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Abstract We previously demonstrated that arsenic, cadmium,
and lead mixture at environmentally relevant doses induces
astrocyte apoptosis in the developing brain. Here, we
investigated the mechanism and contribution of each
metal in inducing the apoptosis. We hypothesized partic-
ipation of transcription factor, peroxisome proliferator-
activated receptor gamma (PPARγ), reported to affect
astrocyte survival. We treated cultured rat astrocytes with
single metals and their combinations and performed
apoptosis assay and measured PPARγ expression levels.
We found that cadmium demonstrated maximum increase
in PPARγ as well as apoptosis, followed by arsenic and then
lead. Interestingly, we observed that the metals mimicked
PPARγ agonist, troglitazone, and enhanced PPARγ-
transcriptional activity. Co-treatment with PPARγ-siRNA or
PPARγ-antagonist, GW9662, suppressed the astrocyte
apoptosis, suggesting a prominent participation of PPARγ in
metal(s)-induced astrocyte loss. We explored PPARγ-

transcriptional activity and identify its target gene in
apoptosis, performed in silico screening. We spotted
PPARγ-response elements (PPREs) within poly(ADP-ribose)
polymerase (PARP) gene, and through gel-shift assay verified
metal(s)-mediated increased PPARγ binding to PARP-PPREs.
Chromatin-immunoprecipitation and luciferase-reporter assays
followed by real-time PCR andWestern blotting proved PPRE-
mediated PARP expression, where cadmium contributed most
and lead least, and the effects of metal mixture were compara-
ble with troglitazone. Eventually, dose-dependent increased
cleaved-PARP/PARP ratio confirmed astrocyte apoptosis.
Additionally, we found that PPARγ and PARP expressions
were c-Jun N-terminal kinases and cyclin-dependent kinase5-
dependent. In vivo treatment of developing rats with the metals
corroborated enhanced PPARγ-dependent PARP and astrocyte
apoptosis, where yet again cadmium contributed most. Overall,
our study enlightens a novel PPARγ-dependent mechanism of
As-, Cd-, and Pb-induced astrocyte apoptosis.
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Abbreviations
PPARγ Peroxisome proliferator-activated receptor gamma
PARP Poly (ADP-ribose) polymerase
LC Lethal concentration
PPRE Peroxisome proliferator-activated receptor

response elements
As Arsenic
Cd Cadmium
Pb Lead
GFAP Glial fibrillary acidic protein
EMSA Electrophoretic mobility shift assay
ChIP Chromatin immunoprecipitation
ABA 3-aminobenzamide
GFP Green fluorescence protein
PND Postnatal day
TUNEL Terminal deoxynucleotidyl transferase dUTP nick

end labeling
TBP Tata-binding protein
Trog Troglitazone

Introduction

Astrocytes regulate several key functions within the brain, par-
ticularly, blood-brain barrier (BBB) maintenance, immune re-
sponsiveness, neurotransmission, etc. [1, 2]. Increased astrocyte
expression stimulates astrogliosis and inflammation [3].
Alternatively, the loss of astrocytes impedes the normal central
nervous system functioning [4, 5]. Therefore, a balanced astro-
cyte count is essential for sustaining the healthy brain.

Arsenic (As), cadmium (Cd), and lead (Pb) are major
environmental contaminants of several developing countries
[6–9]. We previously proved that exposure to a mixture of As,
Cd, and Pb at ground water concentrations of our country, i.e.,
India, caused white matter and myelin damage and prompted
premature Alzheimer’s disease (AD)-like pathology, where Pb
and its combinations contributed the highest [7, 10]. We also
found that the metal mixture enhanced astrocyte apoptosis that
triggered a decrease in astrocyte marker, glial fibrillary acidic
protein (GFAP), and attenuated glial-neuronal interactions in
the developing rat brain [11, 12]. However, the mechanism
stimulating astrocyte apoptosis, for the individual metals and
their combinations, remained less investigated.

The nuclear receptor, peroxisome proliferator-activated
receptor-gamma (PPARγ), is a major regulator of cellular
lipid homeostasis and participates in vital metabolic functions
within the brain [13, 14]. PPARγ protein is expressed in the
astrocytes [15, 16], and our earlier study revealed that As +

Cd + Pb-mediated modulation in the rat brain GFAP levels
involved the participation of PPARγ [12]. We further reported
that PPARγ agonist, troglitazone, was capable of attenuating
the GFAP levels [12]. In the primary human astrocytes,
modulation of the apoptotic process has been described as
an important function of PPARγ [15]. For primary murine
astrocytes, contradictory observations have been presented.
While two studies found the primary rat astrocytes to be
relatively resistant to the cytotoxic effects of PPARγ
agonists [17, 18], findings of Perez-Ortiz et al. revealed
an increased PPARγ agonist, particularly glitazone-mediated
apoptosis in the rat astrocytes [19]. In the current study, we
checked whether As-, Cd-, and Pb-induced apoptosis in rat
brain astrocytes involved the PPARγ.

PPARγ is a transcription factor, and its ligands and agonists
promote PPARγ binding to specific PPAR-responsive
elements (PPRE) of the target genes [20]. Astrocyte
apoptosis involves modulations of key apoptotic mediators,
viz., caspases, poly(ADP-ribose) polymerase (PARP), B cell
lymphoma 2 (Bcl2), bcl-2-associated x protein (Bax), B cell
lymphoma-extra large (Bcl-xl), bcl-2-associated death pro-
moter (BAD), etc. [21, 22]. However, transactivating role of
PPARγ in astrocyte apoptosis remains unreported. In
addition, the expression and activity of PPARγ are strongly
controlled by the mitogen-activated protein kinases (MAPK),
particularly c-Jun N-terminal kinases (JNK) and P38 MAPK,
regulating astrocyte functions [23]. We also reported that As,
Cd, and Pb stimulated JNK and cyclin-dependent kinase-5
(CDK5) pathways, which resulted in an altered GFAP expres-
sion within the astrocytes [12].

In the present study, we investigated the effects of environ-
mentally relevant doses of As, Cd, and Pb on rat astrocyte
apoptosis and examined the mechanism involved. We exam-
ined the contribution of individual metals and their binary and
tertiary combinations on astrocyte apoptosis. We assessed
involvement of PPARγ in the apoptosis and probed its
transactivating function by comparing with PPARγ agonist,
troglitazone. We examined whether MAPK and CDK5 activ-
ities affected PPARγ and an ultimate apoptosis in As-, Cd-,
and Pb-treated astrocytes. Overall, the present study aims at
identifying the mechanism involved and relative contribution
of As, Cd, and Pb in astrocyte apoptosis, specifically focusing
upon the participation of PPARγ.

Materials and Methods

Reagents and Kits

Poly-L-lysine, sodium-arsenite, lead-acetate, cadmium-chloride,
sodium-orthovanadate, sodium chloride, ethanol, methanol,
acetone, glycerol, tris-HCl, TWEEN 20, phenylmethylsulfonyl
fluoride (PMSF), bromophenol blue, isopropanol, chloroform,
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dithiothreitol (DTT), protease inhibitor cocktail, p-formaldehyde
(PFA), bovine serum albumin (BSA), acrylamide, bis-ac-
rylamide, agarose, nonylphenoxypolyethoxylethanol
(NP-40), sodium dodecyl sulfate (SDS), MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide],
3-aminobenzamide (3-ABA), ampicillin, cell lytic reagent,
and all other fine chemicals were procured from Sigma
Chemical Co. (St. Louis, MO). Ponceau S stain, citric acid,
sodium fluoride, and sodium citrate were purchased from
Texas Biogene Inc. (Woodland, TX). Sodium bicarbonate
was procured from Sisco research laboratories Pvt. Ltd.
(Mumbai, India). Trypsin-EDTA, G-5 supplement,
Dulbecco’s Modified Eagle medium: F12 (DMEM/F12), fetal
bovine serum (FBS), phosphate-buffered saline (PBS), antibi-
otic-antimycotic, MAX Efficiency® DH5α™ competent
cells, JNK inhibitor (SP600125), P38 MAPK inhibitor
(SB203580), and protein markers were purchased from
Invitrogen (Carlsbad, CA). Electrophoretic mobility shift
assay (EMSA) kit, Biotin 3′ End Labeling kit, nuclear and
cytoplasmic extraction kit (NE-PER), Biodyne BNylon mem-
brane, and SuperSignal West Femto Maximum Sensitivity
Substrate were purchased from Thermo Scientific
(Rockford, IL). PPARγ agonist, troglitazone (Trog), PPARγ
inhibitor (GW9662), CDK5 inhibitor (R-CR8), and caspase
inhibitor (Z-VAD-FMK) were purchased from Tocris bio-
sciences (Bristol, United Kingdom). In Situ Cell Death
Detection Kit, Fluorescein for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay was
purchased from Roche (Mannheim, Gemany). Chromatin
Immunoprecipitation (ChIP) kit, ApopNexin™FITC
Apoptosis detection kit, Bicinchoninic acid (BCA) protein as-
say kit, propidium iodide (PI), and polyvinylidenefluoride
(PVDF) membrane were procured from Millipore (Temecula,
CA). PPARγ-siRNA and non-targeting (NT)-siRNAwere pur-
chased from Dharmacon (Dharmacon Inc., Lafayette, CO).
Plasmid midi kit, mini elute gel extraction kit, DNA ladder,
and gel loading dyewere fromQiagen (Valencia, CA). The pM
vector, pM-PPARγ, Gal4-tk-Luc, and pCMX-PPARγ plas-
mids were kindly gifted by Dr. S. Sanyal (Drug Target
Discovery and Development Division, CSIR-Central Drug
Research Institute, Lucknow, INDIA). Amaxa™ Basic Glial
Cells Nucleofector™kit and pmaxGFP™ were procured from
Lonza (Allendale, NJ). T4 DNA ligase, KpnI, and SacI restric-
tion enzymes were procured from New England Biolabs
(Ipswich, MA). Steady-Glo Luciferase Assay System was
procured from Promega Corporation (Madison, WI).

Antibodies

Rabbit polyclonal PPARγ (cat no. ab19481) and TATA-
binding protein and TBP (cat no. ab63766) antibodies were
purchased from Abcam (Cambridge, MA). Rabbit monoclo-
nal PARP (cat no. 9532), rabbit polyclonal cleaved PARP (cat

no. 9545), rabbit polyclonal cleaved caspase-3 (cat no. 9661),
rabbit monoclonal cleaved caspase-7 (cat no. 8438), and nor-
mal rabbit IgG (cat no. 2729) antibodies were purchased from
Cell Signaling Technology (Danvers, MA). Mouse monoclo-
nal β-actin, peroxidise-conjugated secondary IgG rabbit (cat
no. A0545), and peroxidise-conjugated secondary IgG
mouse (cat no. A9044) antibodies were procured from
Sigma Chemical Co. (St. Louis, MO). Mouse monoclonal
GFAP (cat no. MAB360), rabbit polyclonal Histone H3 (cat
no. 06-755), and anti-acetyl Histone H3 (cat no. 06-599) an-
tibodies were purchased from Millipore (Temecula, CA).

