM) produced significant apoptotic cells which
were significantly (*** P<0.001) reduced by PGT at 30 μM
concentrations compared to that of control

Fig 7. An increase in the number of
apoptotic cells under the influence
of Chlorpyrifos (25 μM) on NB2a cells
was seen at low (x100) and high
(x400) magnification and there was a
significant decrease by PGT at 30 μM
with similar magnification

the treatment of diabetes mellitus, and it is thought to
have beneficial effects as well as neuroprotective effects,
particularly in peripheral neuropathies, in patients with
diabetes [16]. In the culture medium, OP toxicity on the
neurons was shown with MTT assay. PGT showed neuro-

protective effect against this toxicity. TUNEL showed
that neurons underwent apoptosis in response to toxic
effects, and the antiapoptotic effect was detected for PGT.
MTT assay revealed that CPS provided neurite inhibition,
as well as apoptosis by toxic effect, and it was blocked
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by PGT. Protective effects of PGT treatment against
antiproliferative, antiapoptotic and neurite retraction were
revealed for the neurons in culture.
If the cell is exposed to a toxic effect, degeneration will
started due to the synapse deterioration as a result of
perineurium being directly affected or loss of trophic
factors. The damage is determined by the severity, duration
and persistence of the toxicity. Degeneration process may
occur quickly or slowly depending on the mechanism. The
delayed neurotoxic effect can be shown by measuring
the enzyme level of neuropathy target esterase (NTE) in
a culture medium [17-19]. İn our results we didn’t see any
toxic effect.
Neurite outgrowth, which is the primary function.of
neurons in vitro medium, is associated with critical cellular
events, such as axonal transport. The neurite outgrowth
depends on specific structural elements such as the neuritelike microtubule binding protein and neurofilament
protein. Neurite outgrowth can be inhibited by biological,
chemical and environmental toxic substances. The neuritedeveloping factor, neurotropic factor and glial maturation
factor have roles in the process of neurite outgrowth.
Thus, monitoring of neurite outgrowth could be used to
investigate the neurotoxic activities of the new molecules [11].
The mechanism by which OP reduced neurite outgrowth,
whether alone or in combination is their ability to
interact with acetylcholinesterase might play a role,
as acetylcholinesterase has a trophic role influence in
developing cells. However, this role is unrelated to the
inhibition of hydrolysis of acetylcholine and therefore the
relative potencies of the OP to inhibit neurite outgrowth
would not necessarily be related to their short-term
toxicities [15]. Our results showed that PGT did not show any
significant toxic effect to our cells.
Some OP compounds, such as CPS, have neurotoxic effects in
susceptible species and cause neurodegenerative changes
in peripheral nerves. Accordingly, they cause organophosphate-induced delayed neurotoxicity. Typically, this
syndrome begins with impaired coordination one or a few
weeks after exposure to organic phosphorous.compounds
and can progress to full paralysis of the hind legs. This
condition tends to affect the distal parts of the long axons
of nerve cells and manifests itself with a Wallerian-like
degeneration. It is believed that there is a relationship
between NTE inhibition and organophosphate-induced
delayed neuropathy [20].
The main determinants in alcohol-induced neurotoxicity
are mechanisms which play roles in excitotoxicity and
neuroinflammation, and the protective effects of PPARy
agonist seem to be associated with the inhibition of proinflammatory cytokines [21]. In the MPTP mouse model
of Parkinson’s disease, PGT reduces neuronal damage
through a mechanism that involves the inhibition of the
MAO-B enzyme [22]. In several studies, PPARy activation has

