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ABSTRACT 

Resistance of the weanling rat to acetaminophen (AP AP)-induced hepatotoxicity 
is manifested with regard to a surge in APAP-glutathione (OSH) conjugate 
formation in the liver [Allameh et al. Mech Aging Dev 95(1997)71]. The present 
study was conducted to assess the role of this detoxification pathway in APAP­
induced lipid per6xidationin the liver. Lipid peroxidation measured as thiobarbituric 
acid reactive substances (,fBARS) in rat liver homogenate was observed to be 
increased due to a decrease in hepatic cellular GSH concentration. Cellular GSH 
content was relatively lower in growing liver and further decreased in rats treated 
with either GSH-depleting agents or APAP, whereas adult animals under APAP 
treatment suffered significantly less depletion of GSH. AP AP injection to weanling 
rats pre-treated with diethylmaleate (DEM) aggravated lipid peroxidation. 
Administration of a single large dose of AP AP (500 mg/kg b. w.) to weanling rats, 
3 h before sacrifice, which caused 46% GSH depletion, resulted in a 25% increase 
in lipid peroxidation. Pre-treatment of growing rats with DEM, 30 min before 
APAP, caused about 70% depletion in GSH corttent as a result of which there was 
a further increase (approx. 1.6 fold) in lipid peroxide formation (control: 37.40; 
experimental: 60.76 nmol malondialdehyde formation/g tissue). GSH S-transferase 
activity is not necessarily a determinant of APAP toxicity in adult animals. Unlike 
adults, in growing tissues the enzyme activity is indu.ced (�40%) in response to a 
single overdose of AP AP. When these data are discussed in relation to our earlier 
study, it could be concluded that AP AP-dependent induction of GSH S-transferases 
is responsible for increased APAP-GSH conjugate formation which facilitates 
inactivation of NAPQI as well as other toxic metabolites of lipid peroxidation. 
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GSH and Lipid Peroxidation 

INTRODUCTION 

Paracetamol or acetaminophen (AP AP) is a commonly 
used mild analgesic known to cause livernecrosis in animals 
and humans at high single overdoses.I.3 

APAP is primarily metabolized by conjugation with 
glucuronic acid and sulfate in the liver of many animal 
species. A relatively small proportion of the drug «4%) is 
bioactivated through thecytochromeP-450route to a reactive 
intermediate known as N-acetyl-p-benzoquinoneimine 
(NAPQI).4-6 NAPQI in small amounts is detoxified as a 
glutathione conjugate. When the NAPQI is formed in large 
amounts, it causes the depletion of cellular glutathione 
stores and is thereby available to bind to cellular 
macromolecules leading to cytotoxic effects.7,8 

NAPQI can react in more than one way, and multiple 
mechanisms of hepatotoxicity have been proposed for 
APAP.9,11 Studies on the mechanism of APAP-induced 
hepatotoxicity show a good correlation between the extent 
of covalent binding of the AP AP reactive metabolite to 
centrilobular hepatocytes and the extent of lethal cell 
injury.12,13 

NAPQI also possesses oxidative properties and may 
induce oxidative stress as an additional mechanism of 
cellular injury.1O Concerning APAP, oxidative stress is the 
cause of the following changes; lipid peroxidation, depletion 
of protein and non-protein-SH groups, and calcium 
homostasis.14-16 Lipid peroxidation is a process beginning 
with free radicals and leads to oxidation of the unsaturated 
fatty acids which are important components of the tissue 
phospholipids, particularly in the plasmamembrane.17Lipid 
peroxidation has been observed after AP AP administration 
in vivo in mice and rats and in vitro in mouse and rat 
hepatocytes exposed to APAP.18-22 

It is well established that the pharmacokinetics of AP AP 
in young children are different from that of adults. Earlier, 
clinical studies showed that in children under the age of 10 
years, the predominant pathway for AP AP detoxification is 
sulfation, and glucuronidation is less developed.23 In growing 
rats, despite having an overall deficiency in drug metabolizing 
factors, such as cytochrome P-450, reduced GSH and 
cytosolic GSH S-transferase possess the capacity to 
efficiently detoxify hepatotoxic chemicals. Our recent work 
in developing rats has thrown some lig!lt on the me�hanisms 
involved in detoxification of AP AP in rat liver at early ages. 

