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      Abstract
 The present study investigated the antioxidant signalling mechanism of a coumarin-derived schiff base (CSB) scaffold against 
 tert -butylhydroperoxide (TBHP) induced oxidative insult in murine hepatocytes. CSB possesses DPPH and other free radical 
scavenging activities. TBHP reduced cell viability and intracellular antioxidant status accompanied by an increase in intracel-
lular ROS production in hepatocytes. TBHP also activated phospho-ERK1/2, phospho-p38 and NF-  k  B, altered the Bcl-2/Bad 
ratio, reduced mitochondrial membrane potential, released cytochrome C and activated caspase 3, suggesting that TBHP 
induced oxidative stress responsive cell death via apoptotic pathway. FACS analysis and DNA fragmentation studies also con-
fi rmed the apoptotic cell death in TBHP exposed hepatocytes. Treatment with CSB effectively reduced these adverse effects 
by preventing the oxidative insult, alteration in the redox-sensitive signalling cascades and mitochondrial events. Combining, 
results suggest that antioxidant property of CSB make the molecule to be a potential protective measure against oxidative 
insult, cytotoxicity and cell death.  

  Keywords:   Hepatocyte  ,   TBHP  ,   oxidative stress  ,   cell death  ,   MAPKs  ,   CSB  ,   antioxidant  ,   cytoprotection  

    Abbreviations: ALT  ,   alanine transaminase; CAT  ,   catalase; CSB  ,   Coumarin-derived schiff base; ERK  ,   extracellular signal-regulated 
kinase; FACS  ,   fl uorescence activated cell sorting; GSH  ,   glutathione; GSSG  ,   glutathione disulphide; GST  ,   glutathione-S-transferase; 
GPx  ,   glutathione peroxidase; GR  ,   glutathione reductase; MAPKs  ,   mitogen activated protein kinases; MDA  ,   malonaldehyde; NF- k B  ,  
 nuclear factor kappa B; ROS  ,   reactive oxygen species; RNS  ,   reactive nitrogen species; SOD  ,   superoxide dismutase; TBHP  ,   tertiary 
butyl hydroperoxide.   

The active site of these compounds includes the 
azomethine group, which is the condensation product 
of primary amines and carbonyl groups. Thus, coumarin-
derived schiff base molecules (CSBs) could be a source 
of drugs for the treatment of several diseases. Anti-
oxidant and anti-infl ammatory properties of some CSBs 
have already been reported by the earlier investigators 
[9 – 11]. However, there is no report describing the mech-
anism of the antioxidant and cytoprotective properties 
of CSBs. 

 Tertiary butyl hydroperoxide (TBHP) is a well known 
cytotoxin and oxidative agent, inducing oxidative stress 
in different organ systems including liver [12], testes 
[13], oocytes [14], retina [15], etc. This compound 

 Introduction

 Coumarins, the derivative of cinnamic acid with a 
benzo-  α  -pyrone [1,2] skeleton, are the widely distrib-
uted bioactive molecule in the plant kingdom. Recently 
these compounds have attracted much attention because 
of their broad range of biological activities such as anti-
cancer, anti-oxidant, anti-infl ammation, anti-HIV, 
anti-coagulant, antibacterial, analgesic and comparative 
immune-modulation [3 – 5]. Beside coumarins, schiff 
bases are also an important class of compounds in medic-
inal and pharmaceutical fi elds because of their wide 
range of biological applications including antibacte-
rial [6], anti-fungal [7] and anti-tumour activities [8]. 
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   Effect of CSB and TBHP in hepatocytes    621

mainly acts by mobilization of arachidonic acid (AA) 
from membrane phospholipids in rat hepatocytes under 
cytotoxic conditions, thus leading to an increase in 
intracellular AA and malondialdehyde formation which 
precedes cell death. Although the exact mechanism of 
toxicity of this oxidative stress inducer is not clearly 
known, literature suggests the involvement of cellular 
lipids peroxidation, alkylation of cellular macromole-
cules like protein and DNA [16] and/or alterations 
in cellular calcium and glutathione levels [17]. In our 
laboratory we have previously investigated the involve-
ment of TBHP-induced oxidative impairment and 
mechanism of cell death in isolated hepatocytes and 
found that the cytotoxic effect of TBHP is primarily 
due to increased production of ROS [18,19]. Several 
coumarin-derived Schiff bases have also been reported 
to posses antioxidant power [20]. It may, therefore, be 
logical to hypothesize that CSB could also play a pro-
tective role against TBHP-induced cytotoxicity. 

 In the present study we investigated the mechanism 
of action of CSB by determining, fi rst, the radical scav-
enging activity of CSB (via DPPH assay) as well as 
superoxide and hydroxyl radical quenching ability in 
the cell free system. Second, dose- and time-dependent 
studies have been conducted to evaluate the optimum 
conditions necessary for CSB to exhibit its maximum 
protective action against TBHP-induced cellular oxi-
dative damage by measuring the cell viability. Third, 
using that optimum dose and time, we determined its 
effect on the leakage of membrane-bound enzymes, 
activities of the antioxidant enzymes, cellular metabo-
lites, lipid peroxidation, etc. After establishing its radical 
scavenging and antioxidative nature, we have carried 
out FACS analysis to investigate the mode of TBHP-
induced cell death and its protection by CSB. Finally 
the mechanism of its protective action against TBHP-
induced cellular damage and death by evaluating its 
effect on the alterations of MAPKs, NF-kB, Bcl-2 family 
proteins (Bcl-2 and Bad), mitochondrial membrane 
potential, cytosolic and mitochondrial cytochrome C, 
caspase 3 and cleaved caspase 3 activities. The results 
of the present study could clearly clarify the role of 
CSB in the protection of hepatocytes against oxida-
tive insult induced by TBHP exposure.   

 Materials and methods  

 Materials 

 Bovine serum albumin (BSA), Bradford reagent, Col-
lagenase type I, 2,2-diphenyl-1-picryl hydrazyl (DPPH), 
Dulbecco ’ s modified Eagle ’ s medium (DMEM), 
Foetal bovine serum (FBS) were purchased from 
Sigma-Aldrich Chemical Company (St. Louis, MO). 
Calcium chloride (CaCl 2 ), 1-chloro-2,4-dinitrobenzene 
(CDNB), dimethyl sulphoxide (DMSO), 5,5 ′ -dithiobis
(2-nitrobenzoic acid) [DTNB, (Ellman ’ s reagent)], 
ethylene diamine tetraacetic acid (EDTA), glacial 

acetic acid, hydrogen peroxide (H 2 O 2 ), N-ethylmaleimide 
(NEM), nicotinamide adenine dinucleotide reduced 
disodium salt (NADH), nitro blue tetrazolium chloride 
(NBT), oxidized glutathione (GSSG), phenazine metho-
sulphate (PMT), potassium dihydrogen phosphate 
(KH 2 PO 4 ), reduced glutathione (GSH), sodium azide 
(NaN 3 ) and thiobarbituric acid (TBA) were bought 
from Sisco Research Laboratory (Mumbai, India).   

