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Abstract

Nimesulide, an anti-inflammatory and analgesic drug, is reported to cause severe hepatotoxicity. In this study, molecular
mechanisms involved in deranged oxidant-antioxidant homeostasis and mitochondrial dysfunction during nimesulide-
induced hepatotoxicity and its attenuation by plant derived terpenes, camphene and geraniol has been explored in male
Sprague-Dawley rats. Hepatotoxicity due to nimesulide (80 mg/kg BW) was evident from elevated SGPT, SGOT, bilirubin and
histo-pathological changes. Antioxidants and key redox enzymes (iNOS, mtNOS, Cu/Zn-SOD, Mn-SOD, GPx and GR) were
altered significantly as assessed by their mRNA expression, Inmunoblot analysis and enzyme activities. Redox imbalance
along with oxidative stress was evident from decreased NAD(P)H and GSH (56% and 74% respectively; P<<0.001), increased
superoxide and secondary ROS/RNS generation along with oxidative damage to cellular macromolecules. Nimesulide
reduced mitochondrial activity, depolarized mitochondria and caused membrane permeability transition (MPT) followed by
release of apoptotic proteins (AlF; apoptosis inducing factor, EndoG; endonuclease G, and Cyto ¢; cytochrome c). It also
significantly activated caspase-9 and caspase-3 and increased oxidative DNA damage (level of 8-Oxoguanine glycosylase;
P<0.05). A combination of camphene and geraniol (CG; 1:1), when pre-administered in rats (10 mg/kg BW), accorded
protection against nimesulide hepatotoxicity in vivo, as evident from normalized serum biomarkers and histopathology.
mRNA expression and activity of key antioxidant and redox enzymes along with oxidative stress were also normalized due
to CG pre-treatment. Downstream effects like decreased mitochondrial swelling, inhibition in release of apoptotic proteins,
prevention of mitochondrial depolarization along with reduction in oxidized NAD(P)H and increased mitochondrial electron
flow further supported protective action of selected terpenes against nimesulide toxicity. Therefore CG, a combination of
natural terpenes prevented nimesulide induced cellular damage and ensuing hepatotoxicity.
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Introduction

Mitochondria play a central role in regulating cell survival and
death signaling in liver cells. Rising evidences suggest that
apoptotic pathways converge at the mitochondria, where signaling
1s initiated through a series of molecular events culminating in the
release of death factors [1]. This triggers either caspase-dependent
or independent apoptosis. Mitochondrial apoptotic proteins like
cytochrome ¢ (Cyt ¢), cause caspase-dependent cell death and
trigger caspase-9 activation by binding and activating apoptotic
protease activating factor-1 (ApoAF-1). This event potentiates
caspase activation by binding inhibitor of apoptosis proteins (IAP)
and blocking their caspase-inhibitory activity. Apoptosis-inducing
factor (AIF) and endonuclease G (EndoG), along with other
important mitochondrial proapoptotic proteins, are reported to
translocate to the nucleus and cause oligonucleosomal DNA
fragmentation during mitochondria mediated caspase-indepen-
dent cell death [1,2]. Release of these mitochondrial death
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effectors 1s tightly regulated by the Bcl-2 family proteins during
membrane permeability transition (MPT). It is clearly a redox
sensitive process in which membrane protein thiols (Cys-56 of
adenine nucleotide translocator; ANT) get oxidized and cross-
linked; leading to increased MPT pore opening [3,4]. This
phenomenon is also sensitive to glutathione depletion in a
synchronized manner with oxidative stress and calcium overload
[3,5]. Furthermore, threshold mitochondrial damage with oxida-
tive stress causes oxidative DNA damage and increased 8-
oxoguanine-DNA glycosylase (OGG; DNA repair enzyme) to
overcome cellular damage [6].

Many diseases and metabolic disorders including Alzheimer’s,
Parkinson’s, liver disorders are caused by oxidative stress and
mitochondrial dysfunction, providing evidence that mitochondrial
impairment can be deleterious [4,7]. Exposure of nonsteroidal
anti-inflammatory drugs (NSAIDs) is reported to have inhibitory
effects on mitochondrial respiration and uncoupling [7,8]. Severity
of mitochondrial impairment is now believed to have a direct co-
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relation with the nature of NSAIDs which is being further
explored [9,10].

Nimesulide  (N-(4-Nitro-2-phenoxyphenyl) methanesulfona-
mide; Figure 1-Nimesulide) is a selective cyclooxygenase-2
(COX-2) inhibitor and has better gastro-intestinal tolerability
among other NSAIDs in its class [11]. The drug is prescribed for
the management of symptomatic pain in conditions like osteoar-
thritis and primary dysmenorrhoea in patients above 12 years of
age, but cases of severe hepatotoxicity have also been reported
[12]. Therefore, it is rational to explore the molecular mechanisms
involved in nimesulide-induced mitochondrial impairment result-
ing in liver toxicity, and at the same time, search for a supplement
preferably of natural origin, that could overcome the side effect of
this otherwise effective drug.

Natural/herbal formulations which include phytochemicals are
traditionally used in the treatment of liver disorders. Studies
carried out in our laboratory revealed significant protection
against acetaminophen induced hepatotoxicity by probiotics [13].
Standardized extract of Fumaria parviflora Lam. was also found to
reduce drug-induced hepatotoxicity by intervening the critical
events in apoptosis [14,15]. Glycyrrhizic acid, an active constituent
of Glyeyrrhiza glabra Linn. was also found to modulate t-BHP
induced apoptosis in rat primary hepatocytes [16]. Plant derived
metabolites such as alkaloids, terpenes, flavanoids, isoflavones,
saponins etc. have beneficial effects on health in the treatment of
conditions such as asthma, eczema, rheumatoid arthritis, chronic
fatigue [17,18]. Silymarin, a flavonoid complex extracted from the
seeds of Silybum marianum (commonly known as ‘milk thistle’; family
- Asteraceae), is recognized as a hepato-protective agent of herbal
origin in Europe, USA and other countries. It also has clinical
applications in the treatment of toxic hepatitis, fatty liver, cirrhosis,
ischemic injury, and viral hepatitis via its anti-oxidative, anti-lipid
peroxidative, antifibrotic, anti-inflammatory and liver regenerat-
ing effects [13,14,16]. In our study, silymarin was used as positive
control for hepato-protection. Phyto-constituents used in this study
i.e. camphene (Figure 1-Camphene) possesses antilithic and
expectorant properties and geraniol (Figure 1-Geraniol) is reported
to prevent cancer and have antimicrobial as well as antioxidant
activities [19]. The aim of the present study was to explore
protective role of a combination of terpenes, camphene and
geraniol (CG), in nimesulide-induced deranged mitochondrial
function, responsible for cell death during hepatotoxicity.

Materials and Methods

Chemicals

All chemicals used in the study were obtained from Sigma
Chemicals Co. (St. Louis, MO, USA) unless indicated otherwise.
The reagents were prepared in de-ionized ultra-pure water (Direct
Q5, Millipore, Banglore, India).
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Figure 1. Structure of the drug - nimesulide, and camphene
and geraniol. Nimesulide is a non-steroidal anti-inflammatory drug
(NSAID). Camphene is a bicyclic mono-terpenoid whereas geraniol is
acyclic monoterpene-alcohol.

doi:10.1371/journal.pone.0034200.g001
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Animals

Male Sprague-Dawley rats weighing 180+20 g were taken from
Indian Institute of Toxicology Research (II'TR) animal colony and
used for the experiments. Animals were fed standard commercial
pellet diet and water ad libitum. Rats were kept under standard
conditions of humidity (60-70%), temperature (25+2 C) and a
controlled 12 h light/dark cycle. All the guidelines of Institutional
Animal Ethics Committee (ITRC/IAEC/15/2008) were followed
while handling the animals.