It is speculated that at early ages APAP-GSH conjugate 
formation increases ir. response to AP AP and acts as a 
protective mechanism against APAP-induced 
hepatotoxicity.24 This is induced in compensation of other 
systems which are generally believed to be underdeveloped 
at the early stages of life.25,26 

To our knowledge, the role 0f hepatic cytosolic GSH S­
transferase activity and age.related differences in GSH 
depletion (due to AP AP treatment) in the prevention of lipid 
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peroxidation (formation of malondialdehyde: MDA) has 
not been investigated. 

MA. TERIALS AND METHODS 

Chemicals 

Acetaminophen, reduced glutathione (GSH), 1,4-
dichloro-nitrobenzene (CDNB), thiobarbituric acid (TBA), 
diethyl maleate (DEM) and di-thiobis-nitrobenzoic acid 
(DTNB) were the products of Sigma Chemical Co. St. 

Louis, U.S.A. All other chemicals and reagents used in this 
study were from E. Merck, Germany. 

Animals and treatments 

Albino rats of Wi star strain were used in all experiments. 
Breeding and housing of the rats was carried out at the 
animal house of Tarbiat Modaress University. A nimals 
were maintained under controlled lighting and temperature 
and were fed a commercial pellet available locally. 

AIl young adult and weanling rats used for the experiments 
were determined to be male. At the time of AP AP treatment 
the age of adults was 10-12 weeks and weanling rats aged 
22±3 days. AP AP was dissolved in ethanol/propylene glycol 
(1:4 by volume) and injected as a single i.p. dose to young 
adult and weanling rats. The volume of ethanol injected to 
each animal was the same at all dose levels. 

Lipid peroxidation 

Concentrations of TBARS were compared in liver 
homogenates prepared from wealing and adult rats treated 
with different doses of AP AP viz. 250, 500 or 700 mg/kg 
b.w. Each rat was treated with a single i.p. dose of APAP. 
Matched age-groups were injected an equal amount of 
vehicle alone and considered as control groups. All the 
animals were sacrificed 3 hours after APAP treatment, and 
livers were removed immediately and processed for 
measuring liver molonaldialdehyde (MDA) concentration. 
Whenever indicated, rats were injected with 0.5 mL of 
DEM/kg b.w. 30 min before administration of APAP. The 
time-course effects of AP AP on lipid peroxide formation in 
weanling rat livers was studied in animals treated with a 
single dose of 500 mg/kg and sacrificed at time intervals of 
3,24 and 48 hours after injection. TBARS in the homogenate 
were measured using TBA reagent. 27 The MDA formed was 
measured colorimetrically using an extinction coefficient of 
1.56x105 cm2• 

Hepatic GSH and r. SH S-transferase 

Liver samples obtained from control and AP AP-treated 
rats were homogenized and processed for measuring non­
protein-SH groups. Livt,� GSH was measured using Ellman's 
reagent according to the method described by Sedlak and 
Lindsay.28 

A small portion of the tissues weri processed for 
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Table I. Effect of a single dose of acetaminophen on liver GSH, GSH S-transferase and MDA formation. 