 Synthesis of N-[(2-pyridyl)methyliden]-6-coumarin (CSB) 

 There are three steps in the preparation of CSB 
(Figure 1A): preparation of nitro coumarin (step 1), 
synthesis of aminocoumarin (step-2) and fi nally 
condensation of aminocoumarin with pyridine-
2-carboxaldehyde to yield CSB (step-3).   

 Preparation of 6-nitrocoumarin (Step-1) 

 Coumarin was nitrated with mixed acid in an ice 
bath. Briefl y, coumarin (8 gm, 54.8 mmol) was dis-
solved in conc. H 2 SO 4  (40 cm 3 ) and temperature was 
maintained at  � 5 ° C and then 16 cm 3  mixed acid 
(HNO 3  and H 2 SO 4  (conc.) in 1:3 volume ratio) was 
added. The mixture was stirred, kept at room tem-
perature for 1 h and then to it ice was added. A white 
precipitate of 6-nitrocoumarin was obtained. It was 
then fi ltered and washed thorough with cold water 
(10 cm 3   �  10) and dried over CaCl 2  and recrystal-
lized from acetic acid. Yield was  ∼  88% and the melt-
ing point was found to be 185  �  2 ° C.   

 Synthesis of 6-aminocoumarin (Step-2) 

 Reduction of 6-nitrocoumarin was done using iron pow-
der and ammonium chloride in water. 6-Nitrocoumarin 
(8 g, 41.9 mmol) in water (150 cm 3 ) was treated with 
Fe-powder (20 gm) and ammonium chloride (2.6 gm, 
48.6 mmol). The mixture was kept in a water bath for 
2 h with stirring. A dark brown precipitate was 
obtained which was then extracted with acetone. 
Evaporation of acetone yielded silky yellow precipi-
tate of 6-aminocoumarin (m p 73 ° C). It was then 
recrystallized from dilute HCl solution as 6-aminocou-
marin hydrochloride. Yield was  ∼  76% and the melt-
ing point was found to be  �  260 ° C.   

 Preparation of CSB (Step-3) 

 6-Aminocoumarine (0.5 g, 3.1 mmol) and pyridine-
2-carboxaldehyde (0.26 ml, 3.1 mmol) were taken in 
dry methanol (15 cm 3 ) and refl uxed for 8 h. After 
evaporation a straw colour crystalline compound 
was obtained. Yield was  ∼  90% and the melting point 
was found to be 152  �  2 ° C. Purity of the compound 
has been confi rmed by using standard tools (like 
HPLC, Mass Spectroscopy and NMR (1H, 13C) 
studies).   
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Figure 1. (A) Chemical synthesis of CSB. (B) Reverse phase HPLC analysis of CSB. (C) Mass spectra of the purifi ed CSB; HRMS (ESI): 
m/z calculated (C15H10N2O2) 250.0742, found 249.4701 [M]�. (D) 1H NMR (500 MHz) spectra of CSB. (E) 13C NMR (125 MHz) 
spectra of CSB. (F) Distortionless enhancement of polarization transfer using a 135° decoupler pulse (DEPT-135) spectra of CSB.
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   Effect of CSB and TBHP in hepatocytes    623

 NMR studies of CSB 

 To perform the NMR study, 15 mg of CSB was dis-
solved in 0.6 ml of DMSO-d 6  in a NMR tube. The 
 1 H NMR spectrum (500 MHz) of CSB was recorded 
on a Bruker Avance DRX 500 spectrometer (tetram-
ethylsilane (for  1 H,   δ    �  0.00 ppm) as internal stan-
dard). For  13 C NMR (125 MHz) spectrum, 25 mg of 
CSB was dissolved in 0.6 ml of DMSO-d 6  and the 
spectrum was recorded on a Bruker Avance DRX 500 
spectrometer ((DMSO,   δ    �  40.4 ppm) as internal 
standard). The following abbreviations were used to 
explain the multiplicities: s  �  singlet, d  �  doublet, 
t  �  triplet, m  �  multiplet, br  �  broad and J  �  coupling 
constant in Hz.   

 Antioxidant activity of CSB in cell free system  

 DPPH radical quenching activity .  The antioxidant 
activity of CSB was measured using the DPPH radical 
as described by Blois [21]. Two millilitres of DPPH 
solutions (125  μ M) in methanol and 2 ml of tested 
samples with different concentrations (0.4, 2, 4, 6, 8, 
10, 12, 16, 20, 24 and 28 mM) of CSB were mixed 
in the tubes. The solution was shaken and incubated 
at 37 ° C for 30 min in the dark. The decrease in ab-
sorbance at 517 nm was measured against methanol 
blank using a UV/Visible spectrophotometer. Percent-
age inhibition was calculated by comparing the absor-
bance values of control and the sample. 

 Percentage inhibition  �  A
100

1
�

� 2A1A

 where  A  1  is the absorbance of the blank and  A  2  is the 
absorbance in the presence of CSB.   

 Hydroxyl radical scavenging activity .  The hydroxyl radi-
cal scavenging activity of CSB has been investigated 
following the method of Nash [22] using the same 
concentrations of CSB as mentioned above.  In vitro  
hydroxyl radicals were generated by Fe 3 �  /ascorbic 
acid system. The detection of hydroxyl radicals was 
carried out by measuring the amount of formaldehyde 
produced from the oxidation of dimethyl sulphoxide 
(DMSO). The formaldehyde produced was detected 
spectrophotometrically at 412 nm.   

 Superoxide radical scavenging activity .  The superoxide 
radical scavenging activity was measured following 
the method of Siddhuraju and Becker [23]. The reac-
tion mixture contained 0.1 M phosphate buffer, pH 
7.4, 150  μ M nitroblue tetrazolium (NBT), 60  μ M 
phenazine methosulphate (PMT), 468  μ M NADH 
and different concentrations of CSB (as mentioned 
earlier). The mixture was incubated in the dark for 10 
min at 25 ° C and the absorbance was read at 560 nm. 
Results were expressed as percentage inhibition of the 
superoxide radicals.    

 Hepatocyte isolation 

 For the present study, hepatocytes were aseptically 
isolated from mice livers following the modifi ed method 
as described previously by Sarkar and Sil [24]. Briefl y, 
the livers were isolated under aseptic conditions, placed 
in phosphate buffer saline, irrigated in buffer A (10 mM 
HEPES, 3mM KCl, 130 mM NaCl, 1 mM NaH 2 PO 4 -
H 2 O and 10 mM glucose, pH 7.4) and then incu-
bated in buffer B (5 mM CaCl 2 , 0.03% collagenase 
type I) for  ∼  45 min at 37 ° C. The tissue was passed 
through a wide bore syringe and 80  μ m decron mesh, 
respectively. The dissociated cells were centrifuged at 
500xg and the pellet was suspended in Dulbecco’s min-
imal essential medium (DMEM) containing 10% foetal 
calf serum and 5  μ g/ml insulin, 5  μ M hydrocortisone, 
100 U/ml penicillin and 100  μ g/ml streptomycin. The 
suspension was adjusted to obtain  ∼  2  �  10 6  cells/ml.   

