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Introduction
Metabolism of mammals is subjected to permanent modulations, 

with the essential role played by the change in enzymatic activity 
due to different factors, e.g. drugs. Recently, it has been proved that 
paracetamol (acetaminophen, PC), an antipyretic and analgesic drug 
administered chronically in large doses, induces hepatotoxic activity 
[1-5]. 

Paracetamol is well absorbed from the gastrointestinal tract and 
it relatively poorly binds to blood proteins (20-50%). A part of the 
ingested drug dose is coupled in liver with glucuronic acid (60%), 
active sulfonic acid or glycine, and excreted with urine in the form of 
such compounds [6-8].

The remaining part of paracetamol is metabolised by cytochrome 
P-450 in liver to a non-toxic catechol and toxically acting N-acetyl-
p-bensoquinone-imine (NAPQI), which injures hepatocytes.
Accumulation of this metabolite can lead to liver necrosis [4,9]. NAPQI
is coupled with glutathione in the presence of glutathione-S-transferase
[10,11]. NAPQI is an inhibitor of the respiratory chain complex.
As a result of its activity, even 90% decrease in the ATP (adenosine
triphosphate) production can be demonstrated in hepatic mitochondria.
Furthermore, during paracetamol oxidation to a quinone form, free-
radicals can be produced. As a consequence, damage to mitochondria

and cell death can occur [3,12,14,15]. Mitochondria are thought to be 
primary targets in acetaminophen toxicity with particular attention on 
the mitochondrial permeability transition [7]. Generation of reactive 
oxygen species such as nitric oxide and superoxide anion may be 
important determinants in hepatocytes death [7-9].

In the view of literature data, there are contradictory reports on the 
involvement of free-radicals in the pathomechanism of paracetamol 
toxic action. Our aim was to investigate the effect of intra-oesophageal 
acetaminophen instillation on the selected antioxidative enzymes 
activity: superoxide dismutase isoenzymes (MnSOD, Cu/ZnSOD), 
glutathione peroxidase (GPX), glutathione-S-transferase (GST), 
glutathione reductase (GR) and lipid peroxidation in rat liver after 4, 8 
and 12 weeks of exposure.
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Abstract
Background: Our aim was to investigate the effect of intra-oesophageal acetaminophen instillation on the 

selected antioxidative enzymes activity: superoxide dismutase isoenzymes (MnSOD, Cu/ZnSOD), glutathione 
peroxidase (GPX), glutathione-S-transferase (GST), glutathione reductase (GR) and lipid peroxidation in rat liver 
after 4, 8 and 12 weeks of exposure. 

Material and methods: Male Wistar FL strain rats weighing 150-160 g were treated with paracetamol by intra-
oesophageal instillation at a dose of 2.4 g/kg b.w every day up to 12 weeks. During the whole experiment rats were 
kept in a night-and-day’s cycle lasting twelve hours, with standard feed ad libitum. Rats were sacrificed after 4, 8 
and 12 weeks of the study. The collected tissue liver was homogenized and the above mentioned enzymes were 
determined in the supernatants. 

Results: The current study revealed the presence of paracetamol-induced changes in the activities of 
antioxidative enzymes in comparison to the control values. Our results suggested that long term exposure to PC 
(8 and 12 weeks) decreased activity of GPX enzyme and increased activity of GST and GR enzymes as well as 
increased level of lipid peroxidation process in rat liver. These changes in the activity of antioxidative enzymes 
may be involved in paracetamol toxicity of the liver after a longer time of exposure to PC. The cited literature and 
our findings show that excessive use of paracetamol-containing preparations can have a harmful effect upon liver 
metabolism and suggest the need for further research. 
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Materials and Methods
Animals 

Tests were carried in 60 male rats from inbred Wistar FL strain, 
with the initial body weight of 150 g (± 11). The animals originated from 
the Central Animal Facility at the Silesian Medicine University. After 
being transported to the department animal facility, they underwent 
adaptation for three weeks. During the whole experiment rats were 
kept in a night-and-day’s cycle lasting twelve hours, with standard 
feed ad libitum. The rat diet contained 23% crude protein, 5% ether 
extract, 4% crude fiber, 8% ash, 1.2% calcium, 0.6% phosphorus, 54% 
nitrogen-free extract and 3600 kcal/kg metabolizable energy. The metal 
contents (mg/kg dry weight) of the rat diet were: copper 10, zinc 45, 
manganese 55, cobalt 5 and iron 75. Animals were maintained under 
standard management conditions and handled as per the Animal 
Ethics Guidelines of Medical University of Silesia in Poland.

