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Abstract

 

Background/Aims:

 

Oxidative stress has been implicated in liver cirrhosis. Carbon tetra-
chloride and thioacetamide are the most widely used models to develop cirrhosis in rats and
the present study compares oxidative stress in the liver induced by these compounds at
different stages of cirrhosis development.

 

Methods:

 

Twice-weekly intragastric or intraperitoneal administration of carbon tetrachlo-
ride or thioacetamide, respectively, produced liver cirrhosis after 3 months. Histology,
serum markers and hepatic hydroxy proline content confirmed the cirrhosis.

 

Results:

 

An increase in oxidative stress parameters was seen in mitochondria, peroxi-
somes and microsomes from the liver after carbon tetrachloride or thioacetamide treat-
ment. Oxidative stress was more severe in carbon tetrachloride treated animals than
thioacetamide. Mild oxidative stress was evident at 1 and 2 months of treatment and a
significant increase was seen by 3 months of treatment with either compound. By this time,
frank liver cirrhosis was also observed.

 

Conclusions:

 

These results suggest that evidence of oxygen free radicals is also found
early in the development of fibrosis and cirrhosis in both models.

 

Introduction

 

Liver cirrhosis is an advanced stage of progressive fibrosis due to
chronic ongoing liver injury and is associated with two important
cellular events: continuous hepatocyte loss and activation of
hepatic stellate cells. Activation of stellate cells is associated with
increased extracellular matrix production, which surrounds the
regenerating hepatocytes.

 

1,2

 

 The development of liver fibrosis or
cirrhosis is associated with increased morbidity and mortality.

 

3

 

Oxidative stress has been implicated in the process of fibrogenesis
and many etiological agents of fibrogenesis stimulate free radical
reactions.

 

4

 

 It is also well known that oxidative stress plays an
important role in the pathogenesis of toxic liver injury and other
hepatic alterations.

 

5

 

Cirrhosis is induced in rats by administering various hepatotox-
ins such as carbon tetrachloride (CCl

 

4

 

), thioacetamide (TAA),
ethionine, dimethyl nitrosamine or through common bile duct
obstruction. Among these, CCl

 

4

 

 and TAA are the most widely used
compounds to develop liver cirrhosis in rats and these models are
known to mimic human cirrhosis caused by different etiologies.
Mitochondrial structure and function are altered in the liver from
humans and rats with liver cirrhosis and the appearance of giant

mitochondria in patients with alcohol-related cirrhosis is well
documented.

 

6

 

 Studies have also shown that mitochondrial adenos-
ine triphosphate (ATP) production is reduced in rats treated with
CCl

 

4

 

 or TAA to induce cirrhosis.

 

7,8

 

 Liver cirrhosis results in
nuclear and endoplasmic reticulum alterations, which have been
seen in human as well as in animal models. Peroxisomal prolifer-
ation and a decrease in liver microsomal phospholipid and fatty
acids along with altered cholesterol/phospholipid ratio has also
been reported.

 

9,10

 

Thus, it is evident that dysfunction of subcellular organelles
such as mitochondria and microsomes occur in liver cirrho-
sis.

 

11,12

 

 Although the induction of liver cirrhosis by both CCl

 

4

 

and TAA is free radical mediated, the role of oxidative stress in
subcellular alterations during development of cirrhosis is not
known. We hypothesized that generation of oxygen free radi-
cals during treatment with CCl

 

4

 

 or TAA would result in oxida-
tive stress in various subcellular organelles in the liver, which
gradually would lead to liver cirrhosis. This hypothesis was
tested in an animal model by comparing the effects of CCl

 

4

 

 and
TAA on oxidative stress, both in the liver as a whole and in
individual organelles at different stages of development of the
disease.
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Methods

 

Adenosine diphosphate (ADP), dimethyl sulfoxide (DMSO),
MTT (3-[4.5-dimethyl thiazol-2-y;]-2,5-diphenyltetrazolium
bromide), 1,1

 

′

 

,3,3

 

′

 

-tetramethoxy propane, Tris (hydroxymethyl)
aminomethane (Tris), N-[2-hydroxyethyl] piperazine-n

 

′

 

-[2-
ethanesulfonic acid] (HEPES), thiobarbituric acid (TBA), dithio-
bis-(2-nitrobenzoic acid) (DTNB), 2,4-dinitrophenyl hydrazine
(DNPH), Arsenazo III, sodium pyruvate, 

 

α

 

-ketoglutarate, parani-
trophenyl phosphate, xanthine, xanthine oxidase, Triton X-100,
bathochloro sulfonic acid and 4-hydroxy proline were obtained
from Sigma Chemical (St Louis, MO, USA). All other chemicals
used were of analytical grade.

 

Animals

 

Adult Wistar rats of both the sexes (125–150 g), exposed to a daily
12 h light/dark cycle and fed water and rat chow 

 

ad libitum

 

, were

used for this study. Four groups of animals (controls, phenobarbi-
tone controls, CCl

 

4

 

 treated and TAA treated) were used and each
consisted of five rats. This study was approved by The Animal
Experimentation Ethics Committee of the institution.