Primary Astrocyte Culture

Astrocytes from the rat brain were isolated and cultured as
described previously [12]. Briefly, cerebral cortices of 1-day-
old neonatal rat pups were dissected and gently transferred to a
Petri dish containing PBS and rinsed in serum-free modified
DMEM/F12 culture medium. After removal of meninges, the
cortices were dissociated into a cell suspension by using 10-
and 2-ml syringe needles and digested with 0.05% trypsin/
EDTA at 37 °C for 15 min. Cells were re-suspended in
DMEM/F12 with 10% heat-inactivated FBS, 100 U/ml peni-
cillin, and 100 mg/ml streptomycin and passed through 80 μm
nylon mesh followed by centrifugation at 1000 rpm for
10 min. The pellet obtained was suspended in complete
(DMEM)/F12 media, and cells were seeded on poly-L-
lysine-coated culture flasks and grown until confluent in
humidified CO2 incubator at 37 °C with 5% CO2–95% air.
At the third day, cells were supplemented with G5 growth
supplement. The culture flasks were shaken on orbital shaker
at 200 rpm and 37 °C for 18 h to detach loosely attached
microglia and oligodendrocytes. Immediately after shaking,
the cells were washed with PBS and fresh culture medium
added. The confluent cells were rinsed with PBS and then
detached with 0.05% trypsin/EDTA and sub-cultured. Purity
of astrocyte culture was confirmed through GFAP immuno-
staining (Suppl. 1A).

MTTAssay

Astrocyte viability following As, Cd, and Pb treatments was
assessed through MTT assay. The 70–80% confluent astro-
cytes were pre-incubated (2 h) in reduced serum (0.5% FBS)
medium and then incubated with As, Cd, or Pb at a concen-
tration range of 0.01 to 200 μM for 18 h in humidified CO2

incubator at 37 °Cwith 5%CO2–95% air. The astrocytes were
incubated with MTT (10.4 mg/ml) and cell viability deter-
mined following a standardized protocol [11]. Absorbance
was determined at 595 nm, and the background at 655 nm
was subtracted. The lethal concentration-50 (LC-50) of As,
Cd, and Pb on astrocytes was calculated using GraphPad
Prism 3.0 software (Table 1).
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Astrocyte Treatments

Astrocyte treatments, in vitro, have been provided in Table 2.
The 70–80% confluent rat primary astrocytes were pre-

incubated in reduced serum medium for 2 h. The astrocytes
were then treated for 18 h with As, Cd, and Pb at LC-5, LC-10,
and LC-15, individually and in mixtures. The LC-5 values
closely matched the metal concentrations reaching the brain
(reported earlier) [11] upon treating developing rats with
environmentally relevant doses of the metals, i.e., the in vivo
treatment doses (Table 3). The astrocytes were treated with
troglitazone (10 μM) for 18 h [19]. To assess the partici-
pation of PPARγ in astrocyte apoptosis, the cells were treated
with PPARγ antagonist, GW9662 (10 μM) [24, 25] or

silenced with PPARγ-siRNA. To examine the participation
of PARP and caspases in astrocyte apoptosis, the astrocytes
were treated with respective inhibitors, 3-aminobenzamide
(1 mM) [26, 27] and Z-VAD-FMK (50 μM) [28]. The
involvement of kinase molecules like P38 MAPK, JNK,
and CDK5 in PPARγ and PARP expressions was deter-
mined by pre-incubating the astrocytes with SB203580
(10 μM), SP600125 (10 μM), and (R)-CR8 (0.25 μM)
that are inhibitors to P38 MAPK, JNK, and CDK5,
respectively.

Annexin V/PI Assay

Analysis of apoptosis was performed using the
ApopNexin™FITC Apoptosis Detection kit and according
to the manufacturer’s instructions, following an earlier
published protocol [29]. Briefly, cells were trypsinized
and centrifuged at 1000 rpm for 5 min. The cell pellets
were washed twice with ice-cold PBS and re-suspended in
ice-cold 1× binding buffer. Annexin conjugate ApopNexin™
FITC reagent was added to the cell suspension, followed by
the addition of PI reagent. The mixture was incubated on ice
for 15 min in dark. FACS analysis was performed on a BD
FACScanto II Flow cytometer (BD Biosciences, San Jose,
CA). For each experiment, 10,000 cells per sample were
analyzed.

Protein Extraction and Western Blotting

Protein extraction andWestern blotting of astrocyte cells were
performed as described before [11]. Briefly, after specific
treatments, cells were washed in cold PBS and lysed with
CellLytic MTmammalian cell lysis buffer containing protease
inhibitor cocktail and 1 mM DTT and kept on ice for 10 min.
Cells were scraped using cell scraper, centrifuged at
15,000 rpm for 15 min, and clear supernatant was collected.
Protein concentration was determined through BCA protein
assay, as per manufacturer’s recommended protocol. SDS-

Table 1 LC-50 values
of As, Cd, and Pb in rat
primary astrocytes

LC50 (μM)

As 50.00 ± 1.45

Cd 10.05 ± 1.19

Pb 80.25 ± 2.1

Table 2 Treatment groups and doses (in vitro)

Group Treatment

1. Vehicle for metals Water (vehicle)

2. As-individual NaAsO2: 5 μM (LC-5),
10 μM (LC-10),
15 μM (LC-15)

3. Cd-individual CdCl2: 1 μM (LC-5),
2 μM (LC-10),
3 μM (LC-15)

4. Pb-individual Pb(C2H3O2)2: 8 μM (LC-5),
16 μM (LC-10),
24 μM (LC-15)

5. As + Cd NaAsO2+ CdCl2: 5 μM + 1 μM,
10 μM + 2 μM,
15 μM + 3 μM

6. Cd + Pb CdCl2+ Pb(C2H3O2)2: 1 μM + 8 μM,
2 μM + 16 μM,
3 μM + 24 μM

7. As + Pb NaAsO2 + Pb(C2H3O2)2: 5 μM +
8 μM,

10 μM + 16 μM,
15 μM + 24 μM

8. As + Cd + Pb NaAsO2 + CdCl2 + Pb(C2H3O2)2:
5 μM + 1 μM +8 μM,

10 μM + 2 μM +16 μM,
15 μM + 3 μM + 24 μM

9. Vehicle for PPARγ agonist
and antagonist

DMSO

10. PPARγ agonist Troglitazone (10 μM)

11. PPARγ antagonist GW9662 (10 μM)

12. Kinase inhibitors SB203580 (10 μM), SP600125
(10 μM) and

(R)-CR8 (0.25 μM)

Table 3 Metals, troglitazone, and GW9662 treatments (in vivo)

Group Treatment

1. Vehicle for metals Water

2. As-individual NaAsO2: 3.80 ppm

3. Cd-individual CdCl2: 0.98 ppm

4. Pb-individual Pb(C2H3O2)2: 2.220 ppm

5. As + Cd + Pb NaAsO2: 3.80 ppm + CdCl2:
0.98 ppm + Pb(C2H3O2)2:
2.220 ppm

6. Vehicle for troglitazone DMSO

7. Troglitazone 2.5 mg/kg body weight/day

8. GW9662 1 mg/kg body weight/day
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PAGE and Western blotting of samples were then performed
as described earlier [12]. Briefly, protein samples were pre-
pared at 5-μg/μl concentration with sample loading dye and
denatured at 85 °C for 15 min. Equal amounts of protein (50–
80 μg) were loaded on 10–12% tris-glycine polyacrylamide
gel and run in running buffer at 100 V until bands were prop-
erly separated. After electrophoresis, gels were transferred
onto activated PVDF membrane (methanol activated) in
semi-dry transfer assembly at 16 V for 90 min. Membranes
were then blocked in 5% non-fat milk or 5% BSA in TBST
(Tris buffer [10 mM Tris, pH 8.0, 150 mM NaCl, 0.01%
Tween 20] for 1 h and washed with TBST. Membranes were
incubated overnight at 4 °C with PPARγ (1:1000), PARP
(1:2000), cleaved PARP (1:2000), cleaved caspase-3
(1:3000), cleaved caspase-7 (1:3000), TBP (1:5000), and β-
actin (1:10,000) antibodies. Membranes were then washed
three times with TBST and incubated for 2 h with horseradish
peroxidise-conjugated secondary antibody. Proteins were
visualized through Amersham Imager 600 (GE Healthcare
Life Sciences, Pittsburgh, PA) using Supersignal West
Femto Maximum Sensitivity Substrate. Protein expression
relative to β-actin was quantified using Bio-Rad Quantity
One image analysis software (Bio-Rad, Hercules, CA).

PPARγ-siRNA and pCMX-PPARγ Plasmid Transfection

To examine the participation of PPARγ in astrocyte apoptosis
and to verify the specificity of PPARγ antibody, we
transfected the astrocytes with PPARγ-siRNA or NT-siRNA
and examined PPARγ levels through Western blotting. To re-
validate the specificity of PPARγ antibody, we transfected the
astrocytes with pCMX-PPARγ plasmid, which served as a
positive control as described before [30]. The rat primary
astrocytes (70–80% confluent) were transfected with NT-
siRNA (25 nM), PPARγ-siRNA (25 nM), or pCMX-PPARγ
plasmid (2 μg) using TurboFect reagent as per manufacturer’s
instructions and as the previously described protocol for trans-
fection [7]. Briefly, 70–80% confluent astrocytes were incu-
bated in serum-free medium for 2 h. The siRNA, pCMX-
PPARγ plasmid, and TurboFect reagents along with pmax-
GFP plasmid were suspended in serum-free media for
30 min at 37 °C and allowed to form a complex. The complex
was then incubated with astrocytes in a serum-free medium
overnight, and medium was replaced with complete media for
another 24 h. We detected attenuated PPARγ (Suppl. 1B) and
increased PPARγ expressions (Suppl. 1C) using siRNA and
pCMX-PPARγ plasmid, respectively.