Chemicals and dose/concentration selection 

Acetaminophen (99% purity) was obtained from Sigma-Aldrich (St.
Louis, MO). Acetaminophen was dissolved in pathogen-free phosphate 
buffered saline (x1) without Mg2+,Ca2+ ions (Sigma-Aldrich, St.Louis, 
MO). Acetaminophen was administered in an hepatotoxic dose of 
2.4g/kg of body weight/24hrs (i.e. 16 µmol/kg of body weight/24 hrs) 
as determined in our preliminary study. The maximum permissible 
daily dose of acetaminophen for adults is 4000 mg. For a 60-kg man, it 
becomes 66.67 mg/kg b.w., whose dose equivalent for rat (66.67 x 6.3) 
is 420 mg/kg b.w. according to van Miert [13]. The dose equivalent per 
kg for rat (x 6.3) was derived by dividing the Km factor [body surface 
area (m2) to body weight (kg) ratio] for humans with the Km factor for 
rat species. In the current study, almost 6 times of this dose equivalent, 
i.e., 2.4g /kg b.w/24 hours was used. The paracetamol dose used in the 
research was established during a pilot study and was based on the 
above described assumptions. It caused essential changes in the activity 
of antioxidative enzymes in the rat liver homogenates.

Experimental design and preparation of liver homogenate

Within the experiment, all animals were divided into two groups: 
Group 1; control group (C) - animals drank water ad libitum. Group 
2; study group (B) - rats were given paracetamol (acetaminophen) 
solution by intra-oesophageal instillation in a dose of 2.4 g/kg of body 
weight/24 hrs (i.e. 16 µmol/kg of body weight/24 hrs), after drinking 
it, they had unlimited access to distilled water. Instillation of the 
established paracetamol dose was done with use of a sterile one-way, 
intra-oesophageal catheter (probe) made from soft silicon, connected 
with a syringe filled with paracetamol solution, having above stated 
concentration in the volume (1 ml). Rats were sacrificed after 4, 8 and 
12 weeks, the collected livers were homogenized in a Potter-Elvehjem 
homogenizer (a teflon/glass system) to pool the collected material. A 
200 mg of liver sample was taken in 2 ml of ice-cold 50mM potassium 
phosphate buffer (pH 7.4) containing 1mM EDTA. The homogenates 
(10%) were then centrifuged at 12000 × g for 15 min at 4°C. The 
supernatants were separated and used for enzyme activities assays and 
protein determination.

Measurement of selected antioxidative enzyme activities in 
rat liver 

SOD isoenzymes assay: Superoxide dismutase isoenzymes 
(MnSOD, Cu/ZnSOD) activity was assayed using the method of 
Oyanagui [16]. For the determination of MnSOD activity, Cu/ZnSOD 

was inhibited by incubating samples with 5 mM sodium cyanide for 
30 min with samples assayed for activity within 2 h of adding cyanide 
to sample mixture. Total specific SOD activity and that of MnSOD 
(after Cu/ZnSOD inhibition with KCN) was measured, and then the 
Cu/ZnSOD activity was calculated. The enzymatic activity of both 
SOD isoenzymes was expressed in Nitric Units (NU) per milligram of 
protein (NU/mg p.); 1 NU represents 50 % inhibition by SOD of the 
nitrosol ion formation under the conditions of the method. 

GPX activity assay: Glutathione peroxidase (GPX) 
activity was assayed by the coupled enzyme assay of Paglia 
and Valentine [17]. Consumption of 0.2 mM NADPH was 
followed in media containing 50mM potassium phosphate 
buffer (pH 7.4), 1 mM EDTA, 1mM sodium azide, 10 mM GSH, 
5 U of glutathione reductase and 20 μl of the enzyme extract. Activity 
of GPX was measured by initiating the reaction with 2.4 mM cumene 
hydroperoxide. The activity of GPX has been determined as the number 
of micromoles of NADPH used for the regeneration of GSH within 1 
min at 25°C, recalculated per gram of protein (IU/g protein). 