 

Induction of liver cirrhosis in rats

 

Cirrhosis was induced by administering CCl

 

4

 

 or TAA. For CCl

 

4

 

-
induced cirrhosis, rats were treated with phenobarbitone (35 mg/
dL) in tap water, which was the only source of drinking water for
14 days before initiation of the experiment. Phenobarbitone is
used to induce the mixed function oxidase system, which enhances
the metabolism of CCl

 

4

 

 to increase the severity of liver cirrhosis.
Intragastric instillation of CCl

 

4

 

 in coconut oil was performed using
a 2.5 mL syringe attached to 2 mm-diameter tygon tubing, twice a
week under light halothane anesthesia. The initial dose of CCl

 

4

 

 per
rat was 40 

 

µ

 

L for the first 2 weeks and increased to 80 

 

µ

 

L from the

 

Figure 1

 

Light microscopy of liver from rats
treated with carbon tetrachloride (CCl

 

4

 

) and
thioacetamide (TAA). (a)Liver from control rats;
(b) liver from rats given phenobarbitone alone;
(c, e, g) liver from rats treated with CCl

 

4

 

 at 1, 3
and 5 months, respectively; (d, f, h) liver from
rats treated with TAA at 1, 3 and 5 months,
respectively. Original magnification 

 

×

 

30.
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third week onwards. If the rat lost more than 5 g in 3 days, then the
subsequent two doses were decreased to 40 or 60 

 

µ

 

L based on
severity of change in body weight. Control animals received phe-
nobarbitone, along with coconut oil alone without CCl

 

4

 

.

 

13

 

For TAA-induced cirrhosis, rats were administered intraperito-
neal injections of TAA (200 mg/kg, ip) in saline twice a week for
1, 2, 3, 4 and 5 months. Control rats received vehicle alone.

 

14

 

Animals were killed at different periods after CCl

 

4

 

 and TAA
treatment; namely at 1, 2, 3, 4 and 5 months. For each treatment
period, the animals were killed 7 days after TAA or its vehicle was
stopped or 10 days after CCl

 

4

 

 or its vehicle was stopped.

 

Histology

 

Liver tissue was fixed in 10% buffered formalin and processed.
Four-micron sections were cut and stained with hematoxylin and
eosin and observed under light microscope. Van Gieson technique
was used to stain collagen.

 

Isolation of liver mitochondria, peroxisomes and 
microsomes

 

Liver was homogenized with 8 volumes of homogenization
buffer containing 230 mmol/L mannitol, 70 mmol/L sucrose, and
3 mmol/L HEPES and 1 mmol/L EDTA, pH-7.4 using a Porter-
Elvejhem homogenizer. Subcellular organelles were prepared by
differential centrifugation. Briefly, the liver homogenate was first

 

Figure 2

 

Light microscopy of liver after 3 months of treatment with:
(a) carbon tetrachloride (CCl

 

4

 

), showing fatty change; and (b) thioaceta-
mide (TAA), showing apoptotic bodies. Original magnification 

 

×

 

130.

a

b

 

Figure 3

 

Van Gieson stain for collagen showing fibrous nodules after
3 months of treatment with: (a) carbon tetrachloride (CCl

 

4

 

); and (b)
thioacetamide (TAA). Original magnification 

 

×

 

13.

a

b
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centrifuged at 600 

 

g

 

 for 10 min to remove cell debris and mito-
chondria were pelleted at 15 000 

 

g

 

 for 5 min and washed twice
with mitochondrial suspension buffer containing 230 mmol/L
mannitol, 70 mmol/L sucrose and 3 mmol/L HEPES at pH 7.4.

 

15

 

The post-mitochondrial supernatant was then centrifuged at
39 000 

 

g

 

 for 10 min to isolate the fraction containing peroxisomes,
which was resuspended in 250 mmol/L sucrose containing
1 mmol/L EDTA and 10 mmol/L Tris HCl (pH 7.3). This suspen-
sion was again centrifuged at 15 000 

 

g

 

 for 10 min to remove
mitochondrial contamination and the supernatant centrifuged at
39 000 

 

g

 

 for isolating peroxisomes.

 

16

 

 The post-peroxisomal super-
natant was centrifuged at 105 000 

 

g

 

 for 1 h to pellet microsomes,
which were finally suspended in 1.15% isotonic KCl solution.

 

17

 

Purity of the subcellular fractions was assessed by measuring
marker enzymes.

 

Estimation of hydroxy proline

 

Hepatic hydroxy proline content was measured as described pre-
viously.

 

18

 

 The amount of hydroxy proline was calculated using

standard curve obtained from commercial hydroxy proline and
expressed as 

 

µ

 

g of hydroxy proline per g wet weight of liver tissue.

 

Serum parameters

 

Serum separated from the blood obtained by direct heart puncture
was used for the assay of alanine amino transferase, aspartate
amino transferase,

 

19

 

 alkaline phosphatase,

 

20

 

 total bilirubin

 

21

 

 and
total protein.