 Determination of hepatocyte viability 

 Viability of hepatocytes was determined by MTT 
assay [25]. After treatments, cells were incubated with 
500  μ g/ml 3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphe-
nyltetrazolium bromide (MTT) for 4 h. The functional 
mitochondrial succinate dehydrogenases in survival cells 
can convert MTT to formazan that generates a blue 
colour. At last the formazan was dissolved in 10% 
SDS – 5% isobutanol – 0.01 M HCl. The optical density 
was measured at 570 nm with 630 nm as a reference and 
cell viability was normalized as a percentage of control.   

 Determination of time and dose-dependent effect of TBHP 

 Time- and dose-dependent effects of TBHP were deter-
mined by cell viability assessment. Briefl y, for dose-
dependent study, eight different sets of hepatocytes, 
each containing  ∼  2  �  10 6  cells, were incubated with 
eight different doses of TBHP (50, 100, 200, 300, 400, 
500, 600 and 700  μ M) for 3 h to determine the maxi-
mum damage caused by TBHP treatment. For time-
dependent study, six different sets of hepatocytes (1 ml 
cell suspension  ∼  2  �  10 6  in each) were exposed to 
TBHP (500  μ M) for different times (30 min, 1 h, 1.5 h, 
2 h, 2.5 h and 3 h). The resulting cells were rinsed and 
incubated with 0.5% FBS – DMEM medium contain-
ing MTT (5 mg/ml) for 4 h. At the end of the incuba-
tion period the medium was removed and the converted 
dye was solublized with DMSO (0.3 ml). Absorbance 
was measured at 570 nm and cell viability was expressed 
as a percentage of the corresponding control.   

 Assessment of dose- and time-dependent activity of CSB 

 Cell viability assessment has been carried out to 
determine the optimum dose and time of CSB needed 
for the cytoprotection against TBHP-induced cyto-
pathophysiology. Briefl y, for dose-dependent study, six 
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different sets of hepatocytes, each containing 
 ∼  2  �  10 6  cells were exposed to 500  μ M TBHP along 
with CSB (0.1, 0.2, 0.4, 0.8, 1.0 and 1.2 mM) for 2 h. 
For time-dependent study, six different sets of hepa-
tocytes (1 ml cell suspension  ∼  2  �  10 6  in each) were 
incubated with CSB (0.8 mM) for different times 
(30 min, 1 h, 1.5 h, 2 h, 2.5 h and 3 h). The cell viabil-
ity was determined and expressed as described above.   

 Experimental set-up 

 Based on the results of the dose- and time-dependent 
effects of both TBHP and CSB, we designed the 
 in vitro  experiments with different sets of hepatocytes 
containing 1 ml suspension ( ∼  2  �  10 6  cells) in each. 
Cells were incubated in a CO 2  incubator at 37 ° C 
throughout the experiment with gentle shaking. The 
hepatocytes kept in culture medium only served as 
normal control (marked as  ‘ Cont ’ ). Hepatocytes 
( ∼  2  �  10 6  cells) incubated with CSB (0.8 mM) alone 
for 2 h served as a group showing the effect of CSB 
on hepatocytes (marked as  ‘ CSB ’ ). Hepatocytes 
( ∼  2  �  10 6  cells) incubated with 500  μ M TBHP for 2 h 
served as toxin control (marked as  ‘ TBHP ’ ). For the 
pre-treatment studies, hepatocytes ( ∼  2  �  10 6  cells) 
were incubated with CSB (0.8 mM) for 30 min prior 
to TBHP exposure and were incubated further for 
2 h (marked as  ‘ CSB  �  TBHP ’ ). The combined effect 
of CSB and TBHP was studied by incubating the cells 
with these agents together for 2 h (marked as  ‘ CSB&
TBHP ’ ). Positive control cells were prepared by incubat-
ing hepatocytes with vitamin C (100 mg/ml) instead 
of CSB (marked as  ‘ TBHP  �  VitC ’ ). For all the subse-
quent experiments (results, fi gures, tables, etc.) the above 
notations would be used if not mentioned otherwise.   

 Determination of ALT and LDH leakage 

 The leakage of the enzymes, ALT and LDH is associ-
ated with cell viability and is considered as an impor-
tant indicator of cellular membrane damage. After 
appropriate experimental procedure as described ear-
lier, hepatocyte suspensions were centrifuged at 60 g. 
The leakage of ALT and LDH (secreted outside the 
cells) was determined from the supernatant using a kit 
(Span Diagnostics Ltd., Surat, India).   

 Determination of protein content 

 The protein content was measured by the method of 
Bradford [26] using crystalline BSA as standard.   

 Determination of intracellular ROS production 

 ROS plays a major role in TBHP-induced hepatic 
dysfunction and hepatocellular death. In the present 
study, intracellular ROS production was estimated by 

using 2,7-dichlorofl uorescein diacetate (DCFDA) as 
a probe following the method of LeBel and Bondy 
[27] as modifi ed by Kim et al. [28]. DCF-DA diffuses 
through the cell membrane where it is enzymatically 
deacetylated by intracellular esterases to the more hydro-
philic non-fl uorescent reduced dye dichlorofl uorescin. 
In the presence of reactive oxygen metabolites, non-
fl uorescent DCFH rapidly oxidized to highly fl uores-
cent product DCF. After performing the experiments 
(as described in the experimental set-up) hepatocytes 
were incubated with the assay media (20 mM tris-HCl, 
130 mM KCl, 5 mM MgCl 2 , 20 mM NaH 2 PO 4 , 30 mM 
glucose and 5  μ M DCFDA) at 37 ° C for 15 min. The 
formation of DCF was measured at the excitation 
wavelength of 488 nm and emission wavelength of 
510 nm for 10 min by using a fl uorescence spectrom-
eter (HITACHI, Model No F4500) equipped with a 
FITC fi lter.   

 Lipid peroxidation and protein carbonylation estimation 

 The extent of lipid peroxidation in terms of malon-
dialdehyde (MDA) formation was measured accord-
ing to the method of Esterbauer and Cheeseman [29]. 
Sample containing1 mg protein was mixed with 1 ml 
TCA (20%), 2 ml TBA (0.67%) and heated for 1 h 
at 100 ° C. After cooling, the precipitate was removed 
by centrifugation. The absorbance of the sample was 
measured at 535 nm using a blank containing all the 
reagents except the sample. MDA content of the sample 
was calculated using the extinction co-effi cient of MDA, 
which is 1.56  �  10 5  M  � 1 cm  � 1 . 