Study Plan and in vivo Treatment Schedule

In vivo study was divided in two parts: A- was used to analyze the
histopathology, serum clinical biochemistry and molecular pa-
rameters, whereas, B- was conducted to isolate hepatic mitochon-
dria and conduct related experiments.

Rats were randomized and divided into six groups. Nimesulide
(100 mg/ml) was dissolved in dimethyl sulfoxide (DMSO) and
filtered (0.22 um). Concentration of DMSO used was nontoxic and
has been used earlier for oral administration of water-insoluble
compounds [15]. DMSO (GROUP-I; 1 ul/g BW/day) and
nimesulide (80 mg/kg BW/day) was administered po once daily for
5 days. The nimesulide dose used here inratsis 2.5 times lower than
the oral LDs( dose for rats (200 mg/kg BW) [20]. 80 mg/kg BW/
day dose was selected based on our pilot studies which showed that
nimesulide at higher dose (100 mg/kg BW) was lethal in rats while
50 mg/kg did not show significant toxicity. 80 mg/kg BW dose
showed significant hepato-toxicity without any mortality, which
could be monitored. The selected nimesulide dose in this study is also
3.9 times higher than human equivalent dose when corrected for
interspecies differences with the dose scaling factor of 6.167 [21]. This
was done to create a condition of overdosage as upto 4 times
therapeutic dose is reported to be well tolerated with minor renal
toxicity [22]. Camphene and geraniol, in combination (CG; 1:1)
(5+5 = 10 mg/kg), and silymarin (Sil) (100 mg/kg) were dissolved in
10% DMSO and administered po once daily for 5 days. The pre-
treatment regime of this study was based on our previous iz vivo [15]
and i vitro studies [14] which showed best protection during pre-
treatment of plant extract or phytochemicals in nimesulide stressed
rats and primary rat hepatocytes. Our i silico investigations revealed
that there were some common interactive targets for ‘C’, ‘G’ and
nimesulide involving cytosolic and mitochondrial proteins (unpub-
lished data). T'o overcome any possibility of competitive inhibition or
drug - phytochemical interaction, co-treatment was avoided. It was
also observed that combination of camphene and geraniol rendered
significantly higher cyto-protection than treatment with individual
terpenes and response was observed with lesser concentration of CG
(unpublished data). Ir vivo dosage of CG combination is based on pilot
study and selection of effective but non-toxic dose was made which
incidentally was 1/10™ of silymarin dose. Details of dosage schedule
and division of treated groups of rats is given in table 1.

The overnight fasted rats were euthanized by cervical
dislocation. Blood was collected by cardiac puncture, and serum
separated as per standard protocol. Liver was quickly excised; one
portion was used for histopathology, 2-3 g of tissue was used for
isolation of mitochondria, 1 g tissue was preserved in RNA
stabilization solution (Qiagene, GmbH, Germany) for RNA
isolation and remaining tissue was snap frozen in liquid nitrogen
for biochemical and molecular analysis.

Evaluation of Serum Biomarkers and Histopathology of
Liver

Liver transaminases (SGOT, SGPT) and bilirubin in serum
were analyzed on automated biochemical analyzer (Chemwell
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Table 1. Treatment schedule and division of groups.

Terpenes Alter Oxidative Mito-Dysfunctions

Groups Treatment and Dosage

Group | Control rats treated with vehicle (DMSO; 1 ul/g BW/day)
Group Il Nimesulide (80 mg/kg BW/day)

Group Il CG combination (5+5 mg (=10 mg)/kg BW/day)
Group IV Silymarin (100 mg/kg BW/day)

Treatment was given for 5 days (once daily).
Group V
Group VI

Animals of all the groups were sacrificed on the same day.

Pre-treatment with CG combination for 5 days followed by nimesulide (80 mg/kg BW/day) for five days (once daily)
Pre-treatment with silymarin for 5 days followed by nimesulide (80 mg/kg BW/day) for five days (once daily)

doi:10.1371/journal.pone.0034200.t001

Awareness Technologies, Inc., Germany) with kits purchased from
Spinreact (Spain).

Approximately, 1 g of liver tissue section was randomly cut and
fixed in 10% neutral buffered formalin. The tissue was embedded
in paraffin block and cut in 5 um sections using motorized rotary
microtome (RM 2155, Leica, Germany). After staining with
haematoxylin and eosin (H&E), slides were examined under
compound light microscope and photographed using Leica DCF-
280 camera controlled with software (Leica application suite
Ver.3.5.0, Leica, Germany) to assess histopathological changes.

Isolation of Liver Mitochondria and Preparation of Sub-
cellular Fractions

Standardized protocol for isolation of mitochondria was used as
described earlier [5] with some modifications. In brief, 2-3 g liver
tissue was homogenized (10% W/V)inice-cold MSH buffer (10 mM
HEPES, pH-7.5, containing 200 mM mannitol, 70 mM sucrose,
1.0 mM EGTA and 2.0 mg/ml fatty acid free serum albumin).
Resulting homogenate was centrifuged (Sigma-3K18, Germany) at
500 g for 10 min at 4°C. Supernatant was collected and again
centrifuged at 15,000 g for 10 min at 4°C to obtain crude
mitochondrial pellet. Supernatant was recovered (for cytosolic
fraction) and the pellet was washed three times with ice-cold
homogenization buffer to getintact mitochondria taking into account
the findings of Kruglov et al. [23]. Isolated mitochondria were then
sonicated (3 cycles of 20 s each with 5 s time interval) (Labsonic® M,
Sartorius, Germany)and centrifuged at 15,000 gfor 10 minat4°Cto
obtain mitochondrial fraction. Recovered supernatant (for cytosolic
fraction) was also centrifuged at 22,000 gfor 15 min at4°C to obtain
cytosolic fraction. Mitochondrial and cytosolic fractions were
checked for purity by immunoblotting using voltage dependent
anion channel (VDAC) as mitochondrial marker and B-actin as
cytosolic marker. No contamination of either marker was observed in
respective fractions. Loose mitochondrial fraction was discarded.

Treatments in Isolated Mitochondria

Isolated mitochondria were treated with tert-butyl hydroperox-
ide (t-BHP), N-ethylmaleimide (NEM) and CaCl,. NEM, an
alkylating agent (1 mM) was used to deplete thiol whereas t-BHP
(250 pM) and CaCly (100 uM) were used to produce oxidative
stress and Ca?* overload conditions respectively [5,24]. KH,PO,
(P 2 mM) was used as positive control for mitochondrial
membrane permeability transition (MPT) and CyclosporinA
(CsA; 1 uM) as MPT blocker [25].

Preparation of mitochondrial suspension and protein
estimation. Intact mitochondrial pellet was suspended in
suspension buffer (5 mM 3-(N-morpholino) propanesulfonic acid
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(MOPES), containing 75 mM sucrose, 225 mM mannitol and
1 mM ethylenediaminetetraacetic acid (EDTA), pH-7.4) for
mitochondrial electron flow and in respiration buffer (210 mM
mannitol, 70 mM  sucrose, 5 mM  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 7.5 mM succinate, pH-
7.4 with IM KOH) for mitochondrial swelling, flow cytometric
analysis and other biochemical experiments yielding a suspension
of 30—40 mg mitochondrial protein/ml. Protein estimation was
done according to the method of Lowry et al. [26]. 150 ug
protein/ml was used to observe mitochondrial swelling and 40 mg
mitochondrial protein/ml was used for other enzymatic assays and
flow cytometric analysis.