 

22

 

Assessment of mitochondrial function

 

Mitochondrial function was assessed by oxygen uptake, mito-
chondrial swelling, MTT reduction, and calcium flux measure-
ments. Oxygen uptake was determined polarographically using a
Clark-type electrode in 3 mL respiration medium (150 mmol/L
sucrose, 1 mmol/L KH

 

2

 

 PO

 

4,

 

 10 mmol/L Tris, 5 mmol/L MgCl

 

2,

 

20 mmol/L KCl, pH 7.4) containing 5 mmol/L succinate as
respiratory substrate. A mitochondrial protein of 1–2 mg/mL was
used. Oxygen uptake was stimulated with 0.3 mmol/L adenosine

 

Figure 4

 

Serum marker enzymes in (

 

�

 

) car-
bon tetrachloride (CCl

 

4

 

) and (

 

�

 

) thioacetamide
(TAA) treated rats at 1–5 months, compared
with (

 

�

 

) phenobarbitone treated controls: (a)
alanine amino transferase; (b) aspartate amino
transferase; (c) alkaline phosphatase; (d) total
bilirubin; (e) total protein; and (f) hepatic
hydroxy proline content. Each value represents
mean 

 

±

 

 SD from five separate experiments.
*

 

P

 

 

 

<

 

 0.05, when compared to control;
#

 

P

 

 

 

<

 

 0.05, when compared to TAA.
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di-phosphate. Oxygen uptake during both state 3 (in presence of
ADP and succinate) and state 4 (in presence of succinate alone)
respiration were measured and the ratio of state 3/state 4 respira-
tory rate used to calculate the respiratory control ratio.

 

23

 

 Mito-
chondrial swelling was determined by the decrease in absorbance
at 540 nm up to 7 min in a spectrophotometer.

 

24

 

MTT reduction was performed using a microplate reader as
described previously.

 

25

 

 Briefly, mitochondria corresponding to
150–200 

 

µ

 

g protein were taken, 6 

 

µ

 

L of 1.25 mmol/L MTT
added, and the volume made up with 25 mmol/L phosphate-
buffered saline to 150 

 

µ

 

L in each well. Plates were incubated at
37

 

°

 

C for 20 min followed by the addition of 150 

 

µ

 

L of dimethyl
sulfoxide and mixed thoroughly to dissolve the formazan formed.
The plates were read on a multiwell scanning spectrophotometer
at 570 nm. The amount of MTT formazan formed was calculated
from the standard curve prepared using authentic MTT formazan.
Calcium flux measurement was done by quantitation of changes in
absorption spectrum of Arsenazo III at 675/685 nm. Mitochondria
were suspended in a medium containing 230 mmol/L mannitol,
70mmol/L sucrose, 5 mmol/L HEPES, 5 mmol/L succinate and
40 

 

µ

 

mol/L Arsenazo III, pH 7.4. A concentration of 10 

 

µ

 

mol/L
calcium was added to the reaction medium to initiate the flux
studies.

 

26

 

Oxidative stress parameters

 

Mitochondria, peroxisomes and microsomes were used for assess-
ment of oxidative stress parameters. Malonaldehyde (MDA) was
measured using the thiobarbituric acid method.

 

27

 

 The amount of

MDA formed was calculated from the standard curve prepared
using 1,1

 

′

 

,3,3

 

′

 

 tetramethoxypropane and values were expressed as
nanomoles/milligram protein. For conjugated diene measurement,
total lipids were extracted as described,

 

28

 

 dissolved in 1 mL hep-
tane, and read at 233 nm and expressed as nanomoles/milligram
protein using a molar absorption coefficient of 2.52 

 

×

 

 10

 

4

 

. Protein
carbonyl content formed was measured using 2,4-dinitrophenyl
hydrazine and calculated using a molar extinction coefficient of
22 mmol/L per cm.

 

29

 

 Total thiol content was measured using
DTNB and expressed as nanomoles/milligram of protein.

 

30

 

 Protein
was estimated by Lowry’s method using bovine serum albumin as
a standard.

 

22

 

Enzyme assays

 

Catalase activity was estimated by measuring the change in
absorbance at 240 nm using hydrogen peroxide as substrate.

 

31

 

Glutathione peroxidase,

 

32

 

 glutathione reductase,

 

33

 

 glutathione S-
transferase

 

34

 

 and superoxide dismutase

 

35

 

 were measured in the
homogenate as described and expressed as units/milligram of pro-
tein (units are expressed as 

 

µ

 

mol/min).

 

Statistical analysis

 

Data are expressed as mean 

 

±

 

 SD. Statistical analysis was per-
formed with the non-parametric Mann–Whitney test. A 

 

P

 

-value of

 

<

 

0.05 was taken to indicate statistical significance. Statistical
calculations were performed using 

 

SPSS

 

 software for Windows
(Version 9.0; SPSS, Chicago, IL, USA).