Treatment GSH GSH S-transferase MDA 
(IlmoIlg liver) (U/mg protein) . (nmoIlg tissue) 

Adult Weanling Adult Weanling Adult Weanlin g  

Control 5.90:!:0.38 4.19 :!:0.20 0.77:!:O.O6 0.54:!:O.04 26,46:!: 1.7 37.4U:!:2.3 

J 
APAP 5.65:!:O.l 9  3.02:!:O.l 4* 0.79:!:0.04 0.76:!:0.04* 28.15±1.6 47.01±l .9* 
APAP+DEM 3.36:!:0.4* 1.24±0.09* 0.80:!:0.05 0.69:!:0.02* 39.54±3.9* 60.76:!:2.0* 

All rats received a single i.p. dose of APAP (500 mglkg b.w.) prepared in ethanol: propylene glycol (1:4). 
DEM-treated animals were given 0.5 mL/kg b.w. 30 min prior to APAP injection. Control rats were given an 
equal volume of vehicle alone. 
All parameters were measured 3 h after treatment. For details see Materials and Methods. 
Data are expressed as mean :!: SEM, n=4. *p<0.05, significantly different from control group. 

preparation of cytosolic fraction as described earlier.29 The 
activity of liver cytosolic GSH S-transferase was measured 
according to the procedure of Habig et al. using CDNB as 
the substrate.3O The protein concentration in cytosolic 
fractions was measured according to the procedure of 
Bradford, 31 using bovine serum albumin as standard. 

Histology 
Two groups of weanling and adult rats were given a 

single i.p. dose of APAP (500 mg/kg b.w.) and killed 48 h 
later by decapitation. Small liver sections from the right 
lobes were placed into 10% freshly prepared formalin. The 
tissues were allowed to fix for 48 h before being dehydrated, 
embedded in paraffm, sectioned at 5 ,.1m and stained with 
hematoxylin and eosin for histopathological examination. 

RESULTS 

Table I shows that a single i.p. dose of 500 mg AP AP/kg 
b.w. injected to adult rats has little effect on hepatic cellular 
GSH concentration at 3 hours, whereas AP AP administered 
to weanling rats under similar conditions caused about 27% 
depletion in liver GSH concentration. APAP injection to 
DEM-pretreated rats caused about 43 and 70% depletion in 
cellularGSHcontentin weanling and adult livers respectively 
(Table I). 

In growing liver, APAP-dependent changes in GSH 
(approximately 28 % depletion) resulted in a 25.7 % increase 
in lipid peroxidation (thiobarbituric acid reacting substances; 
TBARS). Lipid peroxidation was further increased (up to 
62%) in weanling rats treated with DEM prior to APAP. 

Time-course studies showed that the concentration of 
TB ARS in liver is returning to normal values in experimental 
groups sacrificed either 24 or 48 hours after AP AP injection. 

The level of TBARS measured in liver homogenates 
obtained from control animals was greater in weanling rats 
as compared to that of adults (weanling: :37.40, adult: 26.46 
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Fig.I. Dose-dependent effect of acetaminophen on lipid 
peroxidation in adult and weanling rat liver. Each point is the mean 
value of 4 analyses obtained from 4 separate livers either from a 
weanling { - 0 -0 - } or young adult { -0 -0- } rat. Animals 
were killed 3 h after administration of a single i.p. dose of AP AP 
(mglkg b.w.). Preparation of liver homogenate and measurement 
of MDA is as described in Materials and Methods. 

nmol MDNg tissue). Figure 1 shows that the difference in 
MDA formation in weanling rats treated with a single dose 
of either 250 or 500 mg AP AP/kg was statistically different 
(p<0.05). Administration of a single dose of AP AP, i.e. 700 
mg/kg, to adults resulted in approximately 24% increase in 
lipid peroxidation in liver homogenate. Growing rats treated 
with an equal dose of the drug die within 2 h, the reason for 
which is not well understood. Histopathological 
examinations carried out on livers of these animals showed 
no gross change in these tissues. 

AP AP treatment alone of adult rats neither lowered GSH 
levels nor increased lipid peroxidation as compared to their 
control groups. In the case of adults, the concentration of 
TBARS' was significantly increased when GSH 
concentrations were depleted with DEM treatment prior to 
APAP (Table I). 