Isolation of Nuclear and Cytoplasmic Proteins

Nuclear and cytosolic fractions from astrocytes cells were
isolated using NE-PER reagents (Pierce-ThermoScientific),
as per manufacturer’s protocol. Briefly, 70–80% confluent

astrocyte cells were scraped and washed in cold PBS, centri-
fuged at 3000 rpm and 4 °C for 5 min. The supernatant was
discarded, and pellets were re-suspended in cytoplasmic
extraction reagen-1, vortexed five times for 15 s at 10-min
intervals, and incubated on ice. Cytoplasmic extraction re-
agent 2 was then added, vortexed for 15 s, and incubated on
ice, followed by centrifugation for 10 min at 14,000 rpm at
4 °C. The centrifuged pellet was suspended in ice-cold nuclear
extraction reagent, vortexed for 15 s, incubated on ice, and re-
vortexed four times at 10-min intervals for 40 min, followed
by centrifugation at 14,000 rpm for 10 min. Supernatant con-
taining the nuclear extract was transferred to a clean pre-
chilled micro-centrifuge for further use. The nuclear extract
was then used for Western blotting and EMSA.

Immunocytochemistry

Cultured astrocytes were treated with metals or troglitazone,
and immunocytochemistry was performed as described earlier
[31]. Treated primary astrocytes were washed with PBS and
fixed with 4% PFA. Cells were then permeabilized with
methanol. After blocking with 5% serum, astrocytes were in-
cubated overnight with PPARγ and GFAP (1:200) primary
antibodies. Following three washings, cells were incubated
with Alexa Fluor goat anti-rabbit IgG and anti-mouse IgG-
conjugated secondary antibodies for 2 h followed by
counterstaining with Hoechst 33258 (0.2 mM). Astrocytes
were then mounted in VECTASHIELD medium (Vector
Laboratories, Burlingame, CA), and photomicrography
performed under a fluorescence microscope (Nikon Instech
Co. Ltd., Kawasaki, Kanagawa, Japan). Images were
imported into Image-J 1.42q (http://rsb.info.nih.gov/ij/.,
WayneRasband, National Institutes of Health, Bethesda,
MD) for image analysis.

PPARγ Trans-activation Function Through Luciferase
Reporter Assay

To assess the PPARγ trans-activation function, astrocytes were
transfected with pM-PPARγ (0.1 μg) or pM vector (0.1 μg)
along with Gal4-responsive tk-Luc reporter (Gal4-tk-Luc)
(0.1 μg) as previously described [32, 33]. The pmax-
GFP plasmid was co-transfected in the astrocytes for nor-
malizing the transfection efficiency [34]. Luciferase assay
was then performed with the transfected cells using Steady-
Glo-Luciferase assay Kit as per manufacturer’s instructions.
Briefly, the cells were equilibrated to room temperature, media
aspirated from the cells, and the cells were then washed with
PBS. Luciferase substrate (100μl) was added to each well and
incubated for 5–10 min for sufficient cell lysis. The luciferase
activity was determined by measuring luminescence in a
Micro-plate reader (Tecan, infinite 200 PRO, Switzerland).
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Identification of PPRE Sequences

The PPRE sequences on target genes were identified using
NUBIScan, an in silico approach for predicting nuclear recep-
tor response elements as described before [12, 35]. Briefly,
major apoptotic genes, such as PARP (Gene ID-25591,
NC_005112.4), BAX (Gene ID: 24887, NC_005100.4),
BAD (Gene ID: 64639, NC_005100.4), BCl-2 (Gene ID:
24224, NC_005112.4), BCL-XL (Gene ID: 24888,
NC_005102.4), caspase-3 (Gene ID: 25402, NC_005115.4),
and caspase-7 (Gene ID: 64026, NC_005100.4) were
scanned. The PPRE sequences on PARP gene were selected
based on P values (Table 4).

Gel-Shift Assay

EMSAwas performed using a Light Shift Chemiluminescent
EMSA Kit as per manufacturer’s instructions and following a
previously published protocol [12]. Repeat sequences of
direct repeat-5 (DR5) and inverted repeat-3 (IR3) oligonucle-
otides (Table 5) were synthesized by Eurofins MWG Operon
(Huntsville, AL). Biotin labeling of oligonucleotides was per-
formed using Biotin 3′ End Labeling kit. Briefly, 5 μg of
nuclear protein was incubated with 50-fmole biotin labeled
oligonucleotide probes in a 20-μl reaction buffer, containing
50 ng/μl poly dI.dC, 5 mM MgCl2, 0.05% NP40, and 1×
binding buffer, for 30 min at room temperature. For competi-
tion experiments, unlabeled oligonucleotides were added at
100-fold molar excess. For super-shift assays, nuclear extracts
were pre-incubated with anti-PPARγ for 1 h at 4 °C, followed
by addition of biotin-labeled oligonucleotide probes. After
incubation, the sample loading dye was added to the reaction
mixture and subjected to native PAGE on 6%TBE gel at 90 V,
and then, the protein-DNA complex was transferred onto
Biodyne B nylon membrane. The transferred labeled DNA
was then cross-linked to the membrane by exposure to
254 nm UV radiation on a UV transilluminator for 1 min.
The cross-linked membrane was blocked in blocking solution
for 15 min with gentle shaking, incubated in conjugated/
blocking solution, and supplemented with stabilized
streptavidin-HRP conjugate for 15 min. The membrane was
then washed in 1× washing buffer four times for 5 min, incu-
bated in substrate equilibration buffer and then in substrate
working solution (equal amount of luminal/enhancer solution
and stable peroxide solution) for 5 min, and visualized using

chemiluminescence on Amersham Imager 600 (GE
Healthcare Life Sciences).

ChIPAssay

ChIP assay was carried out using its specific kit according to
the manufacturer’s instructions, and following a previously
published protocol [12]. Briefly, 1–2 × 106 astrocyte cells
were cross-linked with 1% formaldehyde at 37 °C for
10 min. Cross-linking reactions were then attenuated by the
addition of 12mMglycine. Cells were then washed twice with
ice-cold PBS, scraped, and centrifuged at 2000 rpm for 4 min.
The cells were then re-suspended in cell lysis buffer (150 mM
NaCl, 1%NP-40, 0.5% deoxycholate, 0.1% SDS, 50mMTris
(pH 8.0), 5 mM EDTA) with protease inhibitors (1 μg/ml
aprotinin, 1 μg/ml pepstatin A, and 1 mM PMSF) and kept
on ice for 15 min. Cell lysates were sonicated to yield chro-
matin fragments of approximately 200–1000 base pairs and
centrifuged at 13,000 rpm for 10 min at 4 °C. The sonicated
supernatant was diluted by 10-fold in the ChIP dilution buffer.
One percent of the diluted supernatant was kept as input/
starting material (input represents PCR amplification of the
total sample). The supernatant was pre-cleared with protein
A agarose/salmon sperm DNA (50% slurry) for 30 min at
4 °C, centrifuged, and supernatant fraction was collected.
Further, the supernatant fractions were immunoprecipitated
with anti-PPARγ antibody or anti-acetyl histone H3 antibody
(positive control) or normal rabbit IgG1 (negative control)
overnight at 4 °C. Protein A agarose/salmon sperm DNA
(50% slurry) was added to the precipitate and incubated for
1 h at 4 °C with rotations to collect the antibody/histone com-
plex. The complex was then centrifuged at 1000 rpm for 1 min
at 4 °C and washed with wash buffer for 5 min. DNA fraction
was eluted by adding freshly prepared elution buffer (1% SDS
and 0.1 M NaHCO3). To reverse the formaldehyde cross-
linking, 5 M NaCl was added in eluted fraction and incubated
at 65 °C for 4 h. Eluted fraction containing DNA fragments
was purified by phenol-chloroform extraction, followed by
ethanol precipitation, and then dissolved in DNAse and
RNAse free water. Purified DNAwas amplified using specific
primers (Table 6) and quantified by qPCR using SYBR Green

Table 4 Potential PPRE sequence within PARP gene

PPRE Sequence (5′-3′) P value

1. DR5 AGGTCAaactcAGGTCA 0.000101072

2. IR3 AGGCCAgccTGGTCT 0.000203486

Table 5 PPRE oligonucleotide sequence on PARP gene for gel shift
assay

PPRE Sequence (5′-3′)

1. DR5 GTTTTGTAGGTCAAACTCAGGTCACTAGGGTT
TTGTAGGTCAAACTCAGGTCACTAGGGTTT
TGTAGGTCAAACTCAGGTCACTAGG

2. IR3 ATTCAAGGCCAGCCTGGTCTACAGAACATTCA
AGGCCAGCCTGGTCTACAGAACATTCAAGG
CCAGCCTGGTCTACAGAAC
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PCR master mix in a PRISM 7900 HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA).

Plasmid Construct Generation, Transient Transfection,
and Luciferase Reporter Assay

The designed three repeat sequences of DR5 and IR3 (Table 7)
were cloned into pGL3-basic promoter plasmid vectors
(Promega Corporation, Madison, WI) at KpnI-SacI restriction
site, following the protocol described before [12, 33]. Briefly,
pGL3-basic promoter plasmid vector was double digested
with KpnI and SacI restriction enzymes at 37 °C for 2 h.
DR5 and IR3-PPRE sequences were cloned into digested
pGL3-basic promoter plasmid vector in a ratio of (3:1) by
T4 DNA ligase and incubated at 16 °C overnight. The
pGL3-DR5 and pGL3-IR3 plasmid constructs were amplified
using competent DH5α bacterial cells (Invitrogen, Carlsbad
CA) and transformed in ampicillin-containing LB media.
Finally, the DNA construct was isolated using Qiagen
Plasmid Midi kit, according to the manufacturer’s protocol.
The integrity of plasmid DNA was validated by running on
1% agarose gel, and band size was confirmed using KpnI and
SacI restriction enzymes.

The pGL3-DR5 or pGL3-IR3 plasmid constructs were co-
transfected with pmaxGFP™ into rat primary astrocytes using
Nucleofector™ Solution in an Amaxa electroporator
(AmaxaBiosystems, Gaithersburg, MD) as described before
[12]. Briefly, 70–80% confluent primary astrocytes were
trypsinized and centrifuged at 1000 rpm for 5 min. The cell
pellets were carefully re-suspended in 100-μl room tempera-
ture Nucleofector™ Solution. Then, 2 μg of pGL3-DR5,
pGL3-IR3, or empty pGL3 vector was electroporated along
with pmaxGFP™ using the rat primary astrocyte program

specific for the Amaxa Nucleofactor System. After 24 h, the
medium was removed and fresh media added. On the second
day, 70% transfection efficiency was obtained (data not
shown). Luciferase assay was then performed on the
transfected cells using Steady-Glo Luciferase Assay System
(Promega Corporation, Madison, WI).

qPCR

PARP and GAPDH primer pairs for qPCR were designed
using Primer Express version 2.0.0 (Applied Biosystems)
(Table 8). Astrocyte RNA was isolated in Trizol reagent
(Invitrogen), precipitated by isopropanol, washed with 70%
ethanol, and dissolved in nuclease-free water. Then, the quan-
tity and purity of mRNAwere determined by UV spectropho-
tometer and subjected to complementary DNA synthesis
using the primer pairs and Omniscript RT Kit (Qiagen,
Valencia, CA) as described before [36]. qPCR was carried
out using SYBR Green dye over 40 cycles of sequential reac-
tions of 95 °C (10 min), 95 °C (10 s), 60 °C (30 s), and 72 °C
(30 s), and mRNA levels quantified in the Real-Time PCR
System. Relative expression was calculated using the ΔΔCt
method.