 

Figure 5

 

Oxidative stress parameters in liver
homogenate from (

 

�

 

) carbon tetrachloride
(CCl

 

4

 

) and (

 

�

 

) thioacetamide (TAA) treated rats
at 1–5 months, compared with (

 

�) phenobarbi-
tone treated controls: (a) malonaldehyde; (b)
conjugated diene; (c) total thiol; and (d) protein
carbonyl content. Each value represents mean
± SD from five separate experiments.
*P < 0.05, when compared to control;
#P < 0.05, when compared to TAA.
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Results

Light microscopy

Control livers showed normal liver architecture. Hepatocytes and
portal tracts show no significant changes  (Fig. 1a,b). One month
after CCl4 treatment, small fibrous septae were seen to extend from
the portal tracts into the liver parenchyma. There was focal bal-
looning degeneration and focal macro and microvesicular fatty
change of hepatocytes. Regenerative nodules were also seen
(Fig. 1c). Liver of rats treated with TAA also showed fibrous
septae extending from the portal tract with early cirrhosis in one
rat. Ballooning degeneration was present, but fatty change was not
prominent (Fig. 1d).

At 3 months, rats treated with CCl4 showed cirrhosis with the
formation of nodules, separated by thin and moderately thick
septae infiltrated by moderate numbers of inflammatory cells and
fibroblasts with proliferating bile ductules (Fig. 1e). Rats treated
with TAA also showed cirrhosis at 3 months (Fig. 1f), but the
septae were narrower with less collagen than those seen with CCl4

( Fig. 2).

At 5 months, livers of rats treated with CCl4 showed changes
similar to those seen at 3 months but with more uniformly thick
septae (Fig. 1g). The rats treated with TAA also showed changes
similar to those seen at 3 months, but with decreased cellularity of
the septae (Fig. 1h).

Examination at higher magnification revealed fatty change and
ballooning degeneration at 3 months after CCl4 treatment
(Fig. 3a). Apoptotic bodies were also evident in the nodules in one
of the rats after TAA treatment at this time point (Fig. 3b), which
were also present at 5 months.

Serum markers

Serum markers for liver cirrhosis such as alanine aminotransferase
and aspartate aminotransferase increased within 1 month after
treatment and continued to be elevated, while alkaline phosphatase
and total bilirubin increased gradually from 1 to 5 months in rats
treated with CCl4 or TAA as compared to the phenobarbitone
controls ( Fig. 4). The alanine aminotransferase activity was sig-
nificantly higher after 3 months of CCl4 as compared to TAA-
treated animals, whereas in alkaline phosphatase activity, the

Figure 6 Antioxidant enzymes in liver homo-
genate from (�) carbon tetrachloride (CCl4) and
(�) thioacetamide (TAA) treated rats at 1–5
months, compared with (�) phenobarbitone
treated controls: (a) catalase; (b) glutathione
reductase; (c) glutathione peroxidase; (d) glu-
tathione S-transferase; and (e) superoxide dis-
mutase. Each value represents mean ± SD
from five separate experiments. *P < 0.05,
when compared to control; #P < 0.05, when
compared to TAA.
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increase was significant from 1 month to 5 months of CCl4 treat-
ment, when compared to TAA treated animals.

In addition, serum total protein concentration decreased signifi-
cantly at 3 months and stayed low until 5 months of treatment in
both CCl4 and TAA-treated groups (Fig. 4e). Hepatic hydroxy

proline content (an indicator of fibrosis) was elevated in rats
treated with CCl4 or TAA when compared to phenobarbitone con-
trols. In rats treated with CCl4, the levels gradually increased from
2 months, peaking at 3 months after treatment and staying ele-
vated until the end of the study. However, in TAA-treated rats, the

Figure 7 Mitochondrial functional parameters
in (�) carbon tetrachloride (CCl4) and (�) thio-
acetamide (TAA) treated rats at 1–5 months,
compared with (�) phenobarbitone treated
controls: (a) respiratory control ratio; (b) MTT
reduction; and (c) mitochondrial swelling. (d)
Calcium flux: (…) 1 month; (––) 2 months; (- - -)
3–5 months. Each value represents mean ± SD
from five separate experiments. *P < 0.05,
when compared to control; #P < 0.05, when
compared to TAA.

Figure 8 Oxidative stress parameters in liver
mitochondria (�) carbon tetrachloride (CCl4)
and (�) thioacetamide (TAA) treated rats at 1–5
months, compared with (�) phenobarbitone
treated controls: (a) malonaldehyde; (b) conju-
gated diene; (c) total thiol; and (d) protein carbo-
nyl content. Each value represents mean ± SD
from five separate experiments. *P < 0.05,
when compared to control; #P < 0.05, when
compared to TAA.
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levels increased gradually from 2 to 5 months of treatment
(Fig. 4f). This agrees with the histological data with collagen
staining, which showed significant fibrosis at 3 months after CCl4

treatment.