Quantification of Antioxidant Enzymes Activity

Superoxide dismutase (SOD) activity was determined using the
method of Kakkar et al. [27]. 50% inhibition of formazan
formation in | min was considered as one unit of activity.
Glutathione peroxidase (GPx) and Glutathione reductase activity
were assayed as described earlier [15]. Absorbance was measured
on Ultrospec 3100pr0 UV/Visible spectrophotometer (Amersham
Biosciences, Sweden) at 25°C and 1 pM NADPH oxidized/min/
mg protein was considered as 1 U activity of GPx and GR.

Determination of Antioxidant Gene Expression

mRNA expression of antioxidant enzymes was assessed by
reverse transcriptase-polymerase chain reaction (RT-PCR) [28].
Total RNA was extracted from the liver using TRIzol® reagent
(Invitrogen, Carsland, CA, USA) according to the manufacturer’s
protocol and treated with DNase I for 15 min at 37°C. First strand
cDNA was synthesized using SuperScript® III First-Strand
synthesis system (Invitrogen, Carsland, CA, USA). Synthesized
cDNA was subsequently used for further amplification using
suitable primers (as in Table 2). PCR products were electropho-
resed on 2.0% agarose gel, visualized and image analyzed on gel
documentation system (Alfa Innotech equipped with Alpha
Imager software, CA, USA). Densitometry of the bands was
performed on Image] software (1.41o, NIH, USA). B-actin gene
was used as internal control.

Flow Cytometric Analysis

Flow cytometer (BD-LSR; Becton Dickinson and Company)
was used to measure superoxide (Oy7), secondary ROS/RNS
(HO™/OONO)), thiol, and change in mitochondrial membrane
potential (?¥m) or mitochondrial depolarization (Wmy,,,) using
corresponding fluorescent probes described below and data
analyzed using Cell Quest software supplied with the instrument.
Signals were obtained using corresponding band pass filters. Each

April 2012 | Volume 7 | Issue 4 | 34200



Terpenes Alter Oxidative Mito-Dysfunctions

determination is based on mean fluorescence intensity of 10,000
events.

Superoxide and secondary ROS/RNS determination in
mitochondria. Level of superoxide and secondary ROS/RNS
inside mitochondria were measured as fluorescence of ethidium
(ETH) and dichlorofluorescein (DCF) respectively as described
earlier [5]. In brief, mitochondria from control and treated groups
were incubated for 30 min with DHE (5 pM) and DCFH-DA
(10 uM) at 37°C in dark. Signals were obtained using a 585-nm
band pass filter (FL-2 channel) for ETH and a 530-nm band pass
filter (FL-1 channel) for DCF. v

Mitochondrial thiol determination. CellTracker ~Green
CMFDA (Molecular Probes, Eugene, Oregon, USA) was used to
analyze thiol content [4]. In mitochondria, glutathione level is high
(5-10 mM) which represents to major thiol pool [2]. Mitochondria/
primary hepatocytes (isolated using two step collagenase perfusion
method as described earlier by Tripathi et al. [14,15]) were incubated
for 30 min with the CellTracker  Green CMFDA (1 uM) at 37°C in
dark. The reagent is transformed into a cell-impermeant fluorescent
adduct that can be detected on flow cytometer. Signals were obtained
using 530 nm band pass filter (FL-1 channel).

Changes in mitochondrial membrane potential (A¥m).
A¥m was assessed with JC-1 dye on flow cytometer as described
earlier [14]. Mitochondrial samples were incubated in dark for 30 min
at room temperature with 5 pM dye. Signals were obtained using FL-1
and FL-2 channel settings.

Protein Carbonyl Quantification

Protein carbonyl, marker of oxidative damage of proteins, was
analyzed spectrophotometrically at 360 nm by the method of Levin
et al. [29] with some modifications. Final pellet of protein carbonyl
from samples and blanks was dissolved in 500 pl of Guanidine HCI
(6 M), centrifuged at 10,000 g for 10 min at 4 C, 200 pl of
supernatant was taken out in a 96 well plate and absorbance was
read at 360 nm using UV/visible spectrophotometer at 25°C.
Bovine serum albumin (BSA) was used as standard.

Determination of Mitochondrial Membrane Lipid
Peroxidation (Quantification of MDA)
Membrane lipid peroxidation (malondialdehyde, MDA forma-

tion) was done as described earlier [15]. The pink colored
MDA-thiobarbituric acid (TBA) adduct was read at 532 nm
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Table 2. List of primers, annealing temperature and product size.

Gene Forward (F)/Reverse (R) primer Annealing temperature Product size Reference
iNOS F-CATTGAGATCCCGAAACGCTAC 61°C ~140 bp [39]
iNOS R-AGCCTCATGGTGAACAGTTCT 61°C ~140 bp [39]
Cu/Zn-SOD F-CGTCATTCACTTCGAGCAGA 55°C ~341 bp [28]
Cu/Zn-SOD R-CACCTTTGCCCAAGTCATCT 55°C ~341 bp [28]
Mn-SOD F-CGTGCTCCCACACATCAATC 66°C ~380 bp [40]
Mn-SOD R-TGAACGTCACCGAGGAGAAG 66°C ~380 bp [40]
GPx F-CAGTTCGGACATCAGGAGAAT 60°C ~139 bp [41]
GPx R-AGAGCGGGTGAGCCTTCT 60°C ~139 bp [41]
GR F-GGGCAAAGAAGATTCCAGGTT 60°C ~101 bp [41]
GR R-GGACGGCTTCATCTTCAGTGA 60°C ~101 bp [41]
B-Actin F-TGAGAGGGAAATCGTGCGT 61°C ~225 bp [39]
B-Actin R-CATTGAGATCCCGAAACG 61°C ~225 bp [39]
doi:10.1371/journal.pone.0034200.t002

and all nonspecific adducts at 600 nm. Lipid peroxidation was
expressed as nmol of MDA formed/mg protein of mitochondria
using a standard curve of 1,1,3,3-tetracthoxypropane.

Determination of Reduced Mitochondrial Pyridine
Nucleotide (NAD[P]H) Levels

Level of mitochondrial NADH and NADPH (represented as
NAD(P)H and taken as mitochondrial function), was assessed as UV
excited blue auto-fluorescence on spectrofluorometer (Varioskan Flash
4.00.53 supplied with Skanlt Software 2.4.3.37 Research Edition;
Thermo Fisher Scientific, Finland) using Ex/Em: 380/450 nm [4].

Determination of Mitochondrial Electron Flow (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide;
MTT Reduction Assay)

Experiment was carried out according to Cohen and Kesler
[30] with some modifications. The samples were quenched with
DMSO and the absorbance was measured at 592 nm. ELISA
plate reader (Synergy HT, Biotek, USA) was used to read
mitochondrial samples in a 48-well plate.

Immunoblot Analysis

Proteins (40 pg) were separated on SDS-PAGE and electro-
blotted on polyvinylidene fluoride (PVDF) membrane as described
carlier [14]. Anti-Cyt ¢, AIF, EndoG, Mn-SOD, mitochondrial
nitric oxide synthase (mINOS: an analogue of neuronal NOS),
caspase-9, caspase-3, 8-oxoG DNA glycosylase (OGG1/2; Santa
Cruz Biotechnology, Inc) and inducible NOS (iNOS) primary
antibodies (1°Ab) were used in 1:500 dilutions whereas Anti-VDAC,
B-actin, iNOS, nitrotyrosine 1°Ab and horse radish peroxidase-
conjugated secondary antibody (2°Ab) (Santa Cruz Biotechnology,
Inc) were used in 1:1000 dilutions. Anti-cytochrome ¢ oxidase
subunit-IV (Cyto-Ox-IV) 1°Ab (Abcam, Cambridge, UK) was used
in 1:2000 dilution. Quantification of bands was done using Image]J
software (version 1.4lo, NIH, USA). Values are normalized with
internal loading control of corresponding fractions (i.e. B-actin for
cytosolic and Cyto-Ox-IV for mitochondria).