Animals and Treatments

Rat treatments, in vivo, have been provided in Table 3.
Guidelines of the Institute (CSIR-IITR) Animal Ethics

Committee were followed for animal handling. Timed preg-
nant Wistar rats were housed in a 12-h day and light cycle
environment with the ad libitum availability of diet and water.
The dams were treated via oral gavage with As, Cd, Pb, or their
tertiary mixture (As + Cd + Pb) at ground water relevant doses
of India [6, 7, 11]. The treatment started from gestation-05
(G-05) and continued daily during lactation until postnatal
day 16 (PND16) [11]. The rat pups were treated with
troglitazone or GW9662 through intraperitoneal injection from
PND01 until PND16 [12, 37]. The rat brain cortical tissues
were isolated from PND16 rats, as described earlier [12].

Immunohistochemistry

Immunohistochemistry of rat brain cortical tissues was per-
formed following the protocol described before [10]. Briefly,
rats were anesthetized and perfused with 4% PFA and 0.2%

Table 6 Primer sequences for qPCR in ChIP assay

1. DR5 F5′-GCGGTGATGGAGGATTAAAG-3′

R5′-GGCTTGCAGCCTCTAGATTG-3′

2. IR3 F5′-CTGTCACAGGCACTGCTCAT-3′

R5′-TATTCTGGCTTGCAGCCTCT-3′

3. GAPDH F5′-TGGGAAGCTGGTCATCAAC-3′

R5′-GCATCACCCCATTTGATGTT-3′

Table 7 PPRE sequence for cloning

PPRE Sequence (5′-3′)

1. DR5 5′-CTAGGTCAAACTCAGGTCACTAGGGTTTAGG
TCAAACTCAGGTCACTAGGGTTTAGGTCAAAC

TCAGGTCACTAGGGTTGAGCT-3′

2. IR3 5′-CAAGGCCAGCCTGGTCTACAGAACACAAGG
CCAGCCTGGTCTACAGAACACAAGGCCAGCCT

GGTCTACAGAACAGAGCT-3′

Table 8 Primer sequences of PARP

1. PARP F5′-CCAGCAGAAGGTCAAGAAGAC-3′

R5′-ACCTCCATGCTGGCCTTT-3′

2. GAPDH F5′-TGGGAAGCTGGTCATCAAC-3′

R5′-GCATCACCCCATTTGATGTT-3′
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picric acid in PBS. The whole brain was then isolated and
cryoprotected in 25% sucrose. Five-micron sections were
made from the cerebral cortex using cryomicrotome
(Microm HM 520; Labcon, Munich, Germany). The sections
were mounted on 3-aminopropyl-triethoxy-silane-coated
slides, antigen-retrieved with citrate buffer, and blocked with
5% BSA. Sections were then probed with PARP or cleaved
PARP and GFAP (1:200) antibodies overnight. Sections were
then washed thrice in PBS, incubated with Alexa Fluor sec-
ondary antibodies, and counterstained with Hoechst 33258
(0.2 mM). Slides were then washed thrice in PBS, dried,
mounted in VECTASHIELD mounting medium, and visual-
ized under fluorescence microscope (Nikon Instech Co. Ltd.,
Kawasaki, Kanagawa, Japan) using 60× objectives. Images
were captured using Image-Pro Plus 5.1 software (Media
Cybernetics Inc., Silver Spring, MD) and imported into
ImageJ 1.42q for image analysis. Fluorescence immunoreac-
tivity quantification was carried out using an RGB plugin of
the ImageJ 1.43q software (http://rsb.info.nih.gov/ij/;
developed by Wayne Rasband, National Institutes of Health,
Bethesda, Maryland) as described earlier [38].

TUNEL Assay

In situ detection of apoptosis was carried out by TUNEL assay
as described before [11]. For this, PND16 rats were anesthe-
tized, perfused with 4% PFA, 0.2% picric acid in PBS. The
whole brain was then isolated and cryoprotected in 25%
sucrose. Five-micron sections were made from the cerebral
cortex using cryomicrotome. The sections were mounted on
3-aminopropyl-triethoxy-silane-coated slides and antigen-
retrieved with citrate buffer. For TUNEL assay, a labeling
reaction was carried out with fluorescein-labeled dUTP in
the presence of TdT at 37 °C overnight. Sections were immu-
nostained with GFAP (1:200 dilution in PBS) antibodies and
kept overnight. Sections were then washed thrice in PBS and
incubated with Alexa Fluor goat anti-rabbit (546) secondary
antibody. Slides were then washed in PBS, counterstained
with Hoechst 33258 (0.2 mM), dried, mounted in
VECTASHIELD mounting medium, and visualized under a
fluorescence microscope (Nikon Instech Co. Ltd., Kawasaki,
Japan) using 20× objectives. Images were captured using
Image-Pro Plus 5.1 software (Media Cybernetics Inc., Silver
Spring, MD) and imported into ImageJ 1.42q for image
analysis. The TUNEL-positive cells were counted in five
randomly selected fields. The apoptotic index was expressed
as the number of TUNEL-positive cells per 100 nuclei
(Hoechst stained) [39].

Statistics

Statistical analyses were performed using GraphPad PRISM
software (GraphPad software, Inc.). Comparisons between

two groups of independent samples were carried out using
two-tailed and unpaired Student s t tests and for more than
two groups by ANOVA using Bonferroni post hoc test.

Results

Cd and Its Combinations Contribute Most
in As + Cd + Pb-Induced Astrocyte Apoptosis

We previously reported that exposure to a mixture of As, Cd,
and Pb, at environmentally relevant doses, enhanced apoptosis
in astrocytes of the rat brain [11]. Here, we assessed the com-
parative effects of individual metals (As, Cd, or Pb) and their
binary and tertiary combinations on astrocyte apoptosis.

We treated rat primary astrocytes with As, Cd, and Pb at
their LC-5, LC-10, and LC-15 doses (Tables 1 and 2) and
measured astrocyte apoptosis using Annexin V/PI stains.
The LC-5 values closely matched the metal concentrations
(as reported earlier [11]) within the As-, Cd-, and Pb-treated
developing rat brain, at the environmentally relevant doses.
The higher values (LC-10 and LC-15) were selected for study-
ing dose-dependent effects. We detected that the individual
metals caused a dose-dependent increase in astrocyte apopto-
sis, in the order of Cd > As > Pb (Fig. 1a). Accordingly, binary
combinations of Cd, such as As + Cd and Cd + Pb, were more
apoptotic than As + Pb (Fig. 1b). Moreover, As being more
apoptotic than Pb, As + Cd had a higher impact on astrocyte
apoptosis compared to Cd + Pb (Fig. 1b). Ultimately, the
effect of As + Cd + Pb on astrocyte apoptosis was much
greater compared to individual metals and their binary com-
binations (Fig. 1c).

As, Cd, and Pb Enhance PPARγ Expression That Induces
Astrocyte Apoptosis

We investigated the mechanism of As-, Cd-, and Pb-induced
astrocyte apoptosis, particularly focusing upon PPARγ that is
reported to participate in the apoptotic process of astrocytes
[15, 19]. Examining the effect on PPARγ through Western
blotting revealed that individual metals and their mixtures at
all three doses, LC-5 (Fig. 2a), LC-10 (Fig. 2b), and LC-15
(Fig. 2c), enhanced PPARγ expression levels. Akin to apo-
ptosis data, the increased PPARγ was in the order of
Cd > As > Pb. Combining and re-plotting data from
Fig. 2a–c revealed that the metal-induced PPARγ was dose-
dependent (Fig. 2d). To understand whether enhanced PPARγ
participated in astrocyte apoptosis, we co-treated the As +
Cd + Pb with PPARγ-siRNA. Suppressing As+Cd+Pb-in-
duced PPARγ (using the PPARγ-siRNA) to levels close to
the vehicle (Suppl. 2) caused a reduction in the annexin V/PI
positive cell count (Fig. 2a), indicating increased PPARγ to be
participating in astrocyte apoptosis.
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Fig. 1 As, Cd, and Pb induce dose-dependent astrocyte apoptosis
individually and in binary and tertiary mixtures, where Cd contributes
most. Rat primary astrocytes that were pre-incubated in reduced serum
medium and then treated with vehicle (water, V), As, Cd, Pb, or their
binary and tertiary mixtures at indicated doses for 18 h. The cells were
double stained with annexin V-FITC and PI, and data were assessed by
flow cytometry. a Data shown in graph (LHS) and bar diagram (RHS)
represent percentage of annexin V-FITC/PI-positive cells for individual
As, Cd, and Pb. Graph is representative of three independent experiments
and bar diagram data represent means ± SE. ***P < 0.001 and **P < 0.01
indicate significant difference compared to V. cP < 0.001, bP < 0.01, and
aP < 0.05 indicate significant difference compared to its immediate
previous dose. $$$P < 0.001, $$P < 0.01, and $P < 0.05 upon Cd
indicate significant difference compared to As for the same LC values.
$P < 0.05 upon As indicates significant difference compared to Pb for the
same LC values. b Data shown in graph (LHS) and bar diagram (RHS)

represent percentage of annexin V-FITC/PI-positive cells for binary As,
Cd, and Pb mixtures. Graph is representative of three independent
experiments and bar diagram data represent means ± SE of the three
independent experiments.***P < 0.001 and **P < 0.01 indicate
significant difference compared to V. cP < 0.001 and bP < 0.01 indicate
significant difference compared to its immediate previous dose. $P < 0.05
and $$P < 0.01 upon As + Cd indicate significant difference compared to
Cd + Pb at the same LC. $$P < 0.01 and $$$P < 0.001 upon Cd + Pb
indicate significant difference compared to As + Pb at the same LC. c
Data shown in graph (LHS) and bar diagram (RHS) represent percentage
of annexin V-FITC/PI-positive cells for tertiary mixtures. Graph is
representative of three independent experiments and bar diagram
represents means ± SE. ***P < 0.00 indicates significant difference
compared to V. cP < 0.001 indicates significant difference compared to
its immediate previous dose
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As, Cd, and Pb Like Troglitazone Activate PPARγ