 Protein carbonyl contents were determined accord-
ing to the methods of Uchida and Stadtman [30]. The 
sample was treated with an equal volume of 0.1% 
(w/v) 2,4-DNPH in 2 N HCl and incubated for 1 h 
at room temperature and then treated with 20% TCA. 
After centrifugation, the precipitate was extracted 
three times with EtOH/EtOAc and dissolved in 8 M 
guanidine hydrochloride in 133 mM tris solution con-
taining 13 mM EDTA. The absorbance was recorded 
at 365 nm. The results were expressed as nmol of 
DNPH incorporated/mg protein based on the molar 
extinction coeffi cient of 22 000 M  � 1 cm  � 1  for aliphatic 
hydrazones.   

 Antioxidant enzymatic activities assay 

 The activities of antioxidant enzymes, superoxide dis-
mutase (SOD), catalase (CAT), glutathione-S-transferase 
(GST), glutathione reductase (GR) and glutathione 
peroxidase (GPx) were measured in all experimental 
sets following the method of Sinha et al. [31]. 

 Briefl y, in case of SOD assay tissue homogenates 
were centrifuged at 600 g for 8 min at 4 ° C. Superna-
tants were decanted and re-centrifuged at 5500 g for 
15 min to form mitochondrial pellets. The supernatant 
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was kept as  ‘ cytosolic fraction ’ . Five micrograms of 
protein of the cytosolic fraction was mixed with 
sodium pyrophosphate buffer, PMT and NBT. The 
reaction was started by the addition of NADH. Then 
the reaction mixture was incubated at 30 ° C for 90 s 
and stopped by the addition of 1 ml of glacial acetic 
acid. The absorbance of the chromogen formed was 
measured at 560 nm. One unit of SOD activity is defi ned 
as the enzyme concentration required to inhibit chro-
mogen production by 50% in 1 min under the assay 
condition. 

 CAT activity was determined by following the decom-
position of H 2 O 2  (7.5 mM) at 240 nm for 10 min and 
it was monitored spectrophotometrically. One unit of 
CAT activity is defi ned as the amount of enzyme which 
reduces 1  μ mol of H 2 O 2  per minute. 

 GST activity was assayed based on the conjugation 
reaction with glutathione in the fi rst step of mercap-
turic acid synthesis. The reaction mixture contains super-
natant 25  μ g protein sample, KH 2 PO 4  buffer, EDTA, 
CDNB and GSH. The reaction was carried out at 
37 ° C and monitored spectrophotometrically at 340 nm 
for 5 min. One unit of GST activity is 1  μ mol product 
formation per minute. 

 GR activity was determined spectrophotometrically 
by monitoring the absorbance at 412 nm for 3 min 
at 24 ° C. Reaction mixture contained 1 mM EDTA, 
0.3 mM DTNB, 2 mM NADPH and 20 mM GSSG. 
The enzyme activity was calculated using a molar 
extinction coeffi cient of 13 600 M  � 1 cm  � 1 . One unit 
of enzyme activity is defi ned as the amount of enzyme, 
which catalyses the oxidation of 1  μ mol NADPH per 
minute. 

 GPx activity was measured by using H 2 O 2  and 
NADPH as substrates. The conversion of NADPH to 
NADP  �   was observed by recording the changes in 
absorption intensity at 340 nm and one unit of enzyme 
activity is defi ned as the amount of enzyme that catal-
yses the oxidation of 1  μ mol NADPH per minute.   

 Measurement of cellular glutathione and 
glutathione disulphide 

 The levels of cellular glutathione (GSH) and gluta-
thione disulphide (GSSG) were determined by the 
DTNB assay according to the method of Ji et al. [32]. 
Briefl y, after treatment cells were harvested with met-
aphosphoric acid (5%) buffer. The reaction mixture 
contained 1 mM EDTA, NADPH (0.24 mM), gluta-
thione reductase (0.06 U), DTNB (86 mM) and 
samples. Yellow coloured 5-thio-2-nitrobenzoic acid 
(TNB) formation is monitored at 412 nm. GSSG 
was determined after elimination of GSH with 
1-methyl-2-vinylpyridinium trifl uoromethanesulpho-
nate (M2VP). The levels of GSH were calculated from 
the difference between concentrations of total gluta-
thione (GSH  �  GSSG) and GSSG. The intracellular 

levels of GSH and GSSG were calculated based on 
cellular protein concentration.   

 Isolation of nuclear fraction of hepatocytes 

 All sets of experimental hepatocytes were sonicated 
and then centrifuged at 600 g for 10 min at 5 ° C in a 
centrifuge. The nuclear extract was prepared accord-
ing to a modifi ed method of Tapalaga et al. [33]. 
The pellet obtained was resuspended in buffer C 
(250 mM sucrose, 5 mM MgCl 2 , 10 mM Tris-HCl, 
pH 7.4) and again centrifuged at 600 g at 5 ° C for 
10 min. This pellet of crude nuclei obtained after the 
second centrifugation was resuspended in nine 
volumes of buffer D (2.2 M sucrose, 1 mM MgCl 2 , 
10 mM Tris-HCl, pH 7.4) and centrifuged at 70 000 g 
at 4 ° C for 80 min in a ultracentrifuge. The purifi ed 
nuclei were resuspended in buffer C.   

 Immunoblotting 

 An equal amount of protein (50  μ g) from each sample 
was resolved by 10% SDS-PAGE and transferred to 
PVDF membrane. Membranes were blocked at room 
temperature for 2 h in blocking buffer containing 5% 
non-fat dry milk to prevent non-specifi c binding and 
then incubated with anti p-38 (1:1000 dilution), anti 
p-ERK1/2 (1:1000 dilution), anti Bad (1:1000 dilu-
tion), anti Bcl-2 (1:1000 dilution), anti p-NF-kB (serine 
276) (1:250 dilution), anti p-IKK  a   /   b   (1:1000 dilution), 
anti IkB  a   (1:1000 dilution) and anti cleaved-caspase3 
(1:100 dilution) primary antibodies separately at 4 ° C 
overnight. The membranes were washed in TBST (50 
mmol/L Tris-HCl, pH 7.6, 150 mmol/L NaCl, 0.1% 
Tween 20) for 30 min and incubated with appropriate 
HRP conjugated secondary antibody (1:2000 dilution) 
for 2 h at room temperature and developed by the 
HRP substrate 3,3 ’ -diaminobenzidine tetrahydrochlo-
ride (DAB) system (Bangalore genei, India).   

 Isolation of mitochondria from liver tissue and 
determination of mitochondrial membrane 
potential(Δψ m ) 

 After performing the experiments (as described in 
the experimental set-up), mitochondrial membrane 
potential (Δψ m ) was estimated on the basis of cell reten-
tion of the fl uorescent cationic probe rhodamine 123 
[34]. Briefl y, the mitochondrial suspension was incu-
bated with 1  μ M rhodamine 123 for 10 min, centrifuged 
at 50x g  for 5 min at 4 ° C, washed and resuspended in 
1 mL of 0.1% Triton X-100. After centrifugation at 
2000x g  for 5 min, fl uorescence of rhodamine 123 was 
determined using a BD-LSR fl ow cytometer. Cell 
debris, characterized by a low FSC/SSC, was excluded 
from analysis. The data was analysed by Cell Quest 
software .  In this assay carbonyl cyanide m-chlorophenyl 
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hydrazone (CCCP) (1  μ l of 50 mM CCCP per 1 ml 
cell suspension) was used as a positive control.   