Determination of Mitochondrial Swelling

Mitochondrial swelling was determined in 96 well plate
according to Tay et al. [31] with some modifications. Mitochon-
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drial pellet was suspended in respiration buffer. 150 pg mitochon-
drial protein was used in 300 pl assay system. The swelling was
recorded as decrease in the absorbance at 1 min interval for a
period of 20 min at 540 nm using microplate based UV/visible
spectrophotometer (SpectramaxPlus 384, Molecular Devices,
USA). Percent swelling was calculated with respect to Pi (2 mM
KHyPOy) induced swelling (Pi=100% swelling) and CsA (1 pM)
was used as MPT blocker.

Statistical Analysis of Data

The data are reported as mean * standard deviation (SD)
(n=6). The probability values (P) were derived using Analysis of
variance (ANOVA) followed by Tukey test (SPSS 14.0 for
Windows, USA), wherein the differences were considered to be
significant at *, # P<0.05; ** ## P<0.01; and ***, #H##H
P<0.001 (*-compared with control, #-compared with stress).

Results

Administration of Nimesulide caused Hepatotoxicity in
SD Rats

Nimesulide treated group showed significant (*P£<<0.001)
increase in SGPT (68%), SGOT (62%) along with serum bilirubin
levels (66%) when compared to vehicle control (Figure 2A),
indicating nimesulide-induced hepatotoxicity. In CG and sily-
marin administered groups SGPT, SGOT and bilirubin showed
non-significant changes. Pre-administration of CG significantly
prevented nimesulide-induced alterations in these biochemical
parameters ie. SGPT (30%; #P<0.01) and SGOT (19%;
#P<0.001). Similar response was observed in silymarin pre-
treated group. Bilirubin content was also comparable to vehicle
control (#P<0.001) in CG pre-treated animals.

Figure 2B shows histo-pathological changes in liver tissues of
nimesulide stressed and CG pre-administered nimesulide treated
groups. Figure 2B-i and 2B-iv revealed no pathological changes in
vehicle control group i.e. normal hepatic cells with well-preserved
cytoplasm and prominent nucleus, were observed. The histology of
nimesulide administered animals (Figure 2B-ii and 2B-v) showed
degenerating hapatocytes infiltrated with inflammatory cells,
hyperplastic bile ductules and edema. Liver section of group
which was pre-administered with CG (Figure 2B-iii and 2B-vi)
showed comparatively normal hepatocytes while infiltration of
mixed inflammatory cells was also minimum.

The serum biochemical parameters and histopathology of liver
revealed that nimesulide-induced hepatotoxicity could be prevent-
ed using a combination of camphene and geraniol. To explore
involvement of oxidant-antioxidant homeostasis and mitochondri-
al function, further experiments were done in isolated mitochon-
dria from different treatment groups.

Alterations in Oxidant-antioxidant Homeostasis

CG prevented nimesulide-induced alterations in
antioxidant defense at transcriptional level. Nimesulide
was found to significantly hamper the antioxidant defense
machinery (Table 3). It caused 74% (*P<<0.001) thiol depletion
in mitochondria of treated rats (compared to 89% in hepatocytes;
data not shown). SOD, GPx and GR activities in mitochondria
were found to be decreased by 58% (*P<<0.001), 48% (*P<0.01)
and 23% (*P<<0.05) respectively when compared to control
whereas 32%, 36% and 33% (*P<<0.01) decrease was observed
in cytosol. CG pre-administration significantly prevented this
reduction in antioxidant activities. Only 14% decrease in m/SOD
activity and 20% in Cu/Zn-SOD was observed. Redox regulatory
enzymes, GPx (15%) and GR (6%) activities also decreased
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Figure 2. Determination of nimesulide-induced hepatotoxicity.
A. Clinical biochemistry (levels of SGPT, SGOT and bilirubin) of blood
serum. B. Histopathology of H&E stained liver tissue of vehicle control
(i), nimesulide administered rats (ii) and CG pre-administered rats (iii).
Pictures were taken at 125X (i, ii, and iii) and 500X (iv, v and vi)
magnification. In figures yellow arrow heads represent normal
hepatocytes; red arrowhead represents edema, green arrowhead
represents hyperplastic bile ductule, and white arrowheads represent
degenerating hepatocytes with infiltration of inflammatory cells. Level
of significance is denoted as */# P<0.05, **/#+# P<0.01 and ***/###
P<0.001. *, compared to vehicle control and #, compared to
nimesulide stress.

doi:10.1371/journal.pone.0034200.g002

marginally in mitochondria. In silymarin pre-administered rats,
this decrease was 20% mSOD, 18% GPx and 13% GR activity,
respectively. Disturbance in thiol level was also comparatively low
in mitochondria of CG and silymarin pre-administered rats (38%
and 28% depletion, #P<0.01).

NOS, an important enzyme for regulating nitrosative stress, was
evaluated along with other antioxidant enzymes like SOD, GPx
and GR to assess ROS/RNS induced stress. Immunoblot analysis
(Figure 3A), revealed significant increase in iINOS (1.50 fold,
*P<<0.001) and mINOS (0.73 fold, *P<<0.01) levels whereas Mn-
SOD was significantly decreased (49%,*P<<0.05). CG pre-
administration prevented nimesulide-induced alterations in oxida-
tive stress regulatory enzymes, not only at transcriptional but at
translational level also. Levels of iNOS and m/INOS were
decreased by 96% and 71% respectively (*P<0.001 and
P<0.01) showing a significant protection. Pre-administration of
silymarin, a known hepato-protectant, also reduced nimesulide-
induced alterations. iNOS (¥P<0.001) and mINOS (*P<0.05)
decreased significantly while Mn-SOD increased by 55%
(*P<0.05).

Transcription level changes (mRNA expression) in these
antioxidant genes (INOS, Cu/Zn-SOD, Mn-SOD, GPx and
GR) were evaluated to assess the toxic response (Figure 3B). In
nimesulide administered rats iNOS gene expression increased by
2.13 fold whereas the expression of Cu/Zn-SOD and Mn-SOD,
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Table 3. GSH content and Antioxidant enzyme activities.

Terpenes Alter Oxidative Mito-Dysfunctions

Treatments GSH (MFI of CMF) SOD (U/min/mg protein) GPx (U/min/mg protein) GR (U/min/mg protein)
Fractions Mitochondria Mitochondria Cytosol Mitochondria Cytosol Mitochondria Cytosol
vC 369+23 6.9+0.4 55.0+4.2 0.93+0.06 10.0=0.8 0.63+0.01 9.4+0.5
Nim 97+8™" 29+04"" 37.3+217 0.49+0.07" 63205 0.49+0.02" 6.3+03"
G 360+19 63+0.7 53.6+3.8 0.93+0.05 9.6+0.7 0.63+0.02 92+0.4
SIL 370+21 7.1+0.7 51.0+3.3 0.91+0.03 9.0+0.6 0.61+0.01 9.1+0.5
CG+Nim 238+28%# 5.9+0.47"% 44,0+23%# 0.79+0.087%# 8.0+0.6" 0.59+0.03%7# 8.0+0.4
Sil+Nim 269+23%# 6.0+0.3%# 44.1+2.4%% 0.84:+0.0377 8.1+0.7% 0.54+0.027% 8.1+04"

control and #, compared to nimesulide stress.
doi:10.1371/journal.pone.0034200.t003

decreased by 53% and 66% respectively when compared to
control. A decrease in GPx (48%) and GR (45%) mRNA
expression was also observed indicating perturbed antioxidant
defense.

