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Abstract--Cell injury by chemicals takes place in two stages, initial chemical interaction between the 
material and cell components, and subsequent stages of adaptation or failure of response to chemical 
modification of some parts of the cell apparatus. Paracetamol toxicity was studied in an in vitro system 
using liver slices incubated in two stages. During the first 2 hr slices were exposed to 10 mM paracetamol 
and this was absent during the following 4 hr of incubation. Damage was quantified at the end by 
measuring leakage of lactate dehydrogenase (LDH), increase in water content and potassium loss. 
Treatment of slices with 10 pM DCPIP or 2 mM ethanol in the second period of incubation prevented 
paracetamol-induced damage. The protective effect was not dependent on the activity of P450 since the 
second stage of incubation was insensitive to SKF-525A. The protective effect of ethanol was blocked 
by the presence of 1 mM pyrazole suggesting that ethanol needs to be metabolized to exert its effect. 
The addition of 20 mM pyruvate reversed the protection provided by ethanol. Nicotinamide did not 
alter toxicity or protection by ethanol. These findings suggest an increase of NADH and NADH/NAD 
ratio as the most probable explanation for the protective effect observed. The role of reducing equivalents 
in detoxification of quinones such as NAPQI by formation of hydroquinones, is discussed in relation to 
the mechanism of cell injury by paracetamol. 

Paracetamol is a widely used analgesic antipyretic 
drug available without prescription in many 
countries. Overdoses produce centrilobular hepatic 
necrosis that can lead to death both in animals and 
humans [l, 21. The requirement for hepatic metab- 
olism for development of liver injury after dosage 
with paracetamol and other hepatotoxic drugs such 
as Ccl4 is well established [3-51. Although the exact 
sequence of events that lead to hepatic cell death has 
not been elucidated, extensive studies have shown 
that one metabolite formed by the action of cyto- 
chrome P450-oxidases, N-acetyl-p-benzoquinone- 
imine (NAPQIT) covalently binds to critical hepatic 
proteins, depletes glutathione and may stimulate 
oxidative events under aerobic conditions leading to 
the formation of oxygen radicals, as do other quin- 
ones [6,7]. It is notable that paracetamol, even in 
overdose, is metabolized and excreted in the course 
of 24 hr, but signs of liver damage and liver failure 
take much longer to develop. There is a latent period 
between paracetamol absorbtion and metabolism 
and the subsequent development of cell injury and 
necrosis [8,9]. To study the effectiveness of pro- 
tective agents against paracetamol intoxication it is 
essential to separate the early stages in which par- 
acetamol is metabolized from the late events of cell 
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damage during which cells run down as a conse- 
quence of the primary attack. 

There is general agreement that the useful pro- 
cedures for treatment of the early stages of par- 
acetamol overdose are those that increase the 
synthesis of glutathione, or possibly other sulphydryl 
compounds. The early treatment of patients who 
have taken large overdoses of paracetamol, by giving 
methionine or N-acetyl cysteine have been shown to 
be highly effective [lo, 111. It is now important to 
get compounds capable of stopping the chain of 
events leading to cell necrosis and liver failure, in the 
late stages after paracetamol has been metabolized, 
since patients often present many hours after taking 
an overdose,when S-amino acids are no longer effec- 
tive. 

It is also important to gain understanding of the 
events that lead from the initial insult of the cells to 
the much later cell death. Many events have been 
described, the question is which are incidental and 
which play an important part in the process [12]. 

In previous work we introduced an in vitro model 
system that allows the separation of the toxic effects 
of paracetamol into two stages, incubating liver slices 
or isolated hepatocytes for 2 hr with the toxin and 
then changing into a fresh solution not containing 
paracetamol [9,13]. 

Using this procedure we previously reported that a 
number of compounds could ameliorate liver injury, 
those included Methylene blue, DPPD and pro- 
methazine, all compounds with antioxidant activity. 
Nevertheless, some other antioxidants like EDTA, 
BHT and BHA were not effective in slices [9]. In 
contrast, isolated liver cells in suspension could be 
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protected by CaEDTA which penetrates these cells, 
but not liver cells in uiuo, slices or isolated hepa- 
tocytes attached to surfaces in tissue culture [14]. 