GST activity assay: The enzyme activity of GST was estimated in 
liver homogenate following the rate of increase in optical density at 340 
nm (25°C) due to formation of 1-chloro-2, 4-dinitrobenzene (CDNB) 
conjugate of GSH acc. to Habig’s et al. method [18]. The activity of GST 
has been presented as IU per gram of protein. 

GR activity assay: Glutathione reductase (GR) was also assayed by 
the kinetic method acc. to Richterich’s protocol [19] by monitoring the 
oxidation of NADPH at 340 nm The activity of GR was determined as 
the quantity of micromoles of NADPH+H+ used to recover GSH in 1 
min converted to gram of protein (IU/g protein). 

Determination of malondialdehyde (MDA) level

Liver lipid peroxidation was determined by measuring the level 
of MDA according to the method of Ohkawa et al. [20] with minor 
modifications. Two hundred microliters of tissue homogenate 
was added to 100 μl of 8.1 % sodium dodecyl sulfate, vortexed and 
incubated for 10 min at room temperature. Six hundred and seventy-
five microliters of 20 % acetic acid and 750 μl of thiobarbituric acid (0.6 
%) were added and placed in a boiling water bath in sealed tubes for 60 
min. The samples were allowed to cool at room temperature. The 1.25 
ml of butanol:pyridine (15:1) was added, vortexed and centrifuged at 
2000 × g for 5 min. Five hundred microliters of the colored pink layer 
was measured at 532 nm on a spectrophotometer using 1,1,3,3-tetra-
ethoxypropane as standard. MDA concentration was expressed as 
μmol MDA/g protein.

Protein assay

The total protein content in liver homogenate was estimated by 
the method of Lowry et al. [21] using bovine serum albumin as the 
standard.

Statistical analysis

The obtained results are presented in Table 1 and Table 2 as means 
(median) ± SEM. For comparing the results Student‘s t-test or Mann 
Whitney U test were used. Differences with p<0,05 or p<0.001 were 
considered as significant.

Results
Effect of acetaminophen treatment on SOD, GPX, GST as well 

as GR activity and MDA concentrations were studied as a function 
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of time in rat liver. The experiment showed paracetamol- induced 
changes in the activities of antioxidative enzyme in comparison to the 
control values (Table 1).

The activity of MnSOD in the rats administered with paracetamol 
was decreased when compared to the control values. The decreases were 
statistically significant at 8 and 12 weeks of exposure and insignificant 
at 4 weeks. The most pronounced decreases in MnSOD activity were 
observed after 8 and 12 weeks of PC administration, when compared to 
the enzyme activity after 4 weeks.

The activity of Cu/ZnSOD showed a statistically significant 
decrease at 4 and 12 weeks of exposure to acetaminophen. At 8 weeks, 
there was a non-significant increase in Cu/ZnSOD activity compared 
to control values. 

The activity of GPX decreased in all groups exposed to paracetamol, 
when compared to controls. The decrease was statistically insignificant 
at 4 weeks and significant at 8 and 12 weeks. The greatest decreases 
in glutathione peroxidase activities were observed at 8 weeks and 12 
weeks compared to the values in the 4-week study and control groups.

The activity of GST showed an increase in all study groups 
compared to controls. The increase at 4, 8 as well as 12 weeks were 
statistically significant. The greatest increase GST activity was observed 

in the 12-week study group compared to the control group and the 
other study groups.

The activity of GR showed a statistically significant increase in all 
study groups when compared to controls. The greatest increase was 
noted in the 12-week group compared to the control as well as in the 4 
and 8-weeks study groups.

Finally, changes in the concentration of MDA, as lipid peroxidation 
marker, are presented in Table 2. Exposure to paracetamol for 4, 
8 and 12 weeks caused a statistically significant increase in MDA 
concentration in all study groups compared to controls. The highest 
concentrations were observed at 12 weeks in both study and control 
groups, while the lowest concentrations were observed in the 4-week 
group (groups: C and B).

Discussion
Previous reports [15,22-25] have shown that the large dose of 

PC administration in the chronic manner resulted in the liver injury. 
Accordingly, PC had a negative influence upon liver metabolism by 
means of PC-protein adducts formation [26-29]. In our study we found 
clear-cut free radical-dependent mechanism of paracetamol toxic 
action influencing the rat liver after 8 and 12 weeks, when administered 
in a dose of 2.4 g/kg of body weigth/24 hrs, in a form of a potable 
solution. 