The role of hepatic cytosolic GSH S-transferase in 
modulation of lipid peroxidation induced by AP AP in the 
two age-groups was investigated by measuring the enzyme 
activity in different experimental groups. A single overdose 
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of AP AP resulted in a differential induction in hepatic 
cytosolic GSH S-transferase activity in the two age-groups. 
The enzyme activity in growing livers was increased 
significantly (approx. 40%) as compared to control animals, 
whereas in a4ult tissues the enzyme activity remained within 
normal range (Table I). 

Histological observations 
No evidence of hepatic necrosis was observed in light 

microscopy in weanling and adult rats treated with 500 mg 
APAP/kg. 

DISCUSSION 

AP AP is a commonly available over-the-counter 
analgesic andafrequent cause of intentional and unintentional 
poisoning. After ingestion of a single AP AP dose exceeding 
140 mg/kg, children develop toxicity much less frequently 
than adults.32 

It has been reported that AP AP is less toxic in newborn 
mice and rats than in older animals. The covalent binding of 
AP AP to liver proteins has been shown to correlate with liver 
necrosis. Measurement of hepatic necrosis, APAP-protein 
binding and liver GSH depletion indicated that APAP was 
less toxic to neonatal mice than adult animals.33 The data 
presented here confirm those reported by others33•34 and 
support the concept that the ability of newborn animals to 
detoxify reactive metabolites of AP AP by GSH conjugation 
develops earlier than the development of the enzyme system 
responsible for the production of the toxic metabolite. 

One major finding of our study is the observation that 
GSH conjugation in weanling rats is induced in response to 
AP AP treatment. Age-related differences in the rate of 
AP AP-G SH formation in the liver depends neither on cellular 
GSH concentration nor on the basal activity of liver GSH­
transferase. Hence, a possible reason could be APAP­
dependent induction in hepatic cytosolic GSH S-transferase 
which is confined to weanling rats (Table I). The GSH 
conjugation pathway catalyzed by GSH S-tranferases is 
responsible for modulation o:lipid peroxide formation which 
increased a few hours after administration of a single dose of 
APAP (Table I and Fig.l). 

The rate of lipid peroxide formation in adult and growing 
tissues differed according to the extent of G SH depletion. But 
the loss ofr:SH alone can not explain the toxicity of APAP, 
since class:c GSH -depleting agents deplete G SH and increase 
the sensitivity of the cell to toxins, but do not cause toxicity 
by themselves.lo 

Following AP AP treatment, adult rats suffered relatively 
less lipid peroxide formation. I n  contrast, TBARS formation 
in weanling rat liver has been increasing depending on the 
dose of the drug (Fig. 1 ). AP AP treatment of growing rats, on 
one hand caused lipid peroxide formation in the liver, while 
on the other hand increased the activity of cytosolic GSH S-
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transferases (Table I). When the concentration of TBARS 
has reached about 60 nmoJ/g tissue, the activity of GSH S­
transferase was also induced to about 40%. Administration 
of AP AP alone to adult rats failed to change any of the three 
parameters investigated, but there was a significant i ncrease 
in the concentrat ion of TBARS when GSH was at it's 
minimum, i.e. 1.24 nmoJ/g tissue. A drop in the concentration 
of TBARS in liver homogenates prepared from immature 
rats killed 24 or 48 hours after APAP injection could be an 
explanation for histopathological results showing no damages 
in livers. Therefore it would seem that inducibility of liver 
GSH S-transferases in growing animals is a developmental 
process which could be considered as an alternative 
mechanism for protection of cellular macromolecules against 
APAP-induced liver damage. 

A 40% induction in enzyme activity is probably limited 
to a particular class or rather isoforms of GSH S-transferases 
which are specifically induced at early ages.35 The part 
played by hepatic microsomal GSH S-transferase in 
detoxification of AP AP in immature liver is not well known, 
although it has been proved that in adult rats, this enzyme 
plays a major role in protection against liver damage by 
covalently binding to NAPQJ.36 
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