PPARγ is a nuclear receptor and functions as transcription
factor [40, 41], and we assessed whether As, Cd, and Pb had
any effect on the transactivating function of PPARγ. We
compared the effects with PPARγ agonist, troglitazone, that
enhances transcriptional activity of PPARγ in astrocytes
[12, 42]. We identified increased nuclear levels of PPARγ
through Western blotting for As + Cd + Pb as well as
troglitazone (Fig. 3a). Immunocytochemistry data corroborated

enhanced PPARγ expression in the nucleus (Fig. 3b) (because
the vehicles for As + Cd + Pb and troglitazone in Fig. 3a
showed no difference in their nuclear levels of PPARγ, a
common vehicle has further been used for the two treatments).
For proving the transactivating function of PPARγ, we per-
formed a luciferase reporter assay using PPARγ-specific
GAL4-luc system, where the wild-type PPARγ-ligand binding
domain was fused to the Gal4 DNA-binding domain and the
luciferase reporter gene was controlled by GAL4-binding
elements, as described before [43]. We transfected astrocytes

Fig. 2 As, Cd, and Pb, individually and in binary and tertiary mixtures,
induce dose-dependent PPARγ and a PPARγ-dependent apoptosis,
where Cd contributes most. Rat primary astrocytes that were pre-
incubated in reduced serum medium and then treated with vehicle
(water, V), As, Cd, Pb, or their binary and tertiary mixtures at LC-5,
LC-10, and LC-15 doses for 18 h. Cell lysates were immunoblotted
for PPARγ and β-actin. a, b, c Representative Western blots show
PPARγ and β-actin expressions in rat primary astrocytes following
individual metal and metal mixture treatments at indicated doses. d
Densitometric representation (Western blot data for different doses
of a, b, c combined and replotted) reveals dose-dependent increase
in PPARγ expressions normalized with β-actin for individual metals,
binary and tertiary metal mixture treatments.Western blot is representative of
three independent experiments and bar diagram data represent means ± SE.

***P < 0.001, **P < 0.01, and *P < 0.05 indicate significant difference
compared to V. cP < 0.001, bP < 0.01, and aP < 0.05 indicate significant
difference compared to immediate previous dose. $$$P < 0.001, $$P < 0.01,
and $P < 0.05. #P < 0.001 indicates significant difference compared to all
other treatments. e Rat primary astrocytes were pre-incubated in reduced
serum medium and then transfected with PPARγ-siRNA or NT-siRNA.
The cells were treated with As + Cd + Pb at LC-15 doses for 18 h and
double stainedwith annexinV-FITC and PI. Data shown in graph (LHS) and
bar diagram (RHS) demonstrate a reduced percentage of annexin V-FITC/PI
staining following PPARγ-siRNA treatment compared to NT-siRNA in
As + Cd + Pb-treated astrocytes. NT-siRNA and PPARγ-siRNA
transfections in the vehicle-treated cells showed no change. Graph is
representative of three independent experiments and bar diagram represent
means ± SE. ***P < 0.001

2134 Mol Neurobiol (2018) 55:2125–2149



with the constructs and, upon treatment with As + Cd + Pb or
troglitazone, detected increased luciferase activity for both.
Thus, our data demonstrate that the metals and troglitzone en-
hance the transactivation function of PPARγ (Fig. 3c).

Activated PPARγ Promotes Astrocyte Apoptosis

To assess participation of the activated PPARγ in astrocyte
apoptosis, we co-treated the metal mixture with a PPARγ
antagonist, GW9662. We found that GW9662 attenuated
As + Cd + Pb-induced astrocyte apoptosis (Fig. 4a).
Interestingly, we found that troglitazone also stimulated apo-
ptosis in the astrocytes (Fig. 4a), and co-treatment with
GW9662 blocked the increased annexin V/PI-positive stain-
ing, proving involvement of activated PPARγ in astrocyte

apoptosis (Fig. 4a). We further observed that PPARγ-siRNA
decreased the troglitazone-induced percentage of annexin V/
PI-positive astrocytes (Fig. 4b), validating participation of in-
creased PPARγ in the troglitazone-mediated astrocyte
apoptosis.

We then examined whether activated PPARγ was respon-
sible for the apoptosis induced by the individual metals and
their binary combinations. We detected that apoptosis induced
by individual As, Cd, and Pb (Fig. 4c) and their binary com-
binations (Fig. 4d) could as well be blocked by GW9662.

PPARγ Binds to PPRE Sequences on PARP Gene

Recognizing the increased As + Cd + Pb-mediated PPARγ
activation in astrocytes, we performed an in silico screening

Fig. 3 As, Cd, and Pb, like troglitazone, upregulate nuclear levels of
PPARγ and enhance the PPARγ transactivation function. Rat primary
astrocytes that were pre-incubated in reduced serum medium and then
co-treated with As + Cd + Pb at LC-15 doses of the metals or troglitazone
(Trog, 10 μM) and their vehicles, V As+Cd+Pb and VTrog, respectively, for
18 h. a Nuclear lysates from the astrocytes were immunoblotted for
PPARγ and TATA binding protein (TBP). Representative Western blot
and densitometric analysis show increased nuclear levels of PPARγ
normalized with TBP for As + Cd + Pb and troglitazone treatments
compared to respective vehicles. Western blot is representative of three
independent experiments and bar diagram data represent means ± SE.
***P < 0.001 indicates significant difference compared to respective ve-
hicle. b Cultured rat primary astrocytes were co-immunolabeled for

PPARγ and GFAP and counter-stained with nuclear Hoechst.
Representative fluorescence photomicrograph (40× magnification)
show PPARγ (red fluorescence), GFAP (green fluorescence), Hoechst
(blue fluorescence), and their merged images in the same field. c Rat
primary astrocytes were transfected with pM-Gal4-tk vector (control
vector) or pM-PPARγ-Gal4-tk followed by co-treatment with vehicle
(water, V), or As + Cd + Pb at LC-15 doses of the metals and
troglitazone (Trog, 10 μM) for 18 h. Data indicate that As + Cd + Pb
and troglitazone enhanced luciferase activity for pM-PPARγ-Gal4-tk
compared to the pM-Gal4-tk vector. Data represent means ± SE of three
independent experiments. ***P < 0.001 indicates significant difference
compared to V
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using the NUBIScan software [35] to identify the possible
target genes of PPARγ in the apoptotic pathway. We spotted
that the PARP gene contained potential PPREs (Table 4), di-
rect repeat-5 (DR5) (Fig. 5a), and inverted repeat-3 (IR3) se-
quences (Fig. 5b), indicating that PARP may be a target of
activated PPARγ (PPRE sequences of other apoptotic genes
(caspases, BAX, BCl2, Bcl-Xl, etc.) demonstrated very low
significance for PPARγ binding (data not shown)). To assess
whether PPARγ binds to the PARP gene as its target, we
carried out gel electrophoretic mobility shift assays of astro-
cyte nuclear lysates using biotin-labeled DR5 and IR3 probes
(Table 5). We found that As + Cd + Pb and troglitazone trig-
gered a shift in DNA bands for both DR5 (Fig. 5c) and IR3
(Fig. 5d), suggesting increased DNA-protein complex forma-
tion. Additionally, incubating the astrocyte nuclear lysates
with PPARγ-antibody (Ab) caused a super-shift (ss), and the
competition experiment (CE) using excess unlabeled probes
exhibited an elimination of the shifted band (Fig. 5c, d). Thus,
our data prove that like troglitazone, As, Cd, and Pb induce a
PPARγ binding to DR5 and IR3-PPRE sequences on PARP
gene. To understand the comparative participation of individ-
ual metals and binary and tertiary mixtures in this PPARγ-
PARP-PPRE binding, we performed ChIP followed by qPCR
assay using DR5 and IR3 primers and acetyl-histone H3 as a
positive control (Table 6). We observed that all three single
metals, with an intensity in order of Cd > As > Pb, showed an
increased fold enrichment for DR5 (Fig. 5e) and IR3 ChIP-
qPCR products (Fig. 5f) (calculated against an IgG negative

control and input; refer to BMaterials andMethods^). Between
binary combinations, the effects were as As + Cd > Cd +
Pb > As + Pb, and tertiary As + Cd + Pb and troglitazone
demonstrated a comparable fold enrichment for ChIP-qPCR
(Fig. 5e, f). Through luciferase reporter assay, by transfecting
the astrocytes with pGL3-promoter vector-based constructs of
DR5 and IR3-PPRE (Table 7), we verified metal(s)-mediated
enhanced PARP-PPRE-driven luciferase activity (Fig. 5g, h).
Corroborating the ChIP-qPCR data, we found that luciferase
reporter activity was in order of Cd > As > Pb and As +
Cd > Cd + Pb > As + Pb, resulting in As + Cd + Pb-mediated
increased luciferase activity that was comparable with
troglitazone (Fig. 5g, h).

Activated PPARγ Enhances PARP Expression

We examined the effects of As, Cd, and Pb on PARP mRNA
expression in the astrocytes through qPCR. We detected that
the metals enhanced the PARP mRNA levels in astrocytes
(Fig. 6a). Analyzing the data revealed that the effect on
PARP mRNA was dose-dependent for individual, dual, and
tertiary metal treatments. Moreover, the effects on PARP
mRNA were in order of Cd > As > Pb, and the impact on
metal mixture and troglitazone was higher. We further ob-
served that GW9662 treatment attenuated PARP mRNA
levels, verifying activated PPARγ-mediated PARP expression
(Fig. 6b). We finally validated enhanced PARP levels through
Western blotting that demonstrated significant contribution by
Cd and its combinations, and the effect of metal mixture and
troglitazone was greater (Fig. 6c). Reduction in PARP protein
levels following GW9662 treatment corroborated the activat-
ed PPARγ-mediated PARP expression (Fig. 6d).

We observed (in Fig. 2) that the metal(s) enhanced PPARγ
expression levels, promoting astrocyte apoptosis. We exam-
ined whether increased PPARγ levels participated in PARP
expression. We found that co-treating with PPARγ-siRNA
suppressed the metal(s)-induced PARP, indicating an in-
creased PPARγ-dependent PARP expression by the heavy
metals (Fig. 6e). Alternatively, we found that PARP inhibition
failed to effect the As + Cd + Pb-induced PPARγ levels
(Fig. 6f), indicating a PARP-independent PPARγ expression
in the astrocytes. Thus, our data indicate that As, Cd, and Pb
trigger PPARγ expression levels and activation, resulting in
enhanced PARP expression in astrocytes.