Oxidative stress parameters

Oxidative stress was evident in liver homogenate in both models at
all time points, as assessed by an increase in peroxidation parame-
ters such as malonaldehyde, conjugated diene and protein carbon-
yls, and a decrease in thiol content as compared to the
phenobarbitone controls. Between the models, the liver homoge-
nate levels of conjugated diene and protein carbonyls were slightly
higher with CCl4 treatment than TAA, at 3, 4 and 5 months
(Fig. 5).

Liver antioxidant enzymes such as catalase, superoxide dismu-
tase, glutathione peroxidase and glutathione reductase activities
were decreased gradually starting at 1 month and continuing until
5 months of CCl4 or TAA treatment as compared to phenobarbi-
tone treated controls, whereas glutathione S-transferase activity
was increased with duration of treatment ( Fig. 6). The decrease in
the activity of the antioxidant enzyme catalase was marked in fully
developed liver cirrhosis. The decreased activity of glutathione
peroxidase and increased activity of glutathione S-transferase
were found to be less severe at 2 months in TAA-treated rats as
compared to CCl4-treated rats (Fig. 6c,d).

Mitochondrial function

Mitochondrial swelling in liver cirrhosis has been documented in
human patients as well as in different animal models of liver
cirrhosis. In the present study, mitochondrial functional alterations
such as decreased respiratory control ratio, increased swelling,

increased MTT reduction and altered calcium flux were seen in
CCl4 and TAA-treated groups and these changes were maximum at
3 months and maintained up to 5 months of treatment ( Fig. 7).

Impaired mitochondrial function is likely to be due to the
generation of free radicals from the hepatotoxins administered.
Measurement of oxidative stress parameters in the mitochondria
(Fig. 8) and microsomes (Fig. 9) showed an increase in
malonaldehyde, conjugated diene and protein carbonyls and a
decrease in thiol content after 3 months in both CCl4 and TAA-
treated rats as compared to phenobarbitone controls and these
increases continued to be present until 5 months of treatment. The
protein carbonyl content in microsomes isolated from CCl4-treated
animals was slightly higher than in the TAA-treated animals after
3 months, but there was no difference after 4 months of treatment
(Fig. 9d).

Peroxisomes are membrane-enclosed organelles, which per-
form a variety of biochemical functions such as biosynthesis of
bile acids, plasmologens, cholesterol and oxidation of very long
chain fatty acids. Oxidative stress, as indicated by an increase in
malonaldehyde, conjugated diene and protein carbonyls along
with a decrease in thiol content, was evident in peroxisomes from
rat liver after treatment with both hepatotoxins, beginning at
2 months and reaching a maximum at 5 months of treatment
(Fig. 10). The activity of the antioxidant enzyme catalase, which is
abundantly present in peroxisomes, was decreased significantly in
rats treated with either TAA or CCl4 as compared to control
(Fig. 10e).

The small changes seen in the oxidative stress parameter values
at various time periods between CCl4 and TAA in subcellular
organelles such as mitochondria, microsomes and peroxisomes
were not statistically significant except the above mentioned one.
There was no difference between the control and phenobarbitone
controls in all the parameters we assessed.

Figure 9 Oxidative stress parameters in liver
microsomes from (�) carbon tetrachloride
(CCl4) and (�) thioacetamide (TAA) treated rats
at 1–5 months, compared with (�) phenobarbi-
tone treated controls: (a) malonaldehyde; (b)
conjugated diene; (c) total thiol; and (d) protein
carbonyl content. Each value represents
mean ± SD from five separate experiments.
*P < 0.05, when compared to control;
#P < 0.05, when compared to TAA.
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Discussion

Liver cirrhosis is a pathological condition that reflects irreversible
chronic injury of hepatic parenchyma in association with extensive
fibrosis.36 Once cirrhosis is established, hepatic architecture is
altered, compromising the intrahepatic anatomy, leading to
marked portal and systemic hemodynamic alterations. Both CCl4

and TAA-induced cirrhosis are used for hemodynamic studies as a
model of intrahepatic portal hypertension.14,37 Administration of
TAA in drinking water has been shown to be a simple and reliable
method of inducing experimental liver cirrhosis, especially when
compared to the intragastric administration of CCl4. However,
histological analysis has revealed that severe cirrhotic changes
occur 30 weeks after administration of TAA, while changes are
evident at 12 weeks after commencement of CCl4 treatment.38–40 In
our model, intraperitoneal injection of TAA for 12 weeks resulted
in marked regenerative nodules and fibrosis, characteristic of
human liver cirrhosis.14 By 5 months after treatment, development
of liver cirrhosis was similar in both the models, where micronod-
ular cirrhosis was evident in CCl4 and the macronodular form in

TAA treated rats. The earlier increase in hydroxy proline content,
indicating development of fibrosis, in the CCl4 treated animals
may reflect the altered collagen accumulation in micronodular
cirrhosis, compared to the macronodular form evident after TAA
treatment.41,42 Earlier studies have demonstrated functional
differences in liver macrophages isolated from micro or macron-
odular cirrhosis. Macrophages from rat livers with micronodular
and macronodular cirrhosis differ with respect to mediator release
and DNA-synthesis.43