 Cytochrome C determination by western blotting 

 To determine the levels of cytochrome C, the mitochon-
drial fractions were used. These fractions were sub-
jected to immunoblot analysis as described above.   

 DNA fragmentation analysis 

 The extent of DNA fragmentation has been assayed 
by electrophoresing the DNA samples on agarose/
ethydium bromide gel. DNA samples were isolated 
from the hepatocytes of different experimental sets using 
the kit (MO BIO Laboratories, Carlsbad, CA).   

 Detection of the nature of cell death by fl ow 
cytometry (FACS) 

 Dual parameter FACS analysis allows for the dis-
crimination between viable, apoptotic and necrotic 
cells. After appropriate treatments (as described in the 
experimental set-up), hepatocytes were washed with 
PBS, centrifuged at 800 g for 6 min, resuspended in 
ice-cold 70% ethanol/PBS, centrifuged at 800 g for a 
further 6 min and resuspended in PBS. Cells were 
then incubated with PI and FITC-labelled Annexin 
V for 30 min at 37 ° C. Excess PI and Annexin V were 
then washed off; cells were fi xed and then stained cells 
were analysed by fl ow cytometry using FACS Calibur 
(Becton Dickinson, Mountain View, CA) equipped 
with 488 nm argon laser light source; 515 nm band 
pass fi lter for FITC-fl uorescence and 623 nm band 
pass fi lter for PI-fl uorescence using CellQuest soft-
ware. A dot plot of PI-fl uorescence ( y -axis) vs FITC- 
fl uorescence ( x -axis) has been prepared.   

 Statistical analysis 

 All the values are expressed as mean  �  SD ( n   �  6). 
Signifi cant differences between the groups were deter-
mined with SPSS 10.0 software (SPSS Inc., Chicago, 
IL) for Windows using one-way analysis of variance 
(ANOVA) and the group means were compared by 
Student-Newman-Keuls post-hoc tests. A difference 
was considered signifi cant at the  p   �  0.05 level.    

 Results 

 Figure 1A represents the routes of the chemical syn-
thesis of CSB. Figure 1B represents the reverse phase 
HPLC chromatograph of CSB. In this fi gure a single 
peak appeared with the retention time of 21.28 min 
confi rming its homogeneous preparation and absence 
of any contaminating substances. Figure 1C shows the 

Mass Spectra of the purifi ed CSB. High resolution 
mass spectroscopy (HRMS) spectrum also supports the 
purity of CSB. HRMS (ESI): m/z calculated 250.0742 
[M]  �   and found m/z 249.4701 [M]   �    unambiguously 
confi rms the purity of CSB as a single compound. 

 Results of  1 H NMR spectrum of pure CSB has 
been represented in Figure 1D.  1 H NMR (500 MHz, 
DMSO-d 6 )   δ   6.52 (3-H, d, J  �  9.5 Hz), 8.06 (4-H, d, 
J  �  9.5 Hz), 7.61 (5-H, m), 7.52 (7-H, m), 7.44 (8-H, d, 
J  �  8.7 Hz), 8.64 (11-H, s), 8.14 (13-H, d, J  �  
7.8 Hz), 7.94 (14-H, m), 7.71 (15-H, d, J  �  2.5 Hz), 
8.71 (16-H, d, J  �  4.7 Hz). 

 Figure 1E shows the  13 C NMR spectrum of pure 
CSB.  13 C NMR (125 MHz, DMSO-d 6 )   δ   162.29 
(C-2), 117.62 (C-3), 144.94 (C-4), 118.11 (C-5), 147.39 
(C-6), 122.14 (C-7), 120.13 (C-8), 121.21 (C-9), 
154.72 (C-10), 160.71 (C-11), 150.63 (C-12), 137.95 
(C-13), 126.65 (C-14), 126.21 (C-15), 153.10 (C-16). 

 The results from  13 C NMR spectrum are also sup-
ported by Distortionless Enhancement of Polarization 
Transfer using a 135 °  decoupler pulse (DEPT-135) 
analysis. Figure 1F shows the DEPT-135  13 C NMR 
spectra of pure CSB. This pulse sequence produces a 
carbon spectrum with methyl (CH 3 ) and tertiary (CH) 
carbons up and methylene (CH 2 ) carbons down. 

 Combining all, our spectral data analysis suggests that 
the preparation of CSB is homogenous and pure.  

 Free radical scavenging activities of CSB in 
cell-free system  

 Effect on DPPH radical quenching .  The DPPH radical 
scavenging effect of CSB has been shown in Figure 2A. 
It has been observed that with an increase in concen-
tration of CSB the colour of the DPPH radical van-
ishes rapidly at 517 nm. The maximum DPPH radi-
cal quenching was observed when CSB was incubated 
at a concentration of 20 mM with DPPH solution. 
Hence, it can be anticipated that the compound pos-
sesses potent DPPH radical scavenging activity.   

 Hydroxyl (OH . ) and Super oxide (O 2  
. ) radicals scavenging 

power .  Figure 2B represents the hydroxyl and super-
oxide radicals scavenging activity of CSB in a cell free 
system. It has been observed that at a dose of 16 mM, 
CSB shows maximum superoxide radical (O 2  

. ) scav-
enging activity. However, the optimum hydroxyl radi-
cal (OH . ) scavenging power was observed when CSB 
was incubated at a concentration of 10 mM.    

 Dose- and time-dependent effect of 
TBHP-induced cytotoxicity 

 Assessment of cell viability is an important indicator 
of fi nding the degree of cytotoxicity, caused by any 
xenobiotics. Figure 3A depicts the dose- and time-
dependent effect of TBHP in murine hepatocytes. 
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TBHP caused a reduction in cell viability linearly at 
a dose of 500  μ M when exposed for 2 h. The effect 
of TBHP remained practically unaltered beyond this 
concentration and time. For all the subsequent exper-
iments in this particular study, this dose (500  μ M) 
and incubation time (2 h) of TBHP has been taken 
as optimum.   

 Dose- and time-dependent effect of CSB against 
TBHP-mediated cellular damage 

 Results of the dose- and time-dependent effects of 
CSB against TBHP-induced oxidative impairment in 
murine hepatocytes have been summarized in Figure 
3B. TBHP exposure caused reduction in cell viability 
at a dose of 500  μ M when incubation was carried out 
for 2 h. In order to determine whether this loss could 
be prevented by CSB treatment, we performed MTT 
assay. Incubation of the hepatocytes with CSB (prior 
to TBHP exposure) linearly prevented the reduction 
in cell viability up to a dose of 800  μ M for 2 h and 
this effect of CSB remained practically unaltered 
beyond this concentration and time period. For all the 
subsequent experiments in this particular study, this 
dose (800  μ M) and time (2 h) of CSB have been 
taken as optimum.   