In CG and silymarin pre-administered rats, a respective 2.0 (i.e.
200%) and 1.9 fold (i.e. 190%) decrease in iNOS expression was
observed when compared to nimesulide treated group. CG and
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Figure 3. Antioxidant defense. A. Immunoblot analysis of key
antioxidant enzyme in mitochondria, Mn-SOD including mtNOS (an
analogue of nNOS) in mitochondrial fraction whereas iNOS in cytosolic
fraction. B-Actin was used as internal loading control for cytosolic
fraction whereas Cyto-Ox-IV for mitochondrial fraction. All the
densitometric values are normalized with respective internal loading
control. Densitometry of bands was done using Image) software
(V1.410, NIH, USA). Bar graph in right panel represents protein levels.
Values are represented as compared to vehicle control in folds change.
B. mRNA expression of antioxidant enzymes superoxide dismutases
(Cu/Zn-SOD and Mn-SOD), glutathione peroxidase (GPx) and glutathi-
one reductase including nitric oxide synthase inducible (iNOS) were
assessed by RT-PCR. B-Actin and Cyto-Ox-l were used as internal loading
control. All the densitometric values are normalized with respective
internal loading control. Bar graph in left panel represents mRNA levels.
Values are represented as compared to vehicle control in folds change.
Level of significance is denoted as */# P<<0.05, **/## P<0.01 and ***/
### P<0.001. *, compared to vehicle control and #, compared to
nimesulide stress.

doi:10.1371/journal.pone.0034200.g003
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Mitochondrial thiol (majorly GSH) was assessed using CellTracker™ Green CMFDA fluorescent probe on flow cytometer. Data represent mean fluorescent intensity (MFI)
of chloromethylfluorescein (CMF). Superoxide dismutase (SOD), glutathione peroxidase (GPx) and glutathione reductase activity of mitochondrial and cytosolic fractions
were demonstrated as unit activity/min/mg protein. Level of significance is denoted as */# P<0.05, **/## P<0.01 and ***/### P<0.001. *, compared to vehicle

silymarin pre-administration increased mRNA expression of Cu/
Zn-SOD and Mn-SOD (62% and 64% respectively), which was
comparable to response with silymarin (76% and 75% respective-
ly). Increased levels of GPx and GR in CG and Silymarin pre-
administered groups were also observed (69% and 43% for CG;
67% and 47% for Sil) when compared to nimesulide treated
group.

CG overwhelmed nimesulide-induced oxidative stress
and related damage to mitochondrial lipids and
proteins. Flow cytometric analysis (Figure 4A and B) revealed
that nimesulide caused significant increase (3.38 and 3.32 fold,
*P<0.001, as compared to control) in superoxide and secondary
ROS/RNS generation in mitochondria of treated tissue. CG and
silymarin when administered to unstressed rats did not cause any
significant change. CG and silymarin pre-administration
significantly (#P<0,001) prevented superoxide and ROS/RNS
generation during nimesulide stress and it was found to enhance
only 0.45 and 0.43 fold in CG treated group while 0.12 and 0.32
fold for silymarin respectively. t-BHP was used as positive control
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Figure 4. Oxidative stress status. A. superoxide (O,”) and, B.
secondary ROS/RNS generation were assessed using DHE and DCFH-DA
dye on flow cytometer. t-BHP (oxidative stress generator) was used as
positive control for oxidative stress in mitochondria.
doi:10.1371/journal.pone.0034200.9g004
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for oxidative stress generation which showed 6.19 and 6.48 fold
increase in superoxide and secondary ROS/RNS generation.

In the next step oxidative/nitrosative damage to the macro-
molecules (levels of protein carbonyl, protein-nitrotyrosine residues
and oxidative lipid damage) was observed in both mitochondria
and cytosol (Figure 5A-5C). Nimesulide caused significant
oxidative and nitrosative damage to the proteins of mitochondria,
which was more pronounced than damage in cytosol. Nimesulide
caused 1.26 and 1.93 fold (*P<<0.01) increase in carbonyl and
nitrotyrosine formation in mitochondria whereas in cytosol 0.47
(*P<<0.05) and 1.79 fold (*P<0.01) increase was observed. CG pre-
administration significantly prevented this oxidative and nitrosa-
tive damage in proteins, which was found to decrease by 1.25
(#P<0.0l) and 1.32 (#P<0.05) fold respectively in mitochondria,
and 0.30 and 1.32 fold (#P<0.05) in cytosol when compared to
nimesulide treated group. In silymarin pre-administered rats, 1.17
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Figure 5. ROS/RNS induced damage to proteins and lipids. This was
observed in both cytosolic and mitochondrial fractions. A. Protein oxidative
damage is demonstrated as protein carbonyl formation (nM/mg protein),
while, B. protein nitrosative damage as nitrotyrosine formation, and, C.
oxidative lipid damage as MDA formation (nM/mg protein). Carbonyl and
MDA formation was estimated using biochemical assays. Tyrosine
formation was observed by western blot and demonstrated as fold change
of densitometric values with respect to vehicle control. Level of significance
is denoted as */# P<0.05, **/## P<0.01 and ***/### P<0.001.
* compared to vehicle control and #, compared to nimesulide stress.
doi:10.1371/journal.pone.0034200.g005
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(*P<0.01) and 1.03 fold (*P<0.05) decrease in mitochondrial
protein carbonyl and nitrotyrosine formation was observed.

Nimesulide also caused lipids peroxidation (MDA formation) in
mitochondria (5.41 fold; *P<<0.001 fold) and cytosol (3.18 fold;
*P<0.01) when compared to control, suggesting that mitochon-
drial lipids are more prone to oxidative damage. CG pre-
administration significantly prevented oxidative damage to lipids,
which was found to decrease by 5.0 #P<0.001) fold in
mitochondria and 2.24 fold (*PP<0.01) in cytosol when compared
to nimesulide treated group. In silymarin pre-administered rats,
4.43 fold (#P<0.00I) decrease in mitochondrial lipid damage was
observed, whereas 2.70 fold (#P<0.001) decrease in cytosol was
observed. Data suggests that pre-administration of CG accorded
more protection in mitochondria than silymarin.

Results obtained so far indicate that nimesulide has potential to
modulate antioxidant status by altering gene expression and
activity of enzymes. Nimesulide also caused significant thiol
alteration, critical for maintaining redox balance, resulting into
increased oxidative stress and macromolecular damage during the
process causing hepatotoxicity which was prevented by CG.

CG Prevented Nimesulide-induced Loss of Mitochondrial
Activity

Mitochondrial activity can be checked by various techniques
including measurement of electron flow, NADP)H (reduced
pyridine nucleotides) level, important for electron transport chain
or by observing mitochondrial depolarization (¥my,,,) which is a
characteristic feature in mitochondrial dysfunction and loss of
activity [2].

CG prevented nimesulide-induced loss of mitochondrial
electron flow. Nimesulide administration caused significant
decrease (61%; *P<0.001) in mitochondrial electron flow
(Figure 6A). In CG and silymarin pre-administered rats,
significant prevention (*P<0.01) in loss of electron flow was
observed which was 94% (CG) and 93% (silymarin) and
comparable to vehicle control group. Thus, the results indicate
that pre-administration of CG prevented loss of electron flow
during nimesulide stress.

CG prevented decrease in reduced pyridine nucleotides
caused by nimesulide. In nimesulide stressed rats, a significant
decrease of 57% (¥*P<<0.001) in the level of NAD(P)H was observed
when compared to control (Figure 6B). In CG and silymarin pre-
administered rats significantly elevated level of NADP)H was
found i.e. only 15% and 10% oxidation was observed and the level
was comparable to mitochondria of untreated rats.