Oxygen free radicals have been implicated in the pathophysiol-
ogy of liver cirrhosis. Free radicals generated by the electron
transport chain during experimental liver cirrhosis have been
shown to damage microsomes and mitochondria.44 Although oxi-
dative stress in fully developed liver cirrhosis has been well docu-
mented, very little information is available on the role of these
reactive oxygen species during and after development of cirrhosis
and their effect on different subcellular organelles. The present
study looked at the role of these reactive species during develop-
ment of liver cirrhosis, where oxidative stress was assessed
2 months before cirrhosis was histologically evident, as well as

Figure 10 Oxidative stress parameters in
liver peroxisomes from (�) carbon tetrachloride
(CCl4) and (�) thioacetamide (TAA) treated rats
at 1–5 months, compared with (�) phenobarbi-
tone treated controls: (a) malonaldehyde; (b)
conjugated diene; (c) total thiol; (d) protein car-
bonyl content; and (e) catalase. Each value
represents mean ± SD from five separate
experiments. *P < 0.05, when compared to
control; #P < 0.05, when compared to TAA.
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2 months following establishment of cirrhotic changes. In our
study, the gradual increase in oxidative stress parameters in the
subcellular organelles such as mitochondria and microsomes, sug-
gest that reactive oxygen species are generated early during devel-
opment of liver cirrhosis. However, oxidative stress has been
shown to occur in other liver diseases such as NASH45 and
hepatitis46 and it is not yet clear if these active species are a result
or cause of liver injury.

The oxidative stress changes were more evident in CCl4-
induced cirrhosis compared to TAA. The difference in the severity
of oxidative stress seen between the treatments may be a reflection
of the differences in their metabolism. The CCl4 metabolism
involves the homolytic breaking of the C–Cl bond, leading to the
formation of free radicals, whereas TAA exerts its action by
metabolizing to acetamide shortly after administration and to the
hepatotoxic thioacetamide S-oxide by the mixed function oxidase
system.47,48 Although antioxidant enzymes were affected during
development of cirrhosis, there were no significant changes in
liver antioxidant enzymes between these two models once
cirrhosis was well established, after 5 months of CCl4 and TAA
treatment.

In addition to mitochondrial and microsomal changes, per-
oxisomal alterations have also been reported in cirrhosis.
Morphometric analysis in patients with liver cirrhosis showed an
increased number of peroxisomes with compensatory decrease in
mean peroxisomal diameter, forming large perinuclear aggregates
in the cytoplasm.49,50 In our study, the gradual increase in the
levels of lipid and protein peroxidation parameters in peroxisomes
as evidenced by increased malondialdehyde, conjugated diene
and protein carbonyl content, was significant after the second
month of treatment, in both CCl4 and TAA-treated animals. In
addition, the decrease in activity of catalase, which is localized in
peroxisomes in both the models, suggests that this organelle is an
important target for oxidative stress during development of cirrho-
sis. This is in agreement with an earlier report in patients with
liver cirrhosis, which demonstrated a decrease in catalase activity
in addition to changes in other peroxisomal enzymes involved in
β-oxidation.51

In conclusion, this study has compared the development of
cirrhosis in two commonly used animal models. Increased oxida-
tive stress was evident in the liver as well as in subcellular
organelles such as mitochondria, microsomes and peroxisomes in
both models. This was minimal in the first month, gradually
increasing at 2 months and showing maximal alterations at
3 months of treatment, when frank cirrhosis was evident histolog-
ically. The oxidative stress was more prominent in CCl4-treated
rats when compared to TAA treatment, probably reflecting their
different metabolism in the liver. Thus, these studies suggest that
in addition to alterations seen late in the disease, evidence of
oxygen free radicals is also found early in the development of
fibrosis and cirrhosis.

Acknowledgments
The Wellcome Trust Research Laboratory is supported by the
Wellcome Trust, London. The financial assistance from the
Indian Council of Medical Research and Council for Scientific
and Industrial Research, Government of India, is gratefully
acknowledged.

References
1 Parola M, Robino G. Oxidative stress-related molecules and liver 

fibrosis. J. Hepatol. 2001; 35: 297–306.
2 Wright MC, Issa R, Smart DE et al. Gliotoxin stimulates the apoptosis 

of human and rat hepatic stellate cells and enhances the resolution of 
liver fibrosis in rats. Gastroenterology 2001; 121: 685–98.

3 Anselmi K, Subbotin VM, Nemoto E, Gandhi CR. Accelerated rever-
sal of carbon tetrachloride-induced cirrhosis in rats by the endothelin 
receptor antagonist TAK-044. J. Gastroenterol. Hepatol. 2002; 17: 
589–97.

4 Poli G, Parola M. Oxidative damage and fibrogenesis. Free Radic. 
Biol. Med. 1997; 22: 287–305.

5 Feher J, Lengyel G, Blazovics A. Oxidative stress in the liver and 
biliary tract diseases. Scand. J. Gastroenterol. Suppl. 1998; 228: 
38–46.