been shown to lead to growth inhibition, apoptosis, and
differentiation of a number of tumor cells [23,24].
The primary effect of thiazolidinedione (TZD) agents is
to decrease the peripheral insulin resistance. They show
their primary effects by activating specific receptors
called PPARs. It has three subtypes: PPARα, PPARβ (δ) and
PPARγ. Antidiabetic effects of TZDs have been found to
be closely related to the ability to bind to and activate
the PPARγ [4]. TZDs have effects on the vascular.system.
Most of their vasculoprotective effects are independent
from their effect on relieving the insulin resistance or
antihyperglycemic effects [25]. A common function of
PPAR subtypes is the suppression of oxidative stress and
inflammatory processes. In this way, PPAR agonists have
been shown to have neuroprotective effects in various
disorders of the central nervous system [26,27]. We showed
that PGT may protect the cells from toxic effect of CPS.
AT1 receptor blockage activates the nuclear receptor PPARγ,
which is an important neuroprotective system. Telmisartan
or losartan are thought to exert neuroprotective effects by
PPARγ -activations [28,29]. Telmisartan has a neuroprotective
effect in apoptosis through AT1 receptor blockage and
PPARγ activation [29]. Additionally, PPARγ activation may
promote neuroprotection against glutamate-mediated
neurotoxicity and may also reduce neuronal damage in
neurodegenerative diseases [27].
The modulation of PPARγ activity and peroxisomal function
for PGT was found to relieve the NO, hydrogen peroxidemediated neuronal damage and axonal damage. It has
been suggested that PGT is a new therapeutic approach
for the neurodegenerative changes associated with neuroinflammation [30]. In the MPTP-induced rodent model of
Parkinson’s disease, the possible neuroprotective effect of
fenofibrate and PGT has been shown to be mediated by
NF-κB activation, which plays a role in neuroinflammation.
MPTP treatment has been shown to activate caspase-3,
resulting in apoptosis-associated neuronal death. On the
other hand, treatment with neuroprotective drugs has been
shown to inhibit caspase-3 activity and reduce neuronal
damage [5]. PGT has been shown to be neuroprotective
against decreased locomotion and rearing frequencies and
to reverse hypolocomotion following intranigral infusion
of MPTP. Administration of PGT at a dose of 30 mg/kg
has been shown to elicit a partial neuroprotective effect
against the neurotoxic effect of MPTP [31]. These results and
mechanisms also support our results for neuroprotection
of PGT.
Lee Et al reported that CPS attenuated PPAR-γ expression
and NF-κB played a proapoptotic role in CPS-induced
neuroblastoma cells death [32]. PGT is PPAR-γ agonist which
has also neuroprotective effects and is able to inhibit the
proinflammatory factors. These anti-inflammatory effects
might.be involved in preventing the neuronal cell death
caused by CPS.
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AMP-activated protein kinase (AMPK) regulates signalling
pathways related to cell survival and apoptosis and plays
a role in increasing hippocampal neurogenesis [33]. It
has been argued that AMPK activation directly inhibits
β-amyloid accumulation in vitro [34,35]. PGT, by AMPK
induction, has been shown.to improve neuronal apoptosis
and β-amyloid accumulation in monosodium glutamate
(MSG) neurotoxicity, which develops secondary to AMPK
depletion by [36]. Our TUNEL results were similar with these
studies.
Intracellular antioxidant activity caused by TZDs is
important and responsible for some of the cellular
protective effects. They do not have a direct antioxidant
effect on free radicals. However, they exhibit protective
effects by blocking the mechanism involved in the
formation of the several hyperglycemic conditions causing
oxidative stress [37,38]. In a study performed on hippocampal
neurons, Calcium channel functions of which were
improved in the culture medium, were shown to live.much
longer than known. TZDs modulate Calcium dependent
pathways in the brain and have different inhibitory profiles
on two major Calcium sources, potentially conferring
neuroprotection to an area of the brain that is particularly
vulnerable to the effects of ageing and/or Alzheimer’s
disease. TZD may have potential applications in conditions
associated with impaired learning and memory [39]. Neuroprotective effect of PGT has been.observed at doses in
the range of 5-10 uM. This range is comparable.to plasma
concentration of PGT when it is used in humans [40]. These
studies also support for the effect of PGT which could be
use for similar disease.
In vitro methods are known to be effective in demonstrating
in-vivo neurotoxicity. This property can also be used to
determine if an agent may be protective and preventive
in case of acute damage. Neurite inhibition is an important
indicator that could provide information about the longterm consequences of moderate toxicity-related damages.
MTT, on the other hand, indicates severe toxic effects
on cells. Using these methods, we found a significant
protective effect of PGT in CPS-induced neurotoxicity and
that apoptosis was involved in this damage, which can
be alleviated by PGT. Absence of an adverse effect of PGT
in culture environment and presence of neuroprotective
effects highlights the efficacy and safety of PGT in the
clinical use for many disease.