In particular, PC has a negative influence upon liver metabolism 
and the PC-induced liver toxicity occurs by formation of PC-protein 
adducts [30]. One of the theories referring to hepatotoxic activity of 
paracetamol assumes that N-acetyl-p-bensoquinone-imine can be 
a source of reactive oxygen species (ROS) [31]. Particularly reactive 
compounds are formed during alternative transformation of a quinone 
NAPQI form into a hydroquinone form [31,32]. Free radicals, and 
particularly oxygen derivatives (OH*) can cause injuries to proteins 
and membrane lipids as well as enzymatic proteins [33], ultimately 
resulting in the cell death. It has been shown that a large dose of 
paracetamol administered to rats causes a decrease in concentration of 
glutathione (GSH) in liver cells [15,33]. The mentioned paper suggests 
that toxicity of paracetamol depends on a balance between the rate of 
reactive PC metabolite (NAPQI) formation and regeneration of the 
reduced glutathione [11,33]. Increase of glutathione-S-transferase 
activity in the liver of rats administered with paracetamol (as found in 

Exposure times of  PC Groups Activity of MnSOD
[NU/mg. p]

Activity of Cu/ZnSOD 
[NU/mg. p] Activity of GPX

[IU/g.p]
Activity of GST

[IU/g.p]
Activity of GR

[IU/g.p]

4 weeks C
B

15744± 987
12472± 738 54575± 1543

50989± 1383a

758±93,6
699±66,7

509±57,7
558±92,8a

47±4.14
58,6±8.28a

8 weeks
C
B

21505± 423
19414±818 b

48871±8132
49184±9196

378±69,3
80±17,5b

412±62.7
804±61b

37±4.16
49.5±10.4a

12 weeks
C
B 15442± 523

10600±790 b

45071± 2449
39664± 1058a

311±5.2
102±8.1b

422±25,4
940±29,1b

47±6.09
85±5.82b

a Significance of the results, p≤0.05 comparison of control
b Significance of the results, p≤0.001 comparison of control
Data represent the mean (median)  ± SEM; n=10,and were analyzed with student t-test or Mann Whitney U test  . Abbreviations: C-control (untreated) group, B – (study 
group) rats were given paracetamol (acetaminophen) solution to drink by intra-oesophageal instillation in a dose of 2.4 g/kg of body weight/24 hrs (i.e. 16 µmol/kg of body 
weight/24 hrs), after drinking it, they had unlimited access to distilled water.

Table 1: Activities of superoxide dismutase isoenzymes, glutathione peroxide se, glutathione-S- transferase and glutathione reductase in  rat liver.

Exposure time of PC Groups Means± SEM

4 weeks
C

B

2.0± 0.152

2.12± 0.555a

8 weeks
C

B

2.23± 0.787

3.15± 0.443b

12 weeks
C

B

2,55± 0.199

4.01± 0.327b

a Significance of the results, p≤0.05 comparison of control
b Significance of the results, p≤0.001 comparison of control
Data represent the means ± SEM; n=10, and were analyzed with student t-test.. 
Abbreviations: C-control (untreated) group, B – (study group) rats were given 
paracetamol (acetaminophen) solution to drink by intra-oesophageal instillation in 
a dose of 2.4 g/kg of body weight/24 hrs (i.e. 16 µmol/kg of body weight/24 hrs), 
after drinking it, they had unlimited access to distilled water.

Table 2: Malondialdehyde (MDA) concentration in rat liver.
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our study), indirectly confirms the increase of NAPQI concentration in 
hepatocytes. This can also be confirmed by an increase in glutathione 
reductase activity - the enzyme which provides reduced glutathione, 
among others, for reactions catalysed by GST. 