 Effect on membrane bound enzymes 

 ALT and LDH leakage are associated with cell viabil-
ity and is considered as an important indicator of 
cellular membrane damage. Severe leakage of these 
membrane bound enzymes were found in the TBHP-
treated hepatocytes indicating that the loss of cell 
membrane integrity and cytotoxicity were caused by 
TBHP on hepatocytes (Figure 4A). Treatment with 
CSB either prior to or simultaneous with the TBHP 

exposure effectively inhibited the TBHP-induced 
membrane disruption caused, as revealed from the 
lower ALT and LDH levels outside the cells.   

 Effects on levels of lipid peroxidation and protein 
carbonyl content 

 Lipid peroxidation and protein carbonylation are widely 
used as the marker of cell membrane damage and 
oxidative modifi cation of proteins, respectively. In the 
present study the lipid peroxidation has been measured 
by estimating the concentration of MDA (lipid per-
oxidation end product). TBHP intoxication increased 
the levels of MDA and protein carbonylation in hepa-
tocytes (Figure 4B). Treatment with CSB has been 
found to be effective in preventing the TBHP-induced 
lipid peroxidation and protein carbonylation.   

 Effects on the ratio of GSH and GSSG 

 GSH plays a critical role in scavenging intracellular 
reactive intermediates. A massive amount of GSH is 
consumed to accomplish this task, thus shifting the 
redox status of the cell. Whenever the GSH level 
decreases below the threshold level, the concentration 
of reactive radicals gets elevated and causes oxidative 
stress. During oxidative stress GSH is oxidized to 
GSSG that may reacts with the  – SH groups of proteins 
forming mixed disulphide through thiol/disulphide 
exchange. In the present study, intracellular redox sta-
tus was greatly impaired by TBHP exposure, as mani-
fested by a signifi cant decrease in the levels of GSH 
along with the increased level of GSSG and, thus, the 
GSH/GSSG ratio suggesting that the non-protein sul-
phydyl groups and protein-bound sulphydryl groups 
could alter each other via thiol/disulphide exchange 
(Figure 4C). Treatment with CSB either prior to or 
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simultaneous with the TBHP exposure could, however, 
prevent these alterations.   

 Effect of intracellular ROS production 

 Intracellular ROS production plays an important role 
in TBHP-induced oxidative impairments. Figure 5 rep-
resents the levels of intracellular ROS in the normal 
and experimental hepatocytes. It has been observed 
that TBHP exposure caused increased production of 
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when hepatocytes were incubated with TBHP (50, 100, 200, 300, 400, 
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GR and GPx. Table I represents the activities of the 
antioxidant enzymes in normal and experimental 
hepatocytes. Our study reveals that TBHP signifi -
cantly attenuated the activities of the antioxidant 
enzymes. Results suggest that prior or simultaneous 
treatment with CSB could be able to prevent the 
reduction in the antioxidant enzymes activities.   

 Effect on the mitogen-activated protein kinase 
(MAPKs) cascades 

 MAPKs are the upstream critical signalling pro-
teins. They can be classified into three distinct 

intracellular ROS and that could be prevented by the 
treatment with CSB either prior to or simultaneous 
incubation with TBHP.   

 Effect on the activities of antioxidant enzymes 

 Oxidative stress is the result of a redox imbalance 
between the generation of ROS and the compensa-
tory response from the endogenous antioxidant net-
work. To investigate whether the radical scavenging 
activity of CSB was mediated by the activities of anti-
oxidant enzymes, we have measured the activities of 
intracellular antioxidant enzymes, SOD, CAT, GST, 
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Figure 5. Effect of CSB on TBHP-induced intracellular ROS production in hepatocytes. (A) Representative images under fl uroscence 
microscope (original magnifi cation 400 �), (B) Intracellular ROS levels was detected by DCF-DA method. Cont: ROS level in normal 
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cell death. In addition to DNA fragmentation analy-
sis, a double labelling technique has been utilized using 
Annexin V/PI to distinguish between apoptotic and 
necrotic cells. In this process, fl uorescence generated 
by Annexin binding to externalized phosphatidylserine 
of apoptotic cells indicates the apoptotic cell death. 
However, PI binding refl ects the necrotic cell death 
as well. Annexin V/PI binding fl ow cytometric data 
(Figure 8) revealed that, in comparison with control 
untreated hepatocytes, TBHP increased the number 
of Annexin V staining hepatocytes but very little PI 
binding, indicating the majority of cells death via the 
apoptotic pathway which corroborates with the DNA 
fragmentation data. Treatment with CSB shows a smaller 
number of apoptotic cells, indicating that CSB treatment 
protected the TBHP-induced apoptotic cell death.   

 Effect on the Bcl-2 family of proteins and mitochondria 
dependent cell death pathway 

 Bcl-2 family proteins are upstream regulators of mito-
chondrial membrane potential. Figure 9A represents the 
expressions of Bcl-2 family of proteins. From immuno-
blotting studies, it has been observed that TBHP 
up-regulated pro-apoptotic (Bad) and down-regulated 
anti-apoptotic (Bcl-2) members of Bcl-2 family proteins 
and that could be prevented by the CSB treatment. 

 Oxidative stress-induced apoptotic cell death is 
directly related to mitochondrial dysfunction. Disrup-
tion of mitochondrial membrane potential, release of 
cytochrome C and activation of caspase 3 are the 
novel biomarkers of oxidative stress-induced cell death 
via a mitochondria-dependent pathway. Immunoblot 
analyses (Figure 9) showed that TBHP intoxication 
reduced the mitochondrial membrane potential (Fig-
ure 9B), elevated the concentration of cytosolic cyto-
chrome C (Figure 9C) and up-regulated the cleaved 
caspase 3 (Figure 9D), indicating the involvement of 
the mitochondria-dependent signalling cascades in 

sub-families: extracellular signal-regulated protein kinase 
(ERK1/2), p38-MAPK (p38) and c-Jun N-terminal 
kinase (JNK). In our study we investigated the effect 
of CSB against TBHP-induced expression of MAPKs 
proteins (ERK1/2, p38 and JNK) (Figure 6). It has been 
observed that TBHP exposure increased the expres-
sions of phosphorylated p38 as well as ERK1/2 (with-
out any change in phosphorylated JNK) and that 
could be prevented by the treatment of CSB either 
prior to or simultaneous incubation with the TBHP.   

 Effect on the phosphorylation of IKK α  /  b , NF- κ B and 
degredation of I κ B α  

 In the present study, we performed immunoblotting 
analysis to investigate the mechanism of reducing 
TBHP-induced NF-  k  B activation in CSB treatment. 
We observed that exposure to TBHP increased the 
phosphorylation of IKK  a   /   b   as well as degraded I  k  B  a   
which ultimately help to translocate NF-  k  B p65 in the 
nucleus. In addition, we also observed that TBHP 
decreased the expression of NF-  k  B in the cytosol and 
time-dependently decreased the expression of I  k  B  a   
(beginning at 30 min) (Figures 6C – E). Incubation of the 
hepatocytes with CSB either prior to or simultaneous 
with the TBHP, however, could prevent the TBHP-
induced nuclear translocation of NF-  k  B p65 and phos-
phorylated IKK  a   /   b   as well as degradation of I  k  B  a.       