Conflict of Interest
The authors declare no conflict of interest

REFERENCES
1. Brody H: The nervous system and aging. Adv Pathobiol, 7, 200-209,
1980.
2. Sindi RA, Harris W, Arnott G, Flaskos J, Mills LC, Hargreaves AJ:
Chlorpyrifos- and chlorpyrifosoxon-induced neurite retraction in pre-

differentiated N2a cells is associated with transient hyperphosphorylation
of neurofilament heavy chain and ERK 1/2. Toxicol Appl Pharmacol, 308,
20-31, 2016. DOI: 10.1016/j.taap.2016.08.008
3. Swanson CR, Du E, Johnson DA, Johnson JA, Emborg ME:
Neuroprotective properties of a novel non-thiazoledinedione partial
PPAR-γ agonist against MPTP. PPAR Res, 2013:582809, 2013. DOI:
10.1155/2013/582809
4. Cippitelli A, Domi E, Ubaldi M, Douglas JC, Li HW, Demopulos
G, Gaitanaris G, Roberto M, Drew PD, Kane CJM, Ciccocioppo R:
Rotection against alcohol-induced neuronal and cognitive damage by
the PPARγ receptor agonist pioglitazone. Brain Behav Immun, 64, 320-329,
2017. DOI: 10.1016/j.bbi.2017.02.001
5. Barbiero JK, Santiago RM, Persike DS, da Silva Fernandes MJ,
Tonin FS, da Cunha C, Vital MA: Neuroprotective effects of peroxisome
proliferator-activated receptor alpha and gamma agonists in model
of parkinsonism induced by intranigral 1-methyl-4-phenyl-1,2,3,6tetrahyropyridine. Behav Brain Res, 274, 390-399, 2014. DOI: 10.1016/j.
bbr.2014.08.014
6. Slørdal L, Spigset O: Heart failure induced by non-cardiac drugs. Drug
Saf, 29, 567-586, 2006. DOI: 10.2165/00002018-200629070-00003
7. Elshama S, El-Kenawy A, Osman HE: Toxicological evaluation of
subchronic use of pioglitazone in mice. Iran J Basic Med Sci, 19, 712-719,
2016. DOI: 10.22038/IJBMS.2016.7353
8. Lau K, McLean WG, Williams DP, Howard CV: Synergistic interactions
between commonly used food additives in a developmental neurotoxicity
test. Toxicol Sci, 90, 178-187, 2006. DOI: 10.1093/toxsci/kfj073
9. McLean WG. Holme AD, Janneh O, Southgate A, Howard CV, Reed
MG: The effect of benomyl on neurite outgrowth in mouse NB2A and
human SH-SY5Y neuroblastoma cells in vitro. Neurotoxicology, 19, 629632, 1998.
10. Bilir EK, Tutun H, Sevin S, Kismali G, Yarsan E: Cytotoxic effects
of Rhododendron ponticum L. extract on prostate carcinoma and
adenocarcinoma cell line (DU145, PC3). Kafkas Univ Vet Fak Derg, 24 (3):
451-457, 2018. DOI: 10.9775/kvfd.2017.19219
11. Vural K, Tuglu MI: Neurotoxic effect of statins on mouseneuroblastoma
NB2a cellline. Eur Rev Med Pharmacol Sci, 15, 985-991, 2011.
12. Mete M, Aydemir I, Unlu Unsal U, Duransoy YK, Tuglu MI, Selçuki
M: Neuroprotective effects of bone marrow-derived mesenchymal stem
cells and conditioned medium in mechanically injured neuroblastoma
cells. Turk J Med Sci, 20, 1900-1907, 2016. DOI: 10.3906/sag-1507-187
13. Sachana M, Flaskos J, Nikolaidis E, Hargreaves A, AlexakiTzivanidou E: Inhibition of rat platelet 5-hydroxytryptamine uptake
by chlorpyrifos and carbaryl. Pharmacol Toxicol, 89, 195-200, 2001.
DOI: 10.1111/j.0901-9928.2001.890409.x
14. Schuh RA, Lein PJ, Beckles RA, Jett DA: Noncholinesterase
mechanisms of chlorpyrifos neurotoxicity: Altered phosphorylation of
Ca2+/cAMP response element binding protein in cultured neurons.
Toxicol Appl Pharmacol, 15, 176-185, 2002. DOI: 10.1006/taap.2002.9445
15. Axelrad JC, Howard CV, McLean WG: The effects of acute pesticide
exposure on neuroblastoma cells chronically exposed to diazinon.
Toxicology, 185, 67-78, 2003. DOI: 10.1016/S0300-483X(02)00592-9
16. Barbiero JK, Santiago RM, Lima MMS, Ariza D, Morais LH,
Andreatini R, Vital MABF: Acute but not chronic administration of
pioglitazone promoted behavioral and neurochemical protective effects
in the MPTP model of Parkinson’s disease. Behav Brain Res, 216, 186-192,
2011. DOI: 10.1016/j.bbr.2010.07.033
17. Harry GJ, Billingsley M, Bruinink A, Campbell IL, Classen W,
Dorman DC, Gali C, Ray D, Smith RA, Tilson HA: In vitro echniques for
the assessment of neurotoxicity. Environ Health Perspect, 106, 131-158,
1998. DOI: 10.1289/ehp.98106s1131
18. Veronesi B, Ehrich M: Differential cytotoxic sensitivity in mouse and
human cell lines exposed to organophosphate insecticides. Toxicol Appl
Pharmacol, 12, 240-246, 1993. DOI: 10.1006/taap.1993.1108
19. Bottenstein JE, Sato G: Cell Culture and the Neurosciences. New
York: Plenum Press, 1985.
20. Ehrich M, Correll L, Veronesi B: Neuropathy target esterase