As, Cd, and Pb Induce PARP-Dependent Cleaved PARP

PARP undergoes cleavage, resulting in increased cleaved
PARP that marks apoptosis [44]. Therefore, we assessed the
effect of metal mixture on the cleaved PARP/PARP ratio. We
detected that the metal mixture stimulated a dose-dependent
increase in cleaved PARP levels (Fig. 7a), resulting in en-
hanced cleaved PARP/PARP ratio (Fig. 7b). Troglitazone also

Fig. 4 As, Cd, and Pb, like troglitazone, induce activated PPARγ-
mediated astrocyte apoptosis. a Rat primary astrocytes were pre-
incubated in reduced serum medium and PPARγ antagonists, GW9662
(10 μM). The cells were then co-treated with vehicle (water, V), As +
Cd + Pb at LC-15 doses of the metals, or troglitazone (Trog, 10 μM) for
18 h. The cells were double stained with annexin V-FITC and PI followed
by flow cytometry assay. Data shown in graph (LHS) and bar diagram
(RHS) represent GW9662-mediated reduction in the annexin V-FITC/PI
staining of As + Cd + Pb and troglitazone. Graph is representative of three
independent experiments and bar diagram represent means ± SE.
***P < 0.001. b Rat primary astrocytes were pre-incubated in reduced
serum medium and then transfected with PPARγ-siRNA or NT-siRNA.
The cells were treatedwith Trog (10μM) for 18 h and double stainedwith
annexin V-FITC and PI. Data shown in graph (LHS) and bar diagram
(RHS) demonstrate a reduced percentage of annexin V-FITC/PI staining
following PPARγ-siRNA treatment compared to NT-siRNA in Trog-
treated astrocytes. Graph is representative of three independent experi-
ments and bar diagram represent means ± SE. ***P < 0.001. C-D. Rat
primary astrocytes were pre-incubated in reduced serum medium and
PPARγ antagonists, GW9662 (10 μM). The cells were then co-treated
with vehicle (water, V), As, Cd, Pb, As + Cd, Cd + Pb, or As + Pb at LC-
15 doses of the metals for 18 h. The cells were double stained with
annexin V-FITC and PI followed by flow cytometry assay. Data shown
in graph (LHS) and bar diagram (RHS) represent GW9662-mediated
reduction in the annexin V-FITC/PI staining of individual metals (c)
and binary metal mixture (d)-treated astrocytes. Graph is representative
of three independent experiments and bar diagram represent means ± SE.
***P < 0.001

R
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enhanced the cleaved PARP/PARP ratio, verifying participa-
tion of troglitazone in astrocyte apoptosis (Fig. 7a, b). We,
therefore, inferred that the metals enhanced PPARγ-

dependent PARP, which underwent cleavage with increasing
doses of the metals, resulting in augmented cleaved PARP and
thus higher cleaved PARP/PARP ratio. We compared the

Fig. 5 As, Cd, and Pb, like troglitazone, induce PPARγ binding to DR5
and IR3-PPRE sequences on PARP gene, causing enhanced PARP
expression in astrocytes. a, b PARP gene sequence was analyzed
through NUBIscan for identifying potential PPREs. Data show
potential DR5 (a) and IR3 (b) PPRE sequences. c, d Rat primary
astrocytes were pre-incubated in reduced serum medium and then co-
treated with vehicle (water, V) or As + Cd + Pb at LC-15 doses of the
metals and troglitazone (Trog, 10 μM) for 18 h. Nuclear protein lysates
from the astrocytes were isolated and incubated with DR5 or IR3 oligo-
nucleotide probes for 30 min. DNA-protein complexes were then ana-
lyzed by EMSA. Representative blots show increased shift of DR5 (c)
and IR3 (d) DNA bands relative to unbound DNA upon As + Cd + Pb
(left panel) and troglitazone (right panel) treatments, respectively. Note
the DNA-protein complex supershift (ss) upon anti-PPARγ antibody ad-
dition, and elimination of the band for competition experiment (CE). Data
are representative of three independent experiments. e, f Rat primary
astrocytes were pre-incubated in reduced serum medium and then treated
with vehicle (water, V), As, Cd, Pb, or their binary and tertiary metal
mixtures at LC-15 doses of metals or troglitazone (Trog, 10 μM) for
18 h. Cells were fixed and ChIP assay carried out with anti-PPARγ,

anti acetyl-Histone H3 (positive control), and normal IgG (negative
control) antibodies. Precipitated DNAwas then amplified by qPCR using
DR5 or IR3 primers. Representative data show increased fold enrichment
of DR5 (E) and IR3 (F) ChIP-qPCR products in metal(s), metal mixture,
and troglitazone-treated astrocytes compared to V. Data represent
means ± SE of four independent experiments in triplicate. ***P < 0.001,
**P < 0.01, and *P < 0.05 indicate significant difference compared to V.
$$P < 0.01 and $P < 0.05. #P < 0.001 indicates significant difference
compared to all other treatments. g, h Rat primary astrocytes were
transfected with pGL3, pGL3-DR5, or pGL3-IR3 constructs. Transfected
cells were then treated with vehicle (water, V), As, Cd, Pb, their binary and
tertiary metal mixtures at LC-15 doses of metals and troglitazone (Trog,
10 μM) for 18 h. Luciferase activity of the cells was measured and
expressed as percentage relative to V. Data show unaltered luciferase
activity in pGL3-transfected cells and increased luciferase activity in
pGL3-DR5 (g) and pGL3-IR3 (h) transfected cells following metal(s) or
troglitazone treatments. Data represent means ± SE of four independent
experiments in triplicate. ***P < 0.001, **P < 0.01, and *P < 0.05 indicate
significant difference compared to V. $$P < 0.01 and $P < 0.05.
#P < 0.001indicates significant difference compared to all other treatments
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cleaved PARP/PARP levels, and corroborating apoptosis data
detected the order as Cd > As > Pb, As + Cd > Cd + Pb > As +
Pb, resulting in a higher effect by As + Cd + Pb (Fig. 7c, d). To
verify whether the cleaved PARP was truly dependent on in-
creased PARP, we co-treated the metals with a PARP inhibitor,
3-amino benzamide (3-ABA) [45].We detected that suppressing
PARP levels using 3-ABA (Suppl. 3) reduced the cleaved PARP
(Fig. 7e), proving cleaved PARP to be dependent on increased
PARP. Supporting this PARP-dependent increased PARP cleav-
age, we detected that As, Cd, and Pb stimulated PARP-

dependent expression of activated caspases (Suppl. 4A–B) that
are known to cleave PARP [44]. Additionally, inactivating
the caspases using their inhibitor, Z-VAD-FMK, attenuat-
ed cleaved PARP levels (Suppl. 4C). We finally co-related
cleaved PARP and PPARγ and detected that GW9662
(Fig. 7f) and PPARγ-siRNA (Fig. 7g) reduced the
metal(s)-induced cleaved PARP levels. We further
established the link between PPARγ and caspases and
detected an enhanced PPARγ-mediated activated caspase
expression (Suppl. 4D–E). Thus, overall, our data indicate
that As, Cd, and Pb enhanced the expression and
transactivation function of PPARγ, thereby inducing
PPARγ-dependent PARP. The increased PARP stimulated
caspase activation and cleaved-PARP levels, resulting in
upregulated cleaved PARP/PARP ratio and hence astro-
cyte apoptosis.

As, Cd, and Pb Stimulate JNK and CDK5-Dependent
PPARγ and PARP

PPAR expression has an intricate connection with the P38
MAPK and JNK activities within astrocytes [23]. Hence,
we examined whether P38 MAPK and JNK had any reg-
ulatory effects on As, Cd, and Pb-induced PPARγ. We
observed that inhibiting P38 with SB203580 failed to af-
fect (Fig. 8a), while the JNK inhibitor, SP600125,
blocked As + Cd + Pb-induced PPARγ (Fig. 8b), proving
a JNK-dependent PPARγ expression in the astrocytes.

In our earlier study, we proved that As + Cd + Pb
stimulated a JNK-dependent CDK5 that promoted
phospho-PPARγ levels within the astrocytes [12]. Here,
we examined whether the increased PPARγ expression
could be linked to CDK5. We found that inhibiting
CDK5 activation using (R)-CR8 blocked As + Cd + Pb-
induced PPARγ (Fig. 8c), proving a CDK5-dependent
PPARγ expression in the astrocytes.

We further examined whether the JNK and CDK5 path-
ways participated in increased PARP expression.We observed
that SP600125 (Fig. 8d) and (R)-CR8 (Fig. 8e) inhibited As +
Cd + Pb-induced PARP expression in the As + Cd + Pb-treat-
ed astrocytes. Thus, our data indicate that an activated JNK
and CDK5 stimulate PPARγ, and thereby PARP expression in
astrocytes.

In Vivo Validation of PPARγ-Dependent Astrocyte
Apoptosis by As, Cd, and Pb in Rat Brain

For in vivo verification of our in vitro findings, we ex-
posed developing rats to environmentally relevant doses
of As, Cd, and Pb (Table 3). Corroborating the in vitro
observation, we found that the metal mixture caused en-
hanced PARP expression in astrocytes of the rat brain
(Fig. 9a). We further found that co-treatment with