The concentration of malondialdehyde (MDA) as a marker of 
lipid peroxidation was not comparable in the tested and control 
groups throughout the tested period. This fact remains in concordance 
with the studies of Kaplowitz [34], though intensification of lipid 
peroxidation by paracetarnol seems to be dependent on the drug dose 
and an administration manner. Also, significant differences have been 
noted regarding to Cu/ZnSOD and MnSOD activities as determined 
in the livers of rats that were given paracetamol, in comparison with 
the control group but not in all tested time period. Kyle et al. [35] 
obtained different test results, which suggest an increase in activity 
of superoxide dismutase (SOD) after PC treatment. The decrease in 
glutathione peroxidase activity, which was found in the 8 and 12 weeks 
of paracetamol administration, may be a result of toxic action of PC 
or its metabolites. Lipid peroxidation is one of the most vigorously 
investigated consequences of reactive oxygen species’ (ROS) actions 
on membrane structure and function. One of the most abundant 
carbonyl products of lipid peroxidation is malondialdehyde (MDA), 
which also reacts with DNA to form adducts to deoxyguanosine, 
deoxyadenosine, and deoxycytidine [36]. GPX is an enzyme which 
does not only reduce hydrogen peroxide, but also organic superoxides. 
In such reactions, organic superoxide (ROOH) becomes reduced to 
an appropriate alcohol (ROH). In the case of lipid superoxide, this 
means that it cannot become an initiator of lipid peroxidation and, 
therefore, glutatione peroxidase inhibits lipid peroxidation [37]. The 
results of our experiments with higher concentrations of MDA in the 
group treated with PC for 8 and 12 weeks are concordant with the low 
activity of the enzyme inhibiting lipid peroxidation process, glutatione 
peroxidase (GPX), in this group when compared to untreated controls. 
Lipid peroxidation appears to be the major source of endogenous DNA 
damage in hepatocytes that may contribute significantly to cancer. In 
the current study, long term treatment with PC increased the level of 
lipid peroxidation process and reduced activity of GPX in rat liver. We 
can conclude that Wistar rats exposed to PC for 8 or 12 weeks show 
decreased resistance toward exogenic H2O2 and higher oxidative stress 
in comparison to untreated controls due to decreased activity of GPX 
after PC treatment. Moreover, the value of MnSOD activity in groups 
of animals treated with paracetamol (4 and 8 weeks) were lower than 
activity of that enzyme in the control groups within the same time 
span. As the treatment time increased, the activity of the enzyme 
also grew after 8 weeks, when compared to the group which received 
paracetamol for 4 weeks only. However, after 12 weeks of paracetamol 
treatment, MnSOD activity decreased below the level obtained in the 
group of animals treated for the period of 8 and 4 weeks. The cause of 
that occurrence may be lack of efficient adaptation to oxidative stress in 
the mitochondria of the liver cells caused by a 12-week long absorption 
of the drug. Such a significant decrease of antioxidative activity of 
the mitochondria may cause increase of the superoxide radical anion 
concentration in that cell area, whereas the corresponding decrease 
of GPX activity in the same time frame may inhibit the rate of 
hydrogen peroxide dismutation. Increased superoxide radical anion 
and hydrogen peroxide concentration values, being Fenton’s reaction 
substrates, result in an increase of concentration of toxic hydroxyl 
radicals. Furthermore, these radicals (OH*-) have sufficient energy 
to abstract hydrogen atoms from unsaturated lipids and so have the 
potential to directly initiate lipid peroxidation process [37]. During 

the research, we obtained significant increase of MDA concentration, 
which corresponds with lowered MnSOD and GPX activity after a 12-
week period of paracetamol treatment, when compared to groups (4 
and 8 weeks of drug being administered) and corresponding control 
groups, which may confirm the hypothesis described above. However, 
Muller et al. [38] have found that activity of glutathione peroxidase 
increases under the influence of PC. Moreover, Qui-Ju et al. [33] 
studies consist a confirmation of a free radical-dependent mechanism 
of paracetamol toxic action, by showing the free radical-dependent 
mechanism as the effect of high PC doses. Chun et al. [30] showed that 
N-acetylocysteine is the most effective drug for liver failure with PC 
hepatotoxicity. Ghanem et al. [39] present that PC pre-treatments were 
not toxic, as determined by markers of rat liver and serum. 

The present study shows that paracetamol (PC) administration 
for 4 week used in overdose is a safe drug, however through cited 
literature and our findings suggest that excessive use of paracetamol-
containing pharmaceuticals can have a negative influence upon the 
liver metabolism. This suggests a need for further studies upon the 
paracetamol influence on human and animal organism. Metabolism 
disturbances in rat liver cells, which have resulted from paracetamol 
administration in conditions of our experiment, are the consequence 
of a free-radical-dependent mechanism.
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