Liver slices, unlike isolated liver cells in suspension 
or in culture, have the problem of low oxygen tension 
in the centre of the slice, and injury to the cells at 
the cut surfaces. On the other hand, the cells have 
not had their surface stripped by exposure to pro- 
teases and have not been given an environment 
which forces a major change in morphology and 
activity. The slice cells are not permeable to mol- 
ecules such as EDTA, which are excluded in uiuo, 
but which enter freely into suspended hepatocytes, 
nor have inter cell adhesion and communication been 
broken. 

In the present work we have studied the effects of 
some compounds that have the capacity to modify 
the intracellular redox state, and which we find are 
able to prevent the cell damage by paracetamol in 
the late stage of the process. 

MATERIALSANDMETHODS 

Animals and slices. Male Wistar rats (OLAC, 
Bicester, U.K.) weighing 120-200 g were fed stock 
pellets (SDS, Witham, U.K.) and given pheno- 
barbitone as a solution containing 1 mg of sodium 
phenobarbitone/mL as the sole source of drinking 
water. Phenobarbitone treatment was given for at 
least 5 days. Vitamin E (5 mg a-tocopherol acetate 
in two drops of olive oil) was given by mouth 12- 
24 hr before rats were killed. Rats were killed by 
exsanguination under anaesthesia using fentanyl cit- 
rate (0.01 mg/kg, i.m.) and diazepam (2.5 mg/kg, 
i.p.) (Janssen, Wantage, U.K.). The liver was rap- 
idly removed and the liver slices of 0.3 mm thickness 
or less were cut by hand on a Stadie-Riggs stage with 
a long razor blade (A. H. Thomas Co. Philadelphia, 
PA, U.S.A.). Slices weighing about 100 mg were put 
into 25-mL Erlenmeyer flasks containing 5 mL of 
Ringer solution with the following composition NaCl 
125 mM, KC1 6 mM, MgS04 1.2mM, NaH2P04 
1 mM, CaCl, 1 mM, glucose 10 mM, 15 mM Hepes 
buffer, pH 7.4 at 37” as previously described [9]. The 
slices were put into the Ringer solution at room 
temperature and the experiment started by placing 
the flasks into an incubator bath at 37” under oxygen 
with shaking (90 strokes/min). After 2 hr the slices 
were taken out of the first flask and reincubated in 
fresh Ringer solution for a further 4 hr. 

Chemicals. Ethanol was bought from James Bor- 
roughs Ltd (Witham, U.K.). Paracetamol and all 
other reagents used were purchased from the Sigma 
Chemical Co. (Poole, U.K.) or BDH Ltd (Poole, 
U.K.) and were of analytical grade. SKF-525A was 
a gift from Smith Kline and French (Welwyn Garden 
City, U.K.). 

Measurement of enzyme leakage, K+ and water 
content. Injury was assessed by measuring leakage 
of lactate dehydrogenase from the slice into the 
incubation medium, and loss of potassium and 
increase of water content of the slices, as previously 
described [9, 131. Lactate dehydrogenase activity 
(LDH) released into the Ringer solution was 
expressed as a percentage of the amount of enzyme 
originally present in the flask, based on the original 
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Fig. 1. Effect of 30 PM SKF-525A added together with, or 
after a 2 hr paracetamol exposure on cell injury in liver 
slices. Slice K+, water content and leakage of LDH from 
slice into the medium were measured as described in 
Materials and Methods. LDH leakage is expressed as per- 
centages of enzyme activity found in the medium in com- 
parison with the amount originally present in the slice. K+ 
shows the potassium content as nmol/mg of dry wt slice, 
while water is expressed as slice water content (mg water/ 
mg dry wt of slice). Results represent mean values 2 SD 
of at least three experiments performed in duplicate assays. 
Paracet. + SKF means both added during time O-2 hr, 
Paracet./SKF means paracetamol incubated from O-2 hr 
and then SKF from 2-6 hr. * P < 0.05 as compared to 

control group. 

slice weight LDH assays on homogenates of liver 
slices sampled before incubation [ 151, 

In some experiments isocitrate dehydrogenase 
leakage was also measured and gave essentially the 
same results. For measurement of water and pot- 
assium content slices were removed from the incu- 
bation medium, blotted and weighed. They were 
then dried at 90” overnight, and weighed again. 
Water content was expressed as milligram water per 
milligram dry weight of liver slice. Potassium content 
was measured in an HCl extract of the dried piece of 
liver, by atomic absorption, as previously described, 
and expressed as nmoles K+ per milligram dry weight 
of liver slice [9]. 