Fig. 6 As, Cd, and Pb, like troglitazone, induce activated PPARγ-
dependent PARP expression in astrocytes. a qPCR data demonstrate
dose-dependent increase in PARP mRNA levels normalized against
housekeeping gene GAPDH, following astrocyte treatment with As,
Cd, Pb, or their binary and tertiary mixtures at LC-5, LC-10, and LC-15
doses, or troglitazone (Trog, 10 μM). Data represent means ± SE of three
independent experiments in triplicate. ***P < 0.001, **P < 0.01, and
*P < 0.05 indicate significant difference compared to vehicle (V). b Rat
primary astrocytes were pre-incubated in reduced serum medium and
PPARγ antagonist (GW9662, 10 μM), and then co-treated with vehicle
(water, V), Cd, As + Cd, Cd + Pb, or As + Cd + Pb at LC-15 doses of the
metals or troglitazone (Trog, 10 μM) for 18 h, followed by qPCR
analysis. qPCR data represent GW9662-mediated reduction in PARP
mRNA, normalized against GAPDH housekeeping gene in the metal(s)
and troglitazone-treated astrocytes. Data represent means ± SE of three
independent experiments in triplicate. ***P < 0.001. c Rat primary
astrocytes were pre-incubated in reduced serum medium and then
treated with vehicle (water, V), As, Cd, Pb, their binary and tertiary
mixtures at LC-15 doses, or troglitazone (Trog, 10 μM) for 18 h. Cell
lysates were immunoblotted for PARP and β-actin. Representative
Western blot and densitometric analysis show PARP expression
normalized with β-actin. Western blot is representative of three indepen-
dent experiments and bar diagram data represent means ± SE.
***P < 0.001, **P < 0.01, and *P < 0.05 indicate significant difference
compared to V. $$P < 0.01 and $P < 0.05. #P < 0.001 indicates significant
difference compared to all other treatments. dRat primary astrocytes were
pre-incubated in reduced serum medium and PPARγ antagonist
(GW9662, 10 μM), and then co-treated with vehicle (water, V), Cd,
As + Cd, Cd + Pb, or As + Cd + Pb at LC-15 doses of the metals or
troglitazone (Trog, 10 μM) for 18 h. Cell lysates were immunoblotted for
PARP and β-actin. Representative Western blot and densitometric
analysis show GW9662-mediated reduction in PARP expression
normalized with β-actin in the metal(s) and troglitazone-treated
astrocytes. Western blot is representative of three independent
experiments and bar diagram data represent means ± SE. ***P < 0.001.
e Rat primary astrocytes were pre-incubated in reduced serum medium
and then transfected with NT-siRNA or PPARγ-siRNA. The cells were
then treated with vehicle (water, V) or As + Cd + Pb at LC-15 doses of
metals for 18 h, followed byWestern blot analysis with PARP andβ-actin
antibodies. Representative Western blot and densitometric analysis show
reduction in PARP levels normalized with β-actin for PPARγ-siRNA
compared to NT-siRNA transfections in As + Cd + Pb-treated
astrocytes. PPARγ-siRNA and NT-siRNA transfections in vehicle-
treated astrocytes showed no change. Data represent means ± SE of the
three independent experiments. ***P < 0.001. f Rat primary astrocytes
were pre-incubated in reduced serum medium and a PARP inhibitor (3-
aminobenzamide, 3-ABA), and then co-treated with vehicle (water, V) or
As + Cd + Pb at LC-15 doses for 18 h. Cell lysates were immunoblotted
for PPARγ and β-actin. Western blot is representative of three
independent experiments and bar diagram data represent means ± SE.
***P < 0.001
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Fig. 7 As, Cd, and Pb increase PPARγ-dependent PARP that stimulates
cleaved PARP levels in rat astrocytes. a, b Rat primary astrocytes were
pre-incubated in reduced serum medium and then treated with vehicle
(water, V) or As + Cd + Pb at LC-5, LC-10, and LC-15 doses of the
metals or troglitazone (Trog, 10 μM) for 18 h. The astrocyte cell lysates
were immunoblotted for PARP and β-actin. Representative Western blot
shows PARP and cleaved PARP expressions normalized withβ-actin (a),
and bar diagram indicates increased cleaved PARP/PARP ratio (b) for
As + Cd + Pb and troglitazone. c, d Rat primary astrocytes were pre-
incubated in reduced serummedium and then treated with vehicle (water,
V), As, Cd, Pb, or their binary and tertiary mixtures at LC-15 doses of
metals for 18 h. The astrocyte cell lysates were immunoblotted for PARP
andβ-actin. RepresentativeWestern blot shows PARP and cleaved PARP
expressions normalized with β-actin (c) and bar diagram indicate in-
creased cleaved PARP/PARP ratio (d) for the treatments. Western blot
is representative of three independent experiments and bar diagram data
represent means ± SE. ***P < 0.001, **P < 0.01, and *P < 0.05 indicate
significant difference compared to V. e Rat primary astrocytes were pre-
incubated with reduced serum medium and PARP inhibitor (3-
aminobenzamide, 3-ABA), and then co-treated with vehicle (water, V),
As, Cd, Pb, or As + Cd + Pb at LC-15 doses of the metals for 18 h. The
cell lysates were immunoblotted for cleaved PARP and β-actin.

Representative Western blot and densitometric analysis show 3-ABA-
mediated reduction in cleaved PARP expressions normalized with β-ac-
tin. Western blot is representative of three independent experiments and
bar diagram data represent means ± SE. ***P < 0.001. f Rat primary
astrocytes were pre-incubated in reduced serum medium and PPARγ
antagonist (GW9662, 10 μM), and then co-treated with vehicle (water,
V), As, Cd, Pb, or As + Cd + Pb at LC-15 doses of the metals for 18 h.
The cell lysates were immunoblotted for cleaved PARP and β-actin.
Representative Western blot and densitometric analysis show GW9662-
mediated reduction in cleaved PARP expression normalized withβ-actin.
g Rat primary astrocytes were pre-incubated in reduced serum medium
and then transfected with NT-siRNA or PPARγ-siRNA. The cells were
then treatedwith vehicle (water, V), As, Cd, Pb, or As + Cd + Pb at LC-15
doses of the metals for 18 h, followed by Western blot analysis with
cleaved PARP and β-actin antibodies. Representative Western blot and
densitometric analysis show reduction in cleaved PARP levels
normalized with β-actin for PPARγ-siRNA compared to NT-siRNA
transfections in the metal(s)-treated astrocytes. PPARγ-siRNA and NT-
siRNA transfections in vehicle-treated astrocytes showed no change in
cleaved PARP levels. Data represent means ± SE of the three independent
experiments. ***P < 0.001
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GW9662 suppressed PARP levels (Fig. 9a), verifying ac-
tivated PPARγ-dependent PARP expression. We also ob-
served enhanced cleaved PARP expression in astrocytes,
and matching in vitro data, we found that the effect of Cd
was highest and that of As + Cd + Pb was comparable
with troglitazone (Fig. 9b). Ultimately, an enhanced num-
ber of TUNEL-positive apoptotic astrocytes in the
metal(s)-exposed rat brain verified astrocyte apoptosis,
where again Cd contributed most and As + Cd + Pb and
troglitazone had comparable effects (Fig. 9c).

Discussion

Our results present the first evidence of the contributions in
order of Cd > As > Pb in As + Cd + Pb-induced astrocyte
apoptosis. Additionally, our findings prove upregulation and
activation of PPARγ as a novel pathway generating PARP and
then cleaved PARP, resulting in astrocyte apoptosis (Fig. 10).

In terms of environmental contaminants, there are a rela-
tively higher number of studies on astrogliosis and astroglial
inflammation compared to astrocyte loss [31, 46]. Again,

Fig. 8 As, Cd, and Pb induce JNK and CDK5-dependent PPARγ and
PARP in astrocytes. a–c Rat primary astrocytes were pre-incubated in
reduced serum medium and a P38 inhibitor (SB203580, 10 μM), JNK
inhibitor (SP600125, 10 μM), or CDK5 inhibitor (R-CR8, 10 μM) and
then co-treated with vehicle (water, V) or As + Cd + Pb mixture for 18 h.
Cell lysates were immunoblotted for PPARγ and β-actin. Representative
Western blot and densitometric analysis show the effects of SB203580
(a), SP600125 (b), and R-CR8 (c) on PPARγ expression levels
normalized with β-actin in As + Cd + Pb-treated astrocytes. Western
blot is representative of three independent experiments and bar diagram

data represent means ± SE. ***P < 0.001. d, eRat primary astrocytes were
pre-incubated in reduced serum medium and JNK inhibitor (SP600125,
10 μM) or CDK5 inhibitor (R-CR8, 10 μM) and then co-treated with
vehicle (water, V) or As + Cd + Pb mixture for 18 h. Cell lysates were
immunoblotted for PARP and β-actin. Representative Western blot and
densitometric analysis show SP600125 or R-CR8-mediated reduction in
PARP expression normalized with β-actin in As + Cd + Pb-treated
astrocytes. Western blot is representative of three independent
experiments and bar diagram data represent means ± SE. ***P < 0.001
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studies focused more on toxicant-mediated degeneration of
neurons rather than astrocytes [47–49]. Through the present
study, we reveal a novel mechanism of astrocyte damage upon
exposure to the three key ground water contaminants, As, Cd,
and Pb, at their environmentally relevant doses [11]. Damage
to the CNS has been well reported to have a distinct link with
astrogliosis, increased astrocyte expression, and an ultimate
glial scar formation [50, 51]. Astroglial activation has also
been proved to be a major reason for death and degeneration
of the neighboring cell population, particularly neurons
[52, 53]. Moreover, we reported that long-term treatment
with As, Cd, and Pb ultimately led to astroglial hypertrophy
and neurodegeneration [7]. Hence, it may be presumed that
astrocyte apoptosis and damage observed in the current study
at early stages, and at relatively lower doses of the heavy

metals are adaptive responses towards saving the other cell
population from subsequent damage. We previously proved
that As + Cd + Pb induces synergistic astrocyte loss via en-
hanced apoptosis [11]. In the present study, we add to the
observations by establishing Cd to be the most apoptotic,
followed by As and Pb. Interestingly, this opposes one of our
earlier reports on heavymetals, depicting the maximum impact
of Pb, however, towards promoting AD pathogenesis [7]. In
the AD study, an enhanced interleukin-1 (IL-1) expression
appeared mainly responsible for Alzheimer’s Aβ expression,
where the contribution by Pb was significantly high and Cd
low [7]. Probably, a difference in the two mechanisms, IL-1
increase for AD [7] versus PPARγ activation for astrocyte
apoptosis (as detected in the current study), rationalizes this
disparate impact of the heavy metals. Although less compared