8

Neuroprotective Effect for Pioglitazone

inhibition by organophos-phorus esters in human neuroblastoma cells.
Neurotoxicology, 15, 309-313, 1994.

improvement in peroxisomal function. J Neuroinflammation, 9, 63, 2012.
DOI: 10.1186/1742-2094-9-63

21. Drew PD, Johnson JW, Douglas JC, Phelan KD, Kane CJ: Pioglitazone
blocks ethanol induction of microglial activation and immune responses
in the hippocampus, cerebellum, and cerebral cortex in a mouse model of
fetal alcohol spectrum disorders. Alcohol Clin Exp Res, 39, 445-454, 2015.
DOI: 10.1111/acer.12639

31. Kumar P, Kaundal RK, More S, Sharma SS: Beneficial effects of
pioglitazone on cognitive impairment in MPTP model of Parkinson’s
disease. Behav Brain Res, 197, 398-403, 2009. DOI: 10.1016/j.bbr.2008.10.010

22. Quinn LP, Crook B, Hows ME, Vidgeon-Hart M, Chapman H, Upton
N, Medhurst AD, Virley DJ: The PPARgamma agonist pioglitazone
is effective in the MPTP mouse model of Parkinson’s disease through
inhibition of monoamineoxidase B. Br J Pharmacol, 154, 226-233, 2008.
DOI: 10.1038/bjp.2008.78
23. Krishnan A, Nair SA, Pillai MR: Biology of PPAR gamma in cancer: a
critical review on existing lacunae. Curr Mol Med, 7, 532-540, 2007. DOI:
10.2174/156652407781695765
24. Kim KY, Kim SS, Cheon HG: Differential anti-proliferative actions of
peroxisome proliferator-activated receptor-gamma agonists in MCF-7
breast cancer cells. Biochem Pharmacol, 72, 530-540, 2006. DOI: 10.1016/j.
bcp.2006.05.009
25. Plutzky J: Medicine. PPARs as therapeutic targets: Reverse cardiology?
Science, 17, 406-407, 2003. DOI: 10.1126/science.1091172
26. Collino M, Aragno M, Mastrocola R, Benetti E, Gallicchio M,
Dianzani C, Danni O, Thiemermann C, Fantozzi R: Oxidative stress
and inflammatory response evoked by transient cerebral ischemia/
reperfusion: Effects of the PPAR-alpha agonist WY14643. Free Radic Biol
Med, 41, 579-589, 2006. DOI: 10.1016/j.freeradbiomed.2006.04.030
27. Zhao X, Ou Z, Grotta JC, Waxham N, Aronowski J: Peroxisomeproliferator-activated receptor-gamma (PPARgamma) activation protects
neurons from NMDA excitotoxicity. Brain Res, 1073-1074, 460-496, 2006.
DOI: 10.1016/j.brainres.2005.12.061
28. Garrido-Gil P, Joglar B, Rodriguez-Perez AI, Guerra MJ, LabandeiraGarcia JL: Involvement of PPAR-γ in the neuroprotective and antiinflammatory effects of angiotensin type 1 receptor inhibition: Effects
of the receptor antagonist telmisartan and receptor deletion in a mouse
MPTP model of Parkinson’s disease. J Neuroinflammation, 9:38, 2012. DOI:
10.1186/1742-2094-9-38
29. Pang T, Sun LX, Wang T, Jiang ZZ, Liao H, Zhang LY: Telmisartan
protects central neurons against nutrient deprivation-induced apoptosis
in vitro through activation of PPARγ and the Akt/GSK-3β pathway. Acta
Pharmacol Sin, 35, 727-737, 2014. DOI: 10.1038/aps.2013.199
30. Gray E, Ginty M, Kemp K, Scolding N, Wilkins A: The PPAR-γ agonist
pioglitazone protects cortical neurons from inflammatory mediators via