Statistical analysis. Significance of the differences 
were determined using analysis of variance with a 
P < 0.05 being taken as indicating significant dif- 
ferences. 

RESULTS 

As before, we found that slices incubated with 
10 mM paracetamol showed minimal sign of injury 
after 2 hr, but developed an extensive leak of soluble 
enzyme content when incubated for a further 4 hr in 
a paracetamol free, second incubation medium [9]. 
The leak of LDH was accompanied by a major and 
significant loss of potassium, and increase of water 
content of the slices, (Fig. 1). In contrast, slices 



Paracetamol toxicity and electron transport 2025 

6 c 

COntrOt DCPIP Porecet. Parocat.(O-2hrl 
(O-2hr) IKPIPtZ-6hfI 

Fig. 2. Effect of 10 PM DCPIP added in the second period 
of incubation (2-6 hr) in slices exposed for 2 hr to 10 mM 
paracetamol. LDH activity was measured in the medium 
while K+ and water contents were determined in slices. 
Each bar represents the mean 2 SD of at least three experi- 
ments performed in duplicate. * P < 0.05 as compared to 

control groups. 

incubated without paracetamol exposure showed a 
minimal leakage of enzyme and maintained a high 
potassium and low water content. Leakage of iso- 
citrate dehydrogenase followed a similar pattern to 
that of LDH (data not shown). 

Figure 1 clearly shows that only the first stage of 
incubation is dependent on P450-dependent 
oxidases. Thirty micromolar SKF-525A completely 
abolished the damage when added simultaneously 
with paracetamol. On the other hand, it did not have 
any effect on injury if this P450 inhibitor was added 
in the second incubation stage. 

Figure 2 shows the effect of the electron acceptor 
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Fig. 3. Difference in effect of 2 mM ethanol in the first 
(O-2 hr) and second (2-6 hr) incgation periods on slices 
incubated with 10mM paracetamol (O-2 hr). Slice K+, 
water content and leakage of LDH from slice into the 
medium were measured as described in Materials and 
Methods. Results are expressed as the mean f SD with 
data from at least three experiments in duplicate. * P < 0.05 
as compared to control groups. $ P < 0.05 as compared to 

paracetamol treated groups. 

DCPIP added to the incubation system after the 
period of paracetamol metabolism was ended. Ten 
micromolar DCPIP was able to protect the slices 
against the development of damage caused by pre- 
vious exposure to paracetamol. Leakage of LDH, 
K+ loss and increase in water content were all sig- 
nificantly prevented, when compared with the slices 
incubated with paracetamol alone, (P < 0.05). Table 
1 shows that another electron acceptor, PMS, did 
not protect, but made the damage worse. 

The effect of ethanol is depicted in Fig. 3. As 

Table 1. Effect of dicoumarol on LDH leakage, K+ content and water content in liver slices incubated 
with paracetamol 

Incubation time LDH leakage K+ content 
C-2 hr 2-6 hr (%) (nmol/mg dry wt) mg water/mg dry wt 

Ringer Ringer 6.1 +- 3.8 260220 2.7 f 0.2 
Ringer Dicoumarol 7.0 ‘- 2.0 239 +- 17 2.8 2 0.2 
Paracet. Ringer 35.2 -t 7.3* 137 2 10* 4.0 ? 0.1* 
Paracet. Dicoumarol 83.3 2 4.2*t 85 ‘- 3*t 5.2 2 O.l*t 
Paracet PMS 44.3 + 5.6*t 32 2 4*t 4.4 2 0.2*t 

Each value represents the mean 2 SD of at least three separate experiments each performed in 
duplicate assays. 