6 Diaz Gil J, Rossi I, Escartin P, Segovia JM, Gosalvez M. Mitochon-
drial functions and content of microsomal and mitochondrial cyto-
chromes in human cirrhosis. Clin. Sci. Mol. Med. 1977; 52: 599–606.

7 Krahenbuhl S, Stucki J, Reichen J. Mitochondrial function in carbon 
tetrachloride-induced cirrhosis in the rat. Qualitative and quantitative 
defects. Biochem. Pharmacol. 1989; 38: 1583–8.

8 Hernandez-Munoz R, Diaz-Munoz M, Chagoya de Sanchez V. Effects 
of adenosine administration on the function and membrane composi-
tion of liver mitochondria in carbon tetrachloride-induced cirrhosis. 
Arch. Biochem. Biophys. 1992; 294: 160–7.

9 Fontana L, Moreira E, Torres MI et al. Dietary nucleotides correct 
plasma and liver microsomal fatty acid alterations in rats with liver 
cirrhosis induced by oral intake of thioacetamide. J. Hepatol. 1998; 28: 
662–9.

10 Nozu F, Takeyama N, Tanaka T. Changes of hepatic fatty acid metab-
olism produced by chronic thioacetamide administration in rats. Hepa-
tology 1992; 15: 1099–106.

11 Krahenbuhl S, Reichen J. Adaptation of mitochondrial metabolism in 
liver cirrhosis. Different strategies to maintain a vital function. Scand. 
J. Gastroenterol. Suppl. 1992; 193: 90–6.

12 Muller D, Sommer M, Kretzschmar M et al. Lipid peroxidation in 
thioacetamide-induced macronodular rat liver cirrhosis. Arch. Toxicol. 
1991; 65: 199–203.

13 Proctor E, Chatamra K. High yield micronodular cirrhosis in the rat. 
Gastroenterology 1982; 83: 1183–90.

14 Hori N, Okanoue T, Sawa Y, Mori T, Kashima K. Hemodynamic 
characterization in experimental liver cirrhosis induced by thioaceta-
mide administration. Dig. Dis. Sci. 1993; 38: 2195–202.

15 Johnson D, Lardy H. Isolation of mitochondria from rat liver. Methods 
Enzymol. 1967; 10: 94.

16 Umeda-Sawada R, Ogawa M, Nakamura M, Igarashi O. Effect of 
sesamin on mitochondrial and peroxisomal beta-oxidation of 
arachidonic and eicosapentaenoic acids in rat liver. Lipids 2001; 36: 
483–9.

17 Omura T, Sato R. The carbon monoxide-binding pigment of liver 
microsomes. II: Solubilization, purification, and properties. J. Biol. 
Chem. 1964; 239: 2379–85.

18 Jamall IS, Finelli VN, Que Hee SS. A simple method to determine 
nanogram levels of 4-hydroxyproline in biological tissues. Anal. Bio-
chem. 1981; 112: 70–5.

19 Reitman S, Frankel S. A colorimetric method for the determination of 
serum glutamic oxalacetic and glutamic pyruvic transaminases. Am. J. 
Clin. Pathol 1957; 28: 56–63.

20 Dorai DT, Bachhawat BK. Purification and properties of brain alkaline 
phosphatase. J. Neurochem. 1977; 29: 503–12.

21 Shihabi ZK, Scaro J. A modified Malloy-Evelyn procedure for total 
bilirubin in microsamples. Am. J. Med. Technol. 1977; 43: 1004–7.

22 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measure-
ment with the Folin phenol reagent. J. Biol. Chem. 1951; 193: 265–75.



SK Natarajan et al. Oxidative stress in cirrhosis development

Journal of Gastroenterology and Hepatology 21 (2006) 947–957 957

© 2006 Journal of Gastroenterology and Hepatology Foundation and Blackwell Publishing Asia Pty Ltd

23 Madesh M, Ramachandran A, Balasubramanian KA. Nitric oxide pre-
vents anoxia-induced apoptosis in colonic HT29 cells. Arch. Biochem. 
Biophys. 1999; 366: 240–8.

24 Takeyama N, Matsuo N, Tanaka T. Oxidative damage to mitochondria 
is mediated by the Ca (2+)-dependent inner-membrane permeability 
transition. Biochem. J. 1993; 294: 719–25.

25 Madesh M, Bhaskar L, Balasubramanian KA. Enterocyte viability and 
mitochondrial function after graded intestinal ischemia and reperfu-
sion in rats. Mol. Cell. Biochem. 1997; 167: 81–7.

26 Scarpa A. Measurements of cation transport with metallochromic indi-
cators. Methods Enzymol. 1979; 56: 301–38.

27 Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal 
tissues by thiobarbituric acid reaction. Anal. Biochem. 1979; 95: 
351–8.

28 Chan HW, Levett G. Autoxidation of methyl linoleate. Separation and 
analysis of isomeric mixtures of methyl linoleate hydroperoxides and 
methyl hydroxylinoleates. Lipids 1977; 12: 99–104.