CG prevented nimesulide-induced mitochondrial
depolarization (¥my,,). Nimesulide caused significant
mitochondrial ~ depolarization  (Wmy,,) (49%, *P<0.001)

(Figure 6C). CG and silymarin pre-administration prevented
Wiy o, and only 21% and 20% (¥P<0.01) mitochondria were
depolarized, as compared to nimesulide treated group. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), an uncoupler, was
used as positive control for Wmy,,,, which showed 80% ¥my,,,.

From the above data, it can be stated that nimesulide caused
significant decrease in mitochondrial activity that was effectively
prevented by pre-administration of CG.

CG Prevented Nimesulide-induced Membrane
Permeability Transition and Large Amplitude Swelling of
Mitochondria in Vivo

In the event of membrane permeability change, mitochondria
specific cell death proteins, like AIF, EndoG and Cyt ¢ are released
from mitochondria to the cytosol. Figure 7A shows significant
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doi:10.1371/journal.pone.0034200.9g006

release of AIF, EndoG and Cyt ¢ from mitochondria to cytosol
during nimesulide stress in rats. In cytosolic fraction enhancement
in the level of these proteins; 1.20 fold AIF (*P<0.05), 4.90 fold
Endo G (*P<<0.001) and 1.10 fold Cyt ¢ (*P<<0.05) was observed
indicating translocation from mitochondria. At the same time
these proteins were significantly (*£<<0.001) decreased in mito-
chondrial fraction (AIF, 0.59; EndoG, 0.54 and Cyt ¢, 0.61 fold
respectively). In CG and silymarin pre-administered rats, release of
proteins was significantly (#P<0.05 to #P<0.001) prevented as
compared to nimesulide treated group. It was only 0.15, 0.86 and
0.43 fold increase in the levels of AIF, EndoG and Cyt ¢ in cytosol
whereas 2.1, 0.27 and 0.24 fold decrease in mitochondria in CG
pre-administered group was observed. Silymarin pre-administered
group showed similar response.

The results show that CG and silymarin when pre-administered
gave significant protection to mitochondrial membrane and only
non-significant alterations in the levels of AIF, EndoG and Cyt ¢
were observed.

Mitochondrial swelling is an important parameter to assess
membrane permeability transition. Figure 7B shows total 92%
swelling of mitochondria ("P<0.001, 25% initial swelling, before
starting the kinetics; and 67% swelling during the experimental
incubation) indicating compromised membrane permeability
under nimesulide stress. Pi (KHoPO,; 2 mM) induced swelling
was taken as 100% swelling. Mitochondria from CG and silymarin
pre-administered rats did not show initial swelling and only 15%
and 13% swelling was observed during experimental incubation of
20 min, which was non-significant and comparable to the vehicle
control. Cyclosporin A (CsA; 1uM), an MPT blocker, was used as
negative control and recorded only 16% swelling.

@ PLoS ONE | www.plosone.org
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CG Prevented Nimesulide-induced Caspase-9 and

Caspase-3 Cleavage

Release of Cyt ¢ from mitochondria is an important trigger for
activation of caspases. Nimesulide was found to cause cleavage of
pro-caspase-9/-3 in vivo (Figure 8A) into active caspases. In CG
and silymarin pre-administered rats cleavage of caspase-9/-3 was
prevented. The data obtained in this study strongly suggests
involvement of mitochondria dependent signaling cascade. It is
known that during mitochondria dependent apoptosis, procaspase-
9 is released from mitochondria to cytosol, auto-activates and
forms apoptosome along with dATP, ApoAF-1 and Cyt .
Apoptosome finally cleaves and activates procaspase-3 into
executioner caspase-3 which further triggers DNA damage during
apoptosis [32].

CG Prevented Nimesulide-induced DNA Damage

Level of OGG, a DNA repair enzyme and a marker for
oxidative DNA damage [33], was evaluated in all the experimental
groups of animals (Figure 8A). OGG level was found to be
significantly high (*P<<0.05) in nimesulide administered rats
indicating nuclear DNA damage (Figure 8B). CG and silymarin
pre-administration  significantly prevented nimesulide-induced
increase in OGG level and a 90% and 80% decrease in the
enzyme level was observed as compared to nimesulide stressed
group (¥P<0.05). CG and silymarin themselves caused non-
significant decrease in OGG level in cytosol when compared to
control.

Discussion

Mitochondrial dysfunction is one of the crucial events involved
in cell death by apoptosis. Mitochondrial changes may be more
detrimental in the presence of abnormalities like oxidant-
antioxidant imbalance. Oxidative stress makes mitochondria more
susceptible to untoward effects of a drug resulting into cellular
malfunctioning which is undetectable until a critical threshold is
achieved [9,34]. It is therefore, to be expected that mitochondrial
impairment could be a relevant mechanism of drug-induced
toxicity, particularly in liver, where most of the drugs get
metabolized. Our previous study showed that nimesulide caused
mitochondrial redox imbalance and MPT in isolated mitochon-
dria [4].

In this study, our objective was to explore the role of oxidative
status and its relation to mitochondrial dysfunction during
nimesulide-induced hepatotoxicity in rat model along with
assessment of preventive efficacy of a combination of terpenes.
Nimesulide in overdose, as commonly encountered during the
treatment of several pathological conditions (like ankylosis,
osteoarthritis, etc.), induces severe hepatotoxicity, which decreases
benefit to risk ratio for this widely accepted and popular drug
[9,12]. The mechanism underlying this hepatotoxicity is mito-
chondria mediated as nimesulide is found to accelerate ROS
production, thereby ensuing oxidative stress [4,7,9]. The stress
condition is all the more aggravated when GSH pool starts getting
depleted. Nimesulide is also found to have potential to modulate
antioxidant and redox enzymes (SOD, GPx and GR). In addition,
it enhanced NOS levels, formed protein nitrotyrosine, and thus
caused nitrosative stress.

GSH depletion along with NADPH oxidation and compro-
mised GPx, GR activity, dismantled redox homeostasis, compro-
mised antioxidant defense and enhanced oxidative stress. This
enhanced ROS/RNS along with compromised antioxidants,
proved deleterious for cellular macro-molecules like proteins,
lipids and DNA causing significant damage to them, as evident
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Figure 7. Mitochondrial membrane permeability transition (MPT). A. Immunoblot analysis of released proteins: AIF, EndoG and Cyt ¢ from
mitochondria to cytosol were assessed and dansitometric analysis was done. Cyto-Ox-IV and B-Actin were used as internal loading controls for
mitochondrial and cytosolic proteins respectively. All the densitometric values are normalized with respective controls and values are represented as
compared to vehicle control in fold change. Densitometry of bands was done using ImageJ software (V1.410, NIH, USA). B. Mitochondrial swelling as
a function of MPT change was also observed as decrease in absorbance at 540 nm. Cyclosporine A (CsA, MPT inhibitor) + Ca®* and Pi (KH,PO,, MPT
inducer) were used as controls of MPT. During in vivo treatment nimesulide showed some (25%) initial swelling after that in ex vivo condition during
the experiment remaining swelling was observed. Dotted line in bar graph showed 100% swelling induced by Pi. Level of significance is denoted as
*/# P<<0.05, **/#4# P<0.01 and ***/##+4 P<<0.001. *, compared to vehicle control and #, compared to nimesulide stress.