The final concentrations of dicoumarol, PMS and paracetamol were 20 PM, 20 nM and 10 mM, 
respectively. 

Cell injury was assessed as LDH leakage from slices at 6 hr, expressed as percentage of original 
content of LDH. K’ content and water content of slices weie measured as described in Materials and 
Methods. 

* Statistically different from control values (Ringer), P < 0.05. 
t Statistically different from paracet. treated group, P < 0.05. 
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Table 2. Effect of pyrazole and pyruvate on the protection offered by ethanol against paracetamol toxicity in liver slices 

Incubation time LDH leakage K+ content 
Cl-2 hr 2-6hr (%) (nmol/mg dry wt) mg water/mg dry wet 

Ringer Ringer 6.7 * 3.7 214 + 51 2.9 t 0.2 
Paracet Ringer 30.9 + 9.1* 119 f 40* 3.8 2 0.5* 
Paracet . Ethanol 16.6 f 5.1t 161 2 36t 3.1 * 0.47 
Paracet Ethanol + pyrazole 23.7 5 8.3*$ 126 2 19*$ 3.6 +- 0.3* 
Paracet. Ethanol + pyruvate 24.5 2 8.3*$ 125 * ll*j: 3.6 + 0.5* 

Each value represents the mean f SD of at least three separate experiments each performed in duplicate assays. 
The final concentrations used were: pyrazole 1 mM, pyruvate 20 mM, ethanol 2 mM and paracetamol 10 mM. 
LDH leakage is expressed as the percentage of enzyme activity found in the medium at 6 hr in comparison with the 

amount originally present. K+ content and water content of slices were measured as described in Materials and Methods 
and expressed as nmoles K+/mg dry weight and mg water/mg dry weight of slice, respectively. 

* Statistically different from control values (Ringer), P < 0.05. 
t Statistically different from paracet. group, P < 0.05. 
$ Statistically different from paracet. + ethanol treated group, P < 0.05. 

shown, the addition of 2mM ethanol in the first 
incubation stage did not modify paracetamol toxicity, 
however, when added in the second stage it pre- 
vented tissue injury to a significant extent. LDH 
leakage was reduced, K+ losses were prevented and 
the water content remained within control limits. 

Table 2 shows that when 1 mM pyrazole was added 
to the incubation medium as an inhibitor of alcohol 
dehydrogenase, the protective effect of ethanol 
against paracetamol injury was greately reduced, 
when compared to groups treated with paracetamol 
alone or paracetamol with subsequent ethanol. Simi- 
lar results were obtained when 20 mM pyruvate was 
included in the incubation medium along with etha- 
nol. Rapid consumption of the NADH formed by 
alcohol dehydrogenase, for the reduction of 
pyruvate, is a likely reason for the blocking of the 
protective effect of ethanol by pyruvate. 

Considering that the amount of NADH formed is 
dependent on the availability of NAD inside the cell 
we performed experiments to study the effect of 
increasing the nicotinamide content of the liver cells. 
The results indicate that nicotinamide itself did not 
modify paracetamol toxicity either when added at 
the beginning of the incubation or during the second 
stage of incubation, When slices were exposed to 
nicotinamide plus ethanol the protection afforded by 
ethanol was still present (see Table 3). 

Table 1 shows the effect of dicoumarol, an inhibi- 
tor of DT-diaphorase, on the toxicity of paracetamol. 
As shown, the addition of 20 PM dicoumarol in the 
second stage of incubation led to a significant 
increase in damage as measured by LDH leakage, 
and by increase in water content and potassium loss 
in the paracetamol pretreated slices. 

DISCUSSION 

The experiments we have described show that 
paracetamol injury can be prevented, even when 
addition of the protective agent is delayed until the 
stage after paracetamol metabolism has ended. Our 
previous studies in uiuo [16] and using rat liver slices 
[9] demonstrated that the addition of exogenous 
sulphur-containing amino acids increased the cellular 

GSH concentration thus providing protection in the 
first stage of paracetamol metabolism. However, 
methionine was not effective in the second stage of 
cell rundown in the slice system, even though GSH 
levels could still be raised [9]. 