29 Sohal RS, Agarwal S, Dubey A, Orr WC. Protein oxidative damage is 
associated with life expectancy of houseflies. Proc. Natl. Acad. Sci. 
USA 1993; 90: 7255–9.

30 Habeeb AFSA. Reaction of protein sulfhydryl groups with Ellman’s 
reagent. Methods Enzymol. 1972; 25: 457.

31 Aebi H. Catalase in vitro. Methods Enzymol. 1984; 105: 121–6.
32 Zakowski JJ, Tappel AL. Purification and properties of rat liver mito-

chondrial glutathione peroxidase. Biochim. Biophys. Acta 1978; 526: 
65–76.

33 Racker E. Glutathione reductase (liver and yeast). Methods Enzymol. 
1955; 2: 722–5.

34 Awasthi YC, Dao DD, Saneto RP. Interrelationship between anionic 
and cationic forms of glutathione S-transferases of human liver. Bio-
chem. J. 1980; 191: 1–10.

35 Ohkuma N, Matsuo S, Tsutsui M, Ohkawara A. [Superoxide dismutase 
in the epidermis]. Nippon Hifuka Gakkai Zasshi 1982; 92: 583–90 (in 
Japanese).

36 Ramachandran A, Balasubramanian KA. Intestinal dysfunction in liver 
cirrhosis: Its role in spontaneous bacterial peritonitis. J. Gastroenterol. 
Hepatol. 2001; 16: 607–12.

37 Wyke RJ. Problems of bacterial infection in patients with liver disease. 
Gut 1987; 28: 623–41.

38 Zimmermann T, Muller A, Machnik G, Franke H, Schubert H, Dargel 
R. Biochemical and morphological studies on production and 
regression of experimental liver cirrhosis induced by thioacetamide in 
Uje: WIST rats. Z. Versuchstierkd. 1987; 30: 165–80.

39 Dashti H, Jeppsson B, Hagerstrand I et al. Thioacetamide- and 
carbon tetrachloride-induced liver cirrhosis. Eur. Surg. Res. 1989; 
21: 83–91.

40 Li X, Benjamin IS, Alexander B. Reproducible production of thioace-
tamide-induced macronodular cirrhosis in the rat with no mortality. J. 
Hepatol. 2002; 36: 488–93.

41 Chojkier M, Houglum K, Lee KS, Buck M. Long- and short-term D-
alpha-tocopherol supplementation inhibits liver collagen alpha1(I): 
gene expression. Am. J. Physiol. 1998; 275: G1480–5.

42 Jeong DH, Lee SJ, Lee JH et al. Subcellular redistribution of protein 
kinase C isozymes is associated with rat liver cirrhotic changes 
induced by carbon tetrachloride or thioacetamide. J. Gastroenterol. 
Hepatol. 2001; 16: 34–40.

43 Vogl S, Junker U, Vogelsang H, Dargel R. Macrophages from rat 
livers with micronodular and macronodular cirrhosis differ with 
respect to mediator release and DNA-synthesis. J. Hepatol. 1997; 
26: 1093–103.

44 Pastor A, Collado PS, Almar M, Gonzalez-Gallego J. Microsomal 
function in biliary obstructed rats: effects of S-adenosylmethionine. 
J. Hepatol. 1996; 24: 353–9.

45 Malaguarnera L, Madeddu R, Palio E, Arena N, Malaguarnera M. 
Heme oxygenase-1 levels and oxidative stress-related parameters in 
non-alcoholic fatty liver disease patients. J. Hepatol. 2005; 42: 
585–91.

46 Emerit I, Huang CY, Serejo F et al. Oxidative stress in chronic hepati-
tis C. a preliminary study on the protective effects of antioxidant 
flavonoids. Hepatogastroenterology 2005; 52: 530–6.

47 Becker E, Messner B, Berndt J. Two mechanisms of CCl4-induced 
fatty liver: lipid peroxidation or covalent binding studied in cultured rat 
hepatocytes. Free Radic. Res. Commun. 1987; 3: 299–308.

48 Low TY, Leow CK, Salto-Tellez M, Chung MC. A proteomic analysis 
of thioacetamide-induced hepatotoxicity and cirrhosis in rat livers. 
Proteomics 2004; 4: 3960–74.

49 De Craemer D, Pauwels M, Roels F. Peroxisomes in cirrhosis of the 
human liver: a cytochemical, ultrastructural and quantitative study. 
Hepatology 1993; 17: 404–10.

50 De Craemer D, Pauwels M, Van den Branden C. Morphometric char-
acteristics of human hepatocellular peroxisomes in alcoholic liver dis-
ease. Alcohol. Clin. Exp. Res. 1996; 20: 908–13.

51 Litwin JA, Beier K, Volkl A, Hofmann WJ, Fahimi HD. Immunocy-
tochemical investigation of catalase and peroxisomal lipid beta-
oxidation enzymes in human hepatocellular tumors and liver 
cirrhosis. Virchows Arch. 1999; 435: 486–95.