doi:10.1371/journal.pone.0034200.g007

from protein carbonyl, protein nitrotyrosine, MDA and OGG1/2
formation. Furthermore, this enhanced oxidative stress, which
damaged macromolecules, results in mitochondrial dysfunction
involving  MPT change, impaired electron flow, NADP)H
oxidation and Wmy,,. MPT has long been established as a
physiological process which plays an important role in the toxic
responses of various NSAIDs caused by mega pore complex
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Figure 8. Activation of Caspase-9/caspase-3, and DNA damage.
Cleavage of procaspase into cleaved low molecular weight protein as
activation of caspases, was observed in cytosolic fraction and OGG
formation, marker for oxidative DNA damage were assessed by
immunoblotting (A). B-Actin was used as internal loading control and
the densitometric values in bar graph (B) are normalized with it.
Densitometry of bands was done using ImageJ software (V1.410, NIH,
USA). Values are represented as compared to vehicle control in fold
change. Level of significance is denoted as */# P<<0.05, **/## P<0.01
and ***/444 P<0.001. *, compared to vehicle control and #,
compared to nimesulide stress.
doi:10.1371/journal.pone.0034200.g008
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formation. It induces a nonselective increase in the permeability
across the mitochondrial membranes, to the compounds up to
1.5 kDa, and leads to a collapse of the membrane potential [4,7,9].
This process is Ca®" dependent and CsA sensitive but is also
regulated by a number of other factors like oxidative stress or low
ATP levels [7,35], resulting in mitochondrial uncoupling and
matrix expansion (swelling). Mitochondrial swelling ultimately
disrupts the outer membrane, thus releasing inter-membrane
space located pro-apoptotic factors like Cyt ¢, AIFF and EndoG.
Cyt ¢ with procaspase-9 and ApoAF-1 in the presence of dATP
leads to cleavage and activation of procaspase-9 followed by
caspase-3 [14,31]. Along with AIF and EndoG translocation,
caspase-3 caused significant DNA damage as evident from
increased OGG level, a DNA repair enzyme, confirming
involvement of mitochondria in nimesulide-induced cell death
pathway. We have demonstrated that nimesulide caused collapse
of the Wm leading to impaired electron flow, which is associated
with the production of superoxide. Uncoupling alone usually has a
negative feedback on ROS production [31], but ROS, when
generated with MPT, tends to enhance the MPT in self-
propagating manner [36,37]. It has also been proposed that in
response to MPT, depletion in major antioxidants like GSH, along
with other inter-membrane space proteins leak out into the cytosol
and shifts mitochondrial redox balance towards a more pro-
oxidant state [2,31]. In addition to this, NAD(P)H gets oxidized
and mitochondria undergo stress due to (1) lack of substrate (at
complex I) for respiration and (ii) utilization in the maintenance of
thiol redox status in the cell [2]. Resultant decrease in GSH levels
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induced hepatotoxicity. In our study, nimesulide was found to
enhance ROS/RNS generation and compromise antioxidant defenses in
mitochondria leading to oxidative stress. As a consequence of oxidative
stress mitochondrial electron flow and NAD(P)H decreased along with
significant mitochondrial depolarization. Oxidative stress along with
mitochondrial dysfunction facilitated membrane permeability transition
(MPT). Cell death proteins like AIF, EndoG, Cyt c¢ released from
mitochondria to cytosol due to MPT. In such a condition, where
significant oxidative stress ensued and antioxidant defenses were
compromised at the transcriptional level, significant macromolecular
damage occurred. Apoptotic protein Cyt ¢ along with other factors like
dATP, ApoAF-1 and caspase-9 activated effector caspase-3 leading to
DNA damage and cell death. A combination of terpenes, camphene and
geraniol (1:1), showed their potency to prevent nimesulide-induced
imbalance in oxidant-antioxidant homeostasis and its downstream
effects in mitochondrial dysfunction during hepatotoxicity.
doi:10.1371/journal.pone.0034200.g009

in liver mitochondria leads to apoptosis and patho-physiology of
human diseases [3,9]. These observations regarding nimesulide-
induced oxidant-antioxidant imbalance and mitochondrial dys-
function, may be a step in the direction of establishing some
relation between oxidative stress at the sub-cellular level and drug
induced hepatotoxicity.

Phytochemicals are being explored as promising supplements
against various hepatic ailments as well as drug-induced hepato-
toxicity [38]. In a previous study from our lab, common dietary

References

1. Otera H, Mihara K (2011) Molecular mechanisms and physiologic functions of
mitochondrial dynamics. Journal of biochemistry 149: 241-251.

2. Kakkar P, Singh BK (2007) Mitochondria: a hub of redox activities and cellular
distress control. Molecular and cellular biochemistry 305: 235-253.

3. Yuan L, Kaplowitz N (2009) Glutathione in liver diseases and hepatotoxicity.
Molecular aspects of medicine 30: 29-41.

4. Singh BK, Tripathi M, Pandey PK, Kakkar P (2010) Nimesulide aggravates
redox imbalance and calcium dependent mitochondrial permeability transition
leading to dysfunction in vitro. Toxicology 275: 1-9.

5. Singh BK, Tripathi M, Pandey PK, Kakkar P (2011) Alteration in mitochondrial
thiol enhances calcium ion dependent membrane permeability transition and
dysfunction in vitro: a cross-talk between mtThiol, Ca(2+), and ROS. Molecular
and cellular biochemistry 357(1-2): 373-385.

6.  Druzhyna NM, Hollensworth SB, Kelley MR, Wilson GL, Ledoux SP (2003)
Targeting human 8-oxoguanine glycosylase to mitochondria of oligodendrocytes
protects against menadione-induced oxidative stress. Glia 42(4): 370-378.

7. Boelsterli UA, Lim PL (2007) Mitochondrial abnormalities—a link to idiosyn-
cratic drug hepatotoxicity. Toxicology and applied pharmacology 220: 92-107.

@ PLoS ONE | www.plosone.org

10

Terpenes Alter Oxidative Mito-Dysfunctions

phytochemicals, camphene and geraniol showed significant cyto-
protective and antioxidant effect against t-BHP induced oxidative
stress in murine alveolar macrophages [19]. Pre-administration of a
combination of camphene and geraniol, in the present study, was
found to significantly prevent alterations in redox homeostasis,
subsequent mitochondrial dysfunction and release of apoptotic
factors during nimesulide-induced hepatotoxicity. CG pre-admin-
istration abrogated ROS/RNS production and prevented GSH as
well as NAD(P)H oxidation, in turn preventing redox-imbalance.
Besides this, CG also prevented nimesulide-induced MPT, impaired
electron flow, and ¥my,,. Even cleavage of procaspase-9 and
procaspase-3 into their active form was prevented, in turn putting a
brake on subsequent DNA damage and apoptosis. Thus, the
capacity to promote endogenous anti-oxidative defense system and
subsequently prevent important events in apoptotic cascade makes
CG a promising prophylactic agent in oxidative stress related
mitochondria mediated liver injury.

In conclusion, nimesulide caused significant decrease in cellular
antioxidants and increased ROS/RNS generation which in turn
caused oxidative stress. Compromised antioxidant status favored
enhanced oxidative stress that facilitated depolarization of
mitochondria and altered its functions (Figure 9). Dysfunction in
mitochondria further increased ROS/RNS generation, which
creates a vicious cycle. Enhanced oxidative stress also damaged
macromolecular network, increased MPT followed by the release
of mitochondrial cell death proteins, like AIF, EndoG, Cyt ¢ and
activated caspases (caspase-9 and caspase-3) culminating into
DNA damage and cell death during hepatotoxicity. A combina-
tion of terpenes i.e. camphene and geraniol, was found to prevent
oxidant-antioxidant imbalance and its downstream apoptotic
events during nimesulide-induced hepatotoxicity. Therefore, the
use of these natural antioxidants may improve benefit to risk ratio
of nimesulide and may help to increase its use without adverse
effects.

Acknowledgments

The authors are grateful to Director, II'TR for his interest in this work.
Authors are also thankful to Dr. Yogeshwer Shukla for support in flow
cytometric analysis and II'TR Publication Review Committee for allocation
of manuscript number 2838.