Prevention of damage by free radical trapping 
agents added in the second stage of injury, is found 
for some but not all compounds with this property 
[9]. In the present study we have demonstrated pro- 
tection with an electron acceptor DCPIP, and also 
with ethanol, suggesting that an alternative line of 
therapy can be based on a change in intracellular 
redox balance. Tee et al. [17] have shown similar 
effects with dithiothreitol and attribute the pro- 
tection to reduction of oxidized protein sites, 
especially in the Ca*’ transport ATPases. Sato et al. 
[18] and Wong et al. [19] have shown protection 
against paracetamol toxicity by ethanol in uivo. If 
paracetamol injury to ceil function is through oxi- 
dative attack on proteins by a quinone metabolite, 
the targets could well include mitochondrial, as well 
as other sites. The ability of both reducing agents 
such as dithiothreitol and NADH generators such as 
ethanol, and also radical trapping agents to block 
the injury sequence in the second stage suggests that 
the oxidative injury is not terminated when the slices 
or cells are taken away from the paracetamol, so 
there must be a residual process going on in the cells 
leading to further oxidative attack. The mito- 
chondrial location of at least some key site of injury 
is suggested by the ability of ATP generating systems 
to protect (Mourelle and McLean, unpublished data 
submitted to Biochem Pharmacol; [20]). 

We have examined how ethanol may influence 
paracetamol toxicity. Sato et al. [18] and also Wong 
et al. [19] suggest that ethanol protects because of 
decreased metabolism of paracetamol by the cyto- 
chrome P450 system. Our findings demonstrate that 
ethanol does not modify paracetamol toxicity to 
slices when added simultaneously with paracetamol, 
but does protect when added after the stage of par- 
acetamol metabolism. We suggest that both in uivo, 
and in the slices in uitro, ethanol is likely to protect 
by altering electron flow in the late stage of cell 
injury. The known ability of ethanol to act as a free 
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Incubation time LDH leakage 
O-2 hr 2-6 hr (%) 

K+ content 
(nmol/mg dry wt) mg water/mg dry wt 

Ringer Ringer 4.1 2 1.3 215 2 24 2.9 * 0.3 
Paracet. Ringer 29.9 + 7.0* 125 2 26* 3.9 * 0.3* 
Paracet. + 

nicotinamide Nicotinamide 31.5 2 14.8* 113 + 17” 3.5 -+ 0.9* 
Paracet. Ethanol 16.6 2 5.1t 161 + 16t 3.0 2 0.2$ 
Paracet. + Ethanol + 

nicotinamide nicotinamide 10.6 -c 5.9 166 + 251 3.2 ? 0.3$ 

Each value represents the mean 2 SD of at least three separate experiments each performed in 
duplicate assays. 

The final concentration of nicotinamide and paracetamol was 10 mM. 
LDH leakage is expressed as the percentage of enzyme activity found in the medium at 6 hr in 

comparison with the amount originally present in the slice. K+ content and water content of slices were 
measured as described in Materials and Methods. 

* Statistically different from control values (Ringer), P < 0.05. 
t Statistically different from paracet. + nicotinamide treated group, P < 0.05. 
$ Statistically different from paracet. treated group, P < 0.05. 

radical trapping agent is observed only at con- 
centrations far higher than those used here. Our 
findings point towards the increase in concentration 
of NADH and NADH/NAD ratio in the hepatocytes 
as the most probable explanation for the protection 
provided [21]. Pyruvate was able to block the pro- 
tective effect possibly because it is able to consume 
the NADH as it is formed. Moreover, the inhibition 
of alcohol dehydrogenase with pyrazole clearly 
demonstrated that ethanol needs to be metabolized 
to exert its protective effect against paracetamol 
injury. 