Fig. 9 As, Cd, and Pb increase PPARγ-dependent PARP expression, and
apoptosis and cleaved PARP levels in astrocytes of developing rat brain. a
Five-micron-thick cryostat sections of cerebral cortex from vehicle
(water), As + Cd + Pb (at environmentally relevant doses), or GW9662
(1 mg/kg) + As + Cd + Pb-treated PND16 rats were fluorescent
co-immunolabeled for PARP (red fluorescence) and GFAP (green
fluorescence), and co-stained with nuclear Hoechst (blue fluorescence).
Representative fluorescent photomicrograph (60× magnification) shows
As + Cd + Pb-mediated increased PARP expression in the GFAP-
expressing astrocytes against nuclear-Hoechst, and restoration by
GW9662. Bar diagram represents PARP expression in GFAP-
expressing astrocytes, normalized with nuclear Hoechst for the
specidied treatments. Sections are representatives of three rats from three
different litters. ***P < 0.001. b Five-micron-thick cryostat
sections of cerebral cortex from vehicle, As, Cd, Pb, As + Cd + Pb, or
troglitazone (Trog, 2.5 mg/kg)-treated PND16 rats were fluorescent co-
immunolabeled for cleaved PARP and GFAP (green fluorescence), and
co-stained with nuclear Hoechst (blue fluorescence). Representative fluo-
rescent photomicrographs (60× magnification) show metal(s)-

mediated increased cleaved PARP expression in the GFAP-expressing
astrocytes against nuclear-Hoechst. Sections are representatives of three
rat brains from three different litters. Bar diagram represents c-PARP
expressions in GFAP-expressing astrocytes, normalized with nuclear
Hoechst. Sections are representatives of three rats from three different
litters. ***P < 0.001 and *P < 0.05 w.r.t. to vehicle (V) or as indicated.
c Five-micron-thick cryostat sections of cerebral cortex from vehicle, As,
Cd, Pd, As + Cd + Pb, and troglitazone (Trog)-treated PND16 rats were
fluorescence stained for TUNEL and immunolabeled with GFAP,
fol lowed by nuclear Hoechst co-staining. Representat ive
photomicrographs (20× magnification) show enhanced TUNEL-
positive astrocytes against nuclear Hoechst in the same field. Arrows
indicate the TUNEL-positive cells. Bar diagram represents apoptotic
index expressed as the number of TUNEL-positive cells/100 nuclei
(Hoechst stained) in GFAP-expressing astrocytes from five randomly
selected fields. Sections are representatives of three rats from three
different litters. ***P < 0.001, **P < 0.01, and *P < 0.05 w.r.t. to
vehicle (V) or as indicated
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to Cd, our findings for As-mediated astrocyte apoptosis in the
current investigation also challenge a previous report demon-
strating astrocytes to be relatively resistant to As administration
[54]. Nonetheless, unlike ours, the earlier studymainly focused
upon the tumor necrosis factor-mediated effects of arsenic [54],
justifying the differential responses. Taken together, our data
that clearly identify contributions of Cd, As, and Pb in astro-
cyte apoptosis confirmed these heavy metals as risk factors for
CNS damage. Our findings also hint at the necessity of
adopting relatively greater precautions against Cd-induced as-
trocyte apoptosis to protect the developing brain.

Astrocytes play an important role in regulating lipid and
glucose metabolism within the brain [55, 56]. Likewise,
PPARγ contributes to the brain energy metabolism [42, 57]
and undergoes activation by prostaglandins that are vital as-
trocyte components [58]. Additionally, because we had earlier
found that PPARγ participated in modulating the GFAP levels
[12], we were especially interested to understand the role of
the nuclear receptor in astrocytes for the present investigation.
PPARγ is known to play an important role in inflammatory

brain pathologies [59] where astrogliosis plays a prominent
role [60, 61]. PPARγ activation has also been reported in
astroglioma or glioblastoma cells [62, 63]. Several studies
have as well shown ligands of PPARγ to cause apoptosis in
astrocytoma and glioma cells [26, 63–65]. However, there are
relatively very few reports correlating PPARγ and apoptosis
in the primary astrocytes. Chattopadhyay et al. found modu-
lation of the apoptotic process as a vital function of PPARγ in
the human astrocytes [15]. Perez-Ortiz et al. proved PPARγ-
mediated rat astrocyte apoptosis, however, using a higher dose
of PPARγ agonist, ciglitazone [19]. Our findings not only
established that PPARγ participates in primary astrocyte apo-
ptosis, but also validated the event in both heavy metal and
troglitazone-treated rat astrocytes. Interestingly, unlike the da-
ta of Spagnolo et al. that showed primary astrocytes to be
selectively resistant to the cytotoxic effects of troglitazone
[17], we detected that the PPARγ agonist stimulated rat astro-
cyte apoptosis at a low to moderate dose of troglitazone. We
also validated troglitazone-mediated apoptosis through perti-
nent apoptotic assay methods, such as annexin V/PI and

Fig. 9 (continued)
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cleaved PARP/PARP levels, and supportively found increased
activated caspases as well (Suppl. 5). Unlike our study that
specifically focused on the apoptosis aspect, Spagnolo et al.
dealt more on the effects of troglitazone on cellular energetics
and astrocyte metabolic rates [17], probably justifying the
difference in opinions. Additionally, while Spagnolo et al. fo-
cused primarily on the lactate dehydrogenase release assay
and on necrosis and autophagy-mediated death in astrocytes
by troglitazone, the current study emphasized upon apoptosis.
Thus, disparities in study designs may have also contributed to
the differential effects of Spagnolo et al. compared to the pres-
ent one.

The present investigation proved that our heavy metals
enhanced PPARγ levels, and the siRNA data showed that
the increased PPARγ participated in astrocyte apoptosis,
where Cd contributed most. PPARγ is a positive regulator of
astrocyte mitochondriogenesis and energy homeostasis and

metabolism [42]. On the other hand, heavy metals, particularly
Cd, are known to hamper the normal processes of lipid and
glucosemetabolism in astrocytes and disturb themitochondrial
functions [66–69]. Likewise, we reported that As, Cd, and Pb
damaged the antioxidative defense machinery of astrocytes
and induced oxidative stress [11]. Thus, as observed earlier
for the Cd-treated kidney cells [70], it may be stated that the
increase in PPARγ for astrocytes may have resulted from
heavy metal-mediated loss in mitochondrial bioenergetics.
The study had also shown that for acute responses to Cd
exposure, a markedly increased PPARγ, along with oxidative
stress and mitochondrial destabilization, generated aberrant
PPARγ activation and, thereby, enhanced the expression of
pro-apoptotic proteins [70]. Thus, an analogous situation may
have led to an activated PPARγ and ultimate astrocyte
apoptosis here following metals, predominantly Cd treat-
ment, in astrocytes.

Fig. 9 (continued)
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Via computer-assisted screening tools, as well as gel shift,
ChIP, and luciferase reporter assays, we identified two func-
tional PPREs within the PARP gene. Several novel facts
emerge from this finding. Firstly, although PARP modulation
by PPAR agonists has been casually reported in the glioblas-
toma cells [65], there have been no studies correlating the two
in primary brain cells. We not only unveiled PPARγ and PARP
linkage in primary astrocytes, but also proved a direct depen-
dence of PARP expression on PPARγ via genomic interac-
tions. Therefore, our data unveil PPARγ-PARP link as a new
mechanism that deserves significant consideration in astrocyte
damage. Hence, the present study in conjunction with our
previous report demonstrating phospho-PPARγ-mediated
suppression of the astrocyte marker, GFAP [12], affirms the
prominent role of PPARγ in astrocyte degeneration and
damage.

The current investigation reveals that As, Pb, and Cd, indi-
vidually and in mixtures, upregulate cleaved PARP expres-
sion, known to contribute in apoptosis [71]. An unchecked
PARP expression may either lead to necrotic cell death or
apoptosis via an increased cleavage [72]. Our findings that
show PARP cleavage, supported by enhanced caspase-3
and -7 that are mainly responsible for the cleavage [44],
suggest a preference of the heavy metals for apoptotic
pathway. On the whole, notably and very interestingly, our
findings detected a consistent trend in Cd > As > Pb-induced
toxicity, starting from PPARγ expression, PPARγ and PARP-
PPRE binding, and eventually PARP cleavage and thereby ap-
optosis. Thus, as an extrapolation of our earlier study that
showed increased apoptosis by the As + Cd + Pb-mixture
[11], our current study reveals the complex mechanism in-
volved and contribution of individual metals and binary mix-
tures towards the tertiary mixture-induced astrocyte damage.

The current study proves that increased PPARγ and hence
an ultimate PARP induction was JNK-dependent in the As-,
Cd-, and Pb-treated astrocytes. The PPAR triad is known to
have intricate connections with MAPKs and displays sensitivity
to P38 and JNK inhibitions at variable degrees [23, 73].
Interestingly, quite like the current study, PPARγ regulation in
astrocytes appeared to be under greater control of JNK activity
compared to P38 [23]. Nonetheless, opposing the earlier
concept, where JNK inhibition could stimulate PPARγ activ-
ity [23], the current study reveals an increased JNK-dependent
PPARγ expression within the astrocytes. The differences in
the stimuli, viz. toll-like receptor agonists for the previous
study [23] and heavy metals for the current one, may well
explain the discrepant behavior. However, the two studies
certainly provide convincing evidence on participation of
MAPKs in controlling PPAR levels and thereby cellular re-
sponses within astrocytes. An earlier report from our group
also provided a supportive information showing As + Cd +
Pb-mediated JNK activation, which led to an increased
phospho-PPARγ expression [12]. This increased phosphory-
lation occurred at an earlier time point, around 10–15 min
following the heavy metals(s) exposure [12]. Thus, it remains
exploring whether this early phospho-PPARγ could have any
role in regulating PPARγ expression at a later time point,
overnight as observed presently. Another intriguing link lies
in an As-, Cd-, and Pb-mediated increased CDK5 activity in
the astrocytes. While an enhanced CDK5-dependent
phospho-PPARγ expression appeared as the key regulator
maintaining astrocyte integrity in the previous study [12],
the current study depicts a CDK5-mediated PPARγ expres-
sion. Thus, our two studies emphasize the prominent partici-
pation of JNK and CDK5 activities in controlling heavy
metal-induced responses on phospho-PPARγ and PPARγ.

Fig. 10 As, Cd, and Pb increase
PPARγ-mediated PARP
expression leading to apoptosis in
astrocytes. As, Cd, and Pb induce
JNK and CDK5-dependent
PPARγ expression and
transactivation in the rat brain
astrocytes. Activated PPARγ
binds to DR5 and IR3-PPRE
sequences within PARP gene,
resulting in enhanced PARP.
Increased PARP level activates
caspases and cleaved-PARP
expression, resulting in astrocyte
apoptosis
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Additionally, the current study also portrays the marked
involvement of these kinases in regulating PPARγ transcrip-
tional activity, resulting in increased PARP expression. Thus,
largely, it appears that the extracellular signals activating in-
tracellular kinase pathways may play a significant influential
role in maintaining PPARγ expression and activity, contribut-
ing towards vital cellular responses within the astrocytes.

Conclusion

Altogether, our study enlightens a novel mechanism of
Cd > As > Pb-induced primary astrocyte apoptosis, where
the enhanced and activated PPARγ played key roles. Two
intricately associated crucial aspects in terms of astrocyte tox-
icity emerge from these observations: (1) predominance of Cd
and less of As and Pb and (2) participation of PPARγ.
Consequently, our findings emphasize the need for precau-
tionary measures against heavy metals, particularly Cd-
induced apoptosis and toxicity, in relation to CNS disorders
like Alexander disease, schizophrenia, bipolar disorder, etc.
characterized by severe astrocyte loss [74, 75]. Most impor-
tantly, our data point towards the PPARγ antagonists,
GW9662, as a therapeutic against astrocyte death, especially
in situations of heavy metal toxicity.
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