Author Contributions

Conceived and designed the experiments: PK PKP. Performed the
experiments: BKS MT. Analyzed the data: BKS MT PK. Contributed
reagents/materials/analysis tools: PK. Wrote the paper: BKS MT PKP
PK. Performed histopathological studies: BPC.

8. Aithal GP, Watkins PB, Andrade R]J, Larrey D, Molokhia M, et al. (2011) Case
definition and phenotype standardization in drug-induced liver injury. Clinical
pharmacology and therapeutics 89: 806-815.

9. Dykens JA, Will Y (2008) Drug induced mitochondrial dysfunction. New Jersey:

John Wiley and Sons.

. Jaeschke H, McGill MR, Williams CD, Ramachandran A (2011) Current issues
with acetaminophen hepatotoxicity—a clinically relevant model to test the
efficacy of natural products. Life sciences 88: 737-745.

. Goncalves MB, Williams EJ, Yip P, Yanez-Munoz R]J, Williams G, et al. (2010)
The COX-2 inhibitors, meloxicam and nimesulide, suppress neurogenesis in the
adult mouse brain. British journal of pharmacology 159: 1118-1125.

. World Health Organization (WHO) (2008) WHO Drug Information. Geneva.

275 p.

Sharma S, Chaturvedi J, Chaudhari BP, Singh RL, Kakkar P (2012) Probiotic

Enterococcus lactis IITRHR1 protects against acetaminophen-induced hepato-

toxicity. Nutrition 28(2): 173-181.

. Tripathi M, Singh BK, Mishra C, Raisuddin S, Kakkar P (2010) Involvement of
mitochondria mediated pathways in hepatoprotection conferred by Fumaria

April 2012 | Volume 7 | Issue 4 | 34200



20.

21.

22.

26.

27.

parviflora Lam. extract against nimesulide induced apoptosis in vitro.
Toxicology in vitro 24: 495-508.

Tripathi M, Singh BK, Raisuddin S, Kakkar P (2011) Abrogation of nimesulide
induced oxidative stress and mitochondria mediated apoptosis by Fumaria
parviflora Lam. extract. Journal of ethnopharmacology 136: 94-102.

Tripathi M, Singh BK, Kakkar P (2009) Glycyrrhizic acid modulates t-BHP
induced apoptosis in primary rat hepatocytes. Food and chemical toxicology 47:
339-347.

Girish C, Koner BC, Jayanthi S, Rao KR, Rajesh B, et al. (2009)
Hepatoprotective activity of six polyherbal formulations in paracetamol induced
liver toxicity in mice. The Indian journal of medical research 129: 569-578.
Gupta AK, Sharma M (2007) Reviews on Indian medicinal plants. New Delhi:
Indian Council of Medical Research (ICMR).

Tiwari M, Kakkar P (2009) Plant derived antioxidants - Geraniol and camphene
protect rat alveolar macrophages against t-BHP induced oxidative stress.
Toxicology in vitro 23: 295-301.

Sigma-aldrich website. Available: http://www.sigmaaldrich.com/catalog/
DisplayMSDSContent.do. Accessed 2012 March, 12.

Food and Drug Administration (FDA) (2005) Estimating the Maximum Safe
Starting Dose in Initial Clinical Trials for Therapeutics in Adult Healthy
Volunteers; Human equivalent dose calculation, in Guidance for Industry;
Estimating the maximum safe starting dose in clinical trials for therapeutics in
adult healthy volunteers. Rockville: Center for drug evaluation and research
(CDER).

Warrington SJ, Ravic M, Dawnay A (1993) Renal and general tolerability of

repeated doses of nimesulide in normal subjects. Drugs 46 Suppl 1: 263-269.
Kruglov AG, Teplova VV, Saris NE (2007) The effect of the lipophilic cation
lucigenin on mitochondria depends on the site of its reduction. Biochemical
pharmacology 74: 545-556.

Mehrotra S, Kakkar P, Viswanathan PN (1991) Mitochondrial damage by active
oxygen species in vitro. Free radical biology & medicine 10: 277-285.
Nieminen AL, Ramshes VK, Lemasters JJ (2008) Use of fluorescent reporters to
measure mitochondrial membrane potential and the mitochondrial permeability
transition. In: Dykens JA, Will Y, eds. Drug induced mitochondrial dysfunction.
New Jersy: John Wiley and Sons. pp 414-431.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement
with the Folin phenol reagent. The Journal of biological chemistry 193:
265-275.

Kakkar P, Das B, Viswanathan PN (1984) A modified spectrophotometric assay
of superoxide dismutase. Indian journal of biochemistry & biophysics 21:

130-132.

@ PLoS ONE | www.plosone.org

1

28.

30.

31.

32.

36.

37.

38.

39.

40.

41.

Terpenes Alter Oxidative Mito-Dysfunctions

Gagliano N, Donne ID, Torri C, Migliori M, Grizzi F, et al. (2006) Early
cytotoxic effects of ochratoxin A in rat liver: a morphological, biochemical and
molecular study. Toxicology 225: 214-224.

Levine RL, Garland D, Oliver CN, Amici A, Climent I, et al. (1990)
Determination of carbonyl content in oxidatively modified proteins. Methods in
enzymology 186: 464-478.

Cohen G, Kesler N (1999) Monoamine oxidase and mitochondrial respiration.
Journal of neurochemistry 73: 2310-2315.

Tay VK, Wang AS, Leow KY, Ong MM, Wong KP, et al. (2005) Mitochondrial
permeability transition as a source of superoxide anion induced by the
nitroaromatic drug nimesulide in vitro. Free radical biology & medicine 39:
949-959.

Costantini P, Bruey JM, Castedo M, Metivier D, Loefller M, et al. (2002) Pre-
processed caspase-9 contained in mitochondria participates in apoptosis. Cell
death and differentiation 9: 82-88.

Zhang H, Xie C, Spencer HJ, Zuo C, Higuchi M, et al. (2011) Obesity and
hepatosteatosis in mice with enhanced oxidative DNA damage processing in
mitochondria. American journal of pathology 178(4): 1715-1727.

Circu ML, Aw TY (2010) Reactive oxygen species, cellular redox systems, and
apoptosis. Free radical biology & medicine 48: 749-762.

De Stefani D, Raffacllo A, Teardo E, Szabo I, Rizzuto R (2011) A forty-
kilodalton protein of the inner membrane is the mitochondrial calcium
uniporter. Nature 476: 336-340.

Brookes PS (2005) Mitochondrial H(+) leak and ROS generation: an odd couple.
Free radical biology & medicine 38: 12-23.

Zorov DB, Juhaszova M, Sollott SJ (2006) Mitochondrial ROS-induced ROS
release: an update and review. Biochimica et biophysica acta 1757(5-6):
509-517.

Pradhan SC, Girish C (2006) Hepatoprotective herbal drug, silymarin from
experimental pharmacology to clinical medicine. The Indian journal of medical
research 124: 491-504.

Siendones E, Fouad D, Diaz-Guerra M]J, de la Mata M, Bosca L, et al. (2004)
PGEl-induced NO reduces apoptosis by D-galactosamine through attenuation
of NF-kappaB and NOS-2 expression in rat hepatocytes. Hepatology 40:
1295-1303.

Borras C, Sastre J, Garcia-Sala D, Lloret A, Pallardo FV, et al. (2003)
Mitochondria from females exhibit higher antioxidant gene expression and
lower oxidative damage than males. Free radical biology & medicine 34:
546-552.

Venardos K, Ashton K, Headrick J, Perkins A (2005) Effects of dietary selenium
on post-ischemic expression of antioxidant mRNA. Molecular and Cellular
Biochemistry 270: 131-138.

April 2012 | Volume 7 | Issue 4 | 34200