 Effect of CSB against TBHP-induced cell death pathway 

 To understand the nature of cell death, next we focused 
on the DNA fragmentation analysis. In Figure 7, it 
has been observed that TBHP exposure elevated the 
DNA fragmentation and caused DNA laddering which 
indicates the majority of the cell death via the apop-
totic pathway. CSB treatment, however, could prevent 
the TBHP-induced DNA fragmentation, suggesting 
that CSB might prevent the TBHP-induced apoptotic 

  Table I. Effect of tertiary butyl hydroperoxide (TBHP) and CSB on the activities of the antioxidant enzymes in the normal and experimental 
hepatocytes.  

Name of the antioxidant 
enzymes

Activities of the antioxidant enzymes

Normal control CSB treated TBHP treated CSB  �  TBHP CSB  &  TBHP VitC  �  TBHP

SOD (Unit/mg protein) 74.55  �  3.64 a 73.17  �  3.73 a 38.78  �  1.81 b 68.37  �  3.54 a 70.14  �  3.43 a 72.49  �  3.64 a 
CAT ( μ mol/min/mg protein) 208.34  �  10.21 a 204.29  �  9.89 a 156.87  �  7.47 b 180.45  �  9.25 a 183.34  �  8.79 a 198.35  �  9.82 a 
GST ( μ mol/min/mg protein) 0.42  �  0.02 a 0.39  �  0.02 a 0.15  �  0.007 b 0.24  �  0.01 c 0.27  �  0.01 c 0.34  �  0.02 a 
GR (nmol/min/mg protein) 216.73  �  10.12 a 213.83  �  9.76 a 86.74  �  4.19 b 149.28  �  7.33 c 146.34  �  7.29 c 171.25  �  8.37 c 
GPx (nmol/min/mg protein) 161.21  �  7.9 a 158.43  �  7.81 a 87.38  �  4.29 b 131.28  �  6.48 a 129.14  �  6.28 a 149.34  �  7.37 a 

  aValues normal control (Pa�0.05).
bValues differ signifi cantly from normal control (Pb�0.05).
cValues differ signifi cantly from b (Pc�0.05).
 Normal control: normal hepatocytes; CSB treated: hepatocytes treated with CSB; TBHP treated: hepatocytes treated with TBHP; 
CSB  �  TBHP: hepatocytes treated with CSB followed by TBHP exposure; CSB & TBHP: hepatocytes treated with CSB and TBHP 
simultaneously; and VitC  �  TBHP: hepatocytes treated with vitamin C followed by TBHP exposure. Data are mean  �  SD, for six sets 
per group and were analysed by one-way ANOVA, with Student-Newman-Keuls post-hoc tests. Differences were attributed at  p   �  0.05, 
and homogeneous sub-groups share common superscripted letters A.    
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Figure 6. Western blot analysis of MAPKs and NF-kB. p38 (A); ERK1/2 (B); Cytosolic and Nuclear NF-kB (C); Phospho and total 
IKKa/b, IkBa (D); Time-dependent effect of IkBa (E), in the normal and experimental hepatocyte. The relative intensities of bands were 
determined using NIH-image software. Cont: normal hepatocytes, CSB: hepatocytes treated with CSB, TBHP: TBHP-exposed hepatocytes, 
CSB � TBHP: hepatocytes treated with CSB prior to TBHP addition and CSB&TBHP: hepatocytes exposed to CSB and TBHP 
simultaneously. Data are mean � SD, for six sets per group and were analysed by one-way ANOVA, with Student-Newman-Keuls post-
hoc tests. Differences were attributed at p � 0.05 and homogeneous sub-groups share common superscripted letters.
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1 2 3 4 5 6

    Figure 7.     DNA fragmentation on agarose/ethydium bromide gel. 
DNA isolated from experimental hepatocytes was loaded onto 1% 
(w/v) agarose gels. Lane 1: Marker (1 kb DNA ladder); Lane 2: 
DNA isolated from normal hepatocytes; Lane 3: DNA isolated from 
CSB treated hepatocytes; Lane 4: DNA isolated from TBHP exposed 
hepatocytes; Lane 5: DNA isolated from hepatocytes treated with 
CSB prior to TBHP addition and Lane 6: DNA isolated from 
hepatocytes exposed to CSB and TBHP simultaneously.  

 
    Figure 8.     Effect of CSB and TBHP on percentage distribution of apoptotic and necrotic cells. Cell distribution analysed using Annexin V 
binding and PI uptake. The FITC and PI fl uorescence measured using fl ow cytometer with FL-1 and FL-2 fi lters, respectively. Results 
expressed as dot plot representing as one of the six independent experiments. Cont: normal hepatocytes, CSB: hepatocytes treated with 
CSB, TBHP: TBHP-exposed hepatocytes, CSB  �  TBHP: hepatocytes treated with CSB prior to TBHP addition; CSB&TBHP: hepatocytes 
exposed to CSB and TBHP simultaneously and VitC  �  TBHP: hepatocytes treated with vitamin C prior to TBHP addition.   

 Discussion 

 During the last few decades, interest in redox signal-
ling studies has been signifi cantly increased because 
of the involvement of reactive oxygen species (ROS) in 
cell growth, differentiation and death. ROS are usually 
known for their deleterious effects on macromole-
cules. Nucleic acids, proteins and membrane phos-
pholipids are damaged by these active species [35]. 
Fortunately, cells are enriched with antioxidants, which 
can react with ROS and neutralize them before they 
infl ict damage on vital components. Glutathione, ascor-
bic acid,   α  -tocopherol, thioredoxin and a number of 
antioxidant enzymes (like superoxide dismutase, glu-
tathione peroxidase catalase, etc.) are the endogenous 
agents which can detoxify ROS [36]. However, when 
the endogenous antioxidant mechanisms are over-
whelmed by ROS, oxidative stress occurs and ulti-
mately leads to necrotic or apoptotic cell death [37]. 
To avoid this unwanted pathophysiology, supplemen-
tation of antioxidants from outside is, therefore, 
necessary. 

 Antioxidant as well as anti-infl amatory properties 
of various types of CSB have already been reported 
in the literature. However, little is known about the 
benefi cial role of CSB in the organ pathophysiology. 
The present study was, therefore, designed to inves-
tigate the mode of action of a coumarin-derived anti-

this pathophysiology. Treatment with CSB either prior 
to or simultaneous with the toxin exposure prevented 
the TBHP-induced mitochondria-dependent cell 
death pathway.    

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



   Effect of CSB and TBHP in hepatocytes    633

oxidant molecule (CSB) against TBHP-induced cell 
death and to identify the signalling molecules involved 
in this process. 