32. Lee JE, Park JH, Jang SJ, Koh HC: Rosiglitazone inhibits chlorpyrifosinduced apoptosis via modulation of the oxidative stress and
inflammatory response in SH-SY5Y cells. Toxicol Appl Pharmacol, 278, 159171, 2014. DOI: 10.1016/j.taap.2014.04.021
33. Moon HS, Dincer F, Mantzoros CS: Amylin-induced down regulation
of hippocampal neurogenesis is attenuated by leptin in a STAT3/AMPK/
ERK-dependent manner in mice. Diabetologia, 56, 627-634, 2013. DOI:
10.1007/s00125-012-2799-3
34. Vingtdeux V, Davies P, Dickson DW, Marambaud P: AMPK is
abnormallyactivated in tangle- and pre-tangle-bearing neurons in
Alzheimer’s disease and other tauopathies. Acta Neuropathol, 121, 337349, 2011. DOI: 10.1007/s00401-010-0759-x
35. Cai Z, Li B, Li K, Zhao B: Down-regulation of amyloid-β through AMPK
activation by inhibitors of GSK-3β in SH-SY5Y and SH-SY5Y-AβPP695 cells.
J Alzheimers Dis, 29, 89-98, 2012.DOI: 10.3233/JAD-2012-111649
36. Dief AE, Kamha ES, Baraka AM, Elshorbagy AK: Monosodium
glutamate neurotoxicity increases beta amyloid in the rat hippocampus:
A potential role forcyclic AMP protein kinase. Neurotoxicology, 42, 76-82,
2014. DOI: 10.1016/j.neuro.2014.04.003
37. Rahbar S, Natarajan R, Yerneni K, Scott S, Gonzales N, Nadler JL:
Evidence that pioglitazone, metformin and pentoxifylline are inhibitors
of glycation. Clin Chim Acta, 301, 65-77, 2000. DOI: 10.1016/S00098981(00)00327-2
38. Niture NT, Ansari AA, Naik SR: Anti-hyperglycemic activity of rutin
in streptozotocin-induced diabetic rats: An effect mediated through
cytokines, antioxidants and lipid biomarkers. Indian J Exp Biol, 52, 720727, 2014.
39. Pancani T, Phelps JT, Searcy JL, Kilgore MW, Chen KC, Porter
NM, Thibault O: Distinct modulation of voltage-gated and ligandgated Ca2+ currents by PPAR-gamma agonists in cultured hippocampal
neurons. J Neurochem, 109, 1800-1811. 2009. DOI: 10.1111/j.14714159.2009.06107.x
40. Xue YJ, Turner KC, Meeker JB, Pursley J, Arnold M, Unger S:
Quantitative determination of pioglitazone in human serum by directinjection high-performance liquid chromatography mass spectrometry
and its application to a bioequivalence study. J Chromatogr B Analyt
Technol Biomed Life Sci, 795, 215-226, 2003.