The redox dye DCPIP (redox potential +0.217 V) 
is able to accept electrons from the flavoprotein step 
between NADH and ubiquinone. The dye can in turn 
reduce other substances including 02, but possibly 
including electron carriers downstream from ubiqui- 
none in the mitochondria [22,23]. It may well be 
able to bypass a block in mitochondrial electron 
flow or alternatively be able to reduce an oxidized 
essential protein, or even NAPQI. Phenazine metho- 
sulfate, another redox dye with a very different redox 
potential (+O.O8V) which is also able to accept 
electrons from flavoproteins and able to reduce O2 
to superoxide, does not protect. Presumably its redox 
potential or intracellular pharmacokinetics are such 
that it could neither provide a useful bypass to block 
electron flow, allowing ATP generation, nor act as 
a reducing agent for oxidized macromolecules or 
quinones. 

These results pose the further question “by what 
mechanism could changes of electron flow through 
DCPIP or ethanol administration alter paracetamol 
toxicity?” 

It is generally accepted that toxicity is initiated by 
the intracellular damage caused by the short lived 
quinone metabolite, NAPQI. NAPQI is formed at 
physiological pH and temperature when hydroxy 
acetaminophen loses 1 mole of Hz0 [6]. It is well 
known that NAPQI is detoxified by the reaction with 
GSH but when the system is overwhelmed, free 
NAPQI remains and binds to macromolecules, or 

causes oxidation of essential sites [17]. The cytoxicity 
of free, or even protein bound NAPQI could well be 
dependent upon its metabolism via one electron 
reduction which can occur in the presence of fla- 
voproteins, followed by re-oxidation. This redox 
cycle reaction would then be responsible for the 
formation of a semiquinone radical. Several semiqui- 
none radicals are toxic per se others also reduce O2 
to form superoxide anion radical (‘0 2) with a conse- 
quent formation of reactive reduced oxygen mol- 
ecules (H202) and (‘OH). The oxidizing radicals 
formed outside the normal, well regulated, oxidative 
pathways of the mitochondria can then cause injury 
to the next tier of cell defences such as Ca*+ regu- 
lation, and mitochondrial ATP generation. 

Only traces of NAPQI could remain in the cells 
after transfer of slices to fresh medium without any 
paracetamol. We have previously shown that the 
second stage is not accompanied by any change in 
the amount of paracetamol bound to macro- 
molecules [13]. Any postulated mechanism of tox- 
icity in the second stage of injury that is put in 
terms of redox cycling would have to involve NAPQI 
already bound to cell macromolecules or some redox 
cycling substance generated in the cells. 

A detoxication pathway can be that NAPQI under- 
goes 2e- transfer, catalysed by DT-diaphorase [24], 
with the formation of a hydroquinone. Such a stable 
hydroquinone could then remain harmless in the cell 
or be further conjugated. If DT-diaphorase is part 
of a detoxication mechanism then its inhibitor, 
dicoumarol should make the injury worse. As pre- 
dicted, when dicoumarol was added in the second 
stage of incubation, toxicity was greatly increased. 
It seems possible that NAPQI remains in the cells, 
perhaps bound to proteins, and there catalyses a 
destructive redox cycle until detoxified by reduction 
to the hydroquinone. 

Our results strongly suggest that by increasing the 
flow of reducing equivalents it is possible to prevent 
liver damage during the late stages of exposure to 
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paracetamol. This would fit in with the recent work 
of Tee et al. [17]. However, it seems unlikely that 
the radical trapping agents like DPPD act similarly 
as reducing agents, and makes us think that the 
oxidative damage continues after cessation of par- 
acetamol metabolism. 

While the early stage of generation of reactive 
metabolite presumably NAPQI is understood, the 
lesions caused by release of the quinone inside the 
cell are not. It may well be that several points of cell 
function are injured (e.g. mitochondrial electron 
flow, endoplasmic reticulum ATPase calcium pump). 
In order to prevent breakdown of the cell after attack 
by NAPQI we may have to protect the several sites 
of injury which have been indicated by the different 
in vitro models. It may be for this reason that no 
convincing in vivo protection has been found so 
far using single substances given after the stage of 
paracetamol metabolism is over but before the liver 
cells have died. Not only pharmacokinetic con- 
siderations but also the need for protection of several 
different “points” in the cell have to be considered. 
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