 The free radical scavenging property of a molecule 
helps it to prevent a system against oxidative insult. 
Thus, before going into the cellular system we fi rst 
investigated the radical scavenging activity of CSB in 
the cell free system and found that CSB can effectively 
scavenge the free radicals like DPPH, super oxide, 
hydroxide, etc. 

 Cell viability is directly associated with the mem-
brane integrity as well as the structure of the cell mem-
brane. In the present study cellular damage was detected 

by measuring the percentage of cell viability as well as 
the activities of the membrane leakage enzymes, namely 
ALT and LDH. It has been observed that TBHP 
exposure reduced the percentage of cell viability and 
increased the activities of membrane leakage enzymes, 
ALT and LDH. TBHP-induced increased production 
of intracellular ROS was detected by the DCF forma-
tion. TBHP exposure increased the intracellular DCF 
production. Incubation of the hepatocytes with CSB 
both prior to and in combination with TBHP prevented 
the intracellular ROS production as well as loss in cell 
viability and kept the activities of ALT and LDH almost 
close to that of normal. 
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    Figure 9.     Western blot analysis of Bad and Bcl-2 (A); mitochondrial membrane potential (B); cytosolic cytochrome C (C) and the expression 
of cleaved caspase 3 (D) in the normal and experimental hepatocytes. The relative intensities of bands were determined using NIH-image 
software. Cont: normal hepatocytes, CSB: hepatocytes treated with CSB, TBHP: TBHP-exposed hepatocytes, CSB  �  TBHP: hepatocytes 
treated with CSB prior to TBHP addition and CSB&TBHP: hepatocytes exposed to CSB and TBHP simultaneously. Data are mean  �  SD, 
for six sets per group and were analysed by one-way ANOVA, with Student-Newman-Keuls post-hoc tests. Differences were attributed at 
 p   �  0.05 and homogeneous sub-groups share common superscripted letters.   
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 Antioxidant enzymes are considered to be the fi rst 
line of cellular defence which prevents the cellular 
ingredients from oxidative damage. Among the anti-
oxidant enzymes, SOD and CAT are the most impor-
tant enzymes against the toxic effects of oxygen 
metabolism. SOD quenches O 2   �   into the correspond-
ing H 2 O 2  and H 2 O [38]. CAT accelerates the dismu-
tation reaction of H 2 O 2  followed by the formation of 
H 2 O and O 2  [39]. GR and GPx also maintain the intra-
cellular redox status [40]. Thus, to eliminate free radicals, 
these cellular antioxidant enzymes play an important 
role. Under normal physiological conditions, equilib-
rium exists between these enzymes. However, this 
equilibrium is lost when the rate of production of 
intracellular ROS overwhelms the rate of elimination 
and consequently established the oxidative insult. In 
the present study, TBHP exposure caused reduction 
in the activities of antioxidant enzymes in the exper-
imental hepatocytes compared to normal and that 
alteration could be prevented by CSB treatment. 

 The glutathione-based antioxidant system plays a 
second line of cellular defense against ROS and 
other oxidant species [41]. The levels of GSH, 
GSSG and total thiols are additional indicators of oxi-
dative injury. During the metabolic action of GSH, its 
sulphydryl group becomes oxidized, resulting with 
the formation of corresponding disulphide com-
pound, GSSG (oxidized form). Thus, depletion of 
GSH content is associated with an increase in GSSG 
concentration, resulting with the depletion in GSH/
GSSG ratio. In the present study following TBHP 

intoxication, cellular glutathione redox status was 
greatly impaired, as indicated by a signifi cant decrease 
in the levels of GSH along with the increased level of 
its metabolite GSSG. Per oxidative damage of the 
membrane polyunsaturated fatty acids plays an 
important role in the generation of cellular dam-
age in TBHP-toxicity. It has been observed that 
TBHP intoxication induced a marked increased in 
the MDA (a stable metabolite of the free radical-
mediated lipid peroxidation cascade) as well as protein 
carbonyl level. Results of our study suggest that 
either pre- or simultaneous incubation of CSB 
decreased the level of TBHP-induced enhanced 
GSSG, normalized the GSH/GSSG ratio and also 
reduced the lipid peroxidation as well as protein 
carbonylation. 

 Oxidative stress induces the transcription of a vari-
ety of genes involved in the detoxifi cation of ROS or 
in the repair of ROS-induced damage. Increased pro-
duction of ROS activates the redox sensitive transcrip-
tion factors (TFs) induced signal transduction pathways 
which in turn leads to transcription of genes involved 
in the cell growth regulatory pathways. Among many 
transcription factors, NF-  k  B (nuclear factor   k  B) is 
known to be a rapidly induced stress-responsive one. 
NF-  k  B has been implicated in the gene regulation, 
related to cell proliferation, apoptosis, adhesion, immune 
and infl ammatory responses [42]. Phosphorylation at 
the multiple serine sites of p65 sub-unit increases the 
transcriptional activity of NF-  k  B in the nucleus where 
it binds to the DNA and induces gene expression [43]. 

 

    Figure 10. Schematic diagram of the protective role of CSB against TBHP-induced oxidative stress-induced signalling cascades.   
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the mitochondria-dependent cell death. There are two 
classes of reciprocal regulatory proteins in the Bcl-2 
family: the anti-apoptotic members (e.g. Bcl-2, 
Bcl-xL) protect the cells from apoptosis, whereas the 
pro-apoptotic members (e.g. Bax, Bad) promote the 
pro grammed cell death. Action of Bcl-2 family proteins 
on mitochondria causes the release of cytochrome C 
from mitochondria to the cytosol. In the cytosol, cyto-
chrome C interacts with Apaf1 and procaspase-9 to 
form the apoptosome that triggers the activation of 
caspase-3. In our study we observed that, in agree-
ment with the DNA fragmentation and FACS analy-
sis, TBHP exposure up-regulated the pro-apoptotic 
(Bad) and down-regulated anti-apoptotic (Bcl-2) 
members of Bcl-2 proteins. Alteration in the Bcl-2/
Bad ratio caused reduction in mitochondrial mem-
brane potential, release of cytochrome C and sub-
sequently activated the cell death executor caspases 
(e.g. cleaved caspase 3). CSB treatment, however, 
prevented TBHP-induced alteration in the Bcl-2/Bad 
ratio and mitochondria-dependent cell death. 

 In conclusion we would like to state that incubation 
of hepatocytes with TBHP caused an alteration in the 
cellular antioxidant status and induced apoptic cell death 
via mitochondrial dependent as well as independent 
pathways. Treatment with CSB both prior to or in 
combination with the TBHP kept that antioxidant 
status quite similar to that of normal and prevented 
the apoptotic signalling pathways. The radical scav-
enging activity of CSB mainly helps the molecule to 
prevent the TBHP-induced oxidative insult and cell 
death (Figure 10). However, further studies are nec-
essary to investigate the prophylactic role of CSB in 
oxidative stress-induced organ pathophysiology. 
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