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SUMMARY 

The effects of ascorby] palmitate (ASCP) and free L-ascorbic acid (LAA) on 
the hepatotoxicity of paracetamol (acetaminophen) and the in vivo covalent 
binding of reactive paracetamol metabolites to hepatic proteins has been 
studied in male MF1 mice. The oral administration of [SH(G)]paracetamol (600 
mg/kg) resulted in covalent binding to hepatic proteins, a depletion of 
hepatic non-protein sulphydryl (NPS) groups after 2 h, and a marked eleva- 
tion of plasma alanine aminotransferase (ALAT) activity after 24 h. The co- 
administration of paracetamol and ASCP (1412 mg/kg, equivalent to 600 rag/ 
kg free LAA), but not paracetamol and LAA (600 mg/kg), significantly 
reduced covalent binding of paracetamol metabolites at 2 and 4 h after 
treatment. In addition ASCP, but not LAA, significantly reduced the deple- 
tion of NPS groups and the elevation of plasma ALAT activity. ASCP also 
completely prevented the 35% mortality observed at 24 h in paracetamol 
treated mice. These results demonstrate that ASCP, but not LAA, when co- 
administered orally with the analgesic is an effective inhibitor of paraceta- 
tool-induced hepatotoxicity in the mouse. The mechanism by which ASCP 
prevents liver injury appears to involve destruction of reactive paracetamol 
metabolites which is associated with a sparing action on hepatic reduced glu- 
tathione levels. 
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INTRODUCTION 

Paracetamol (acetaminophen, 4-acetamidophenol) is a widely used non- 
narcotic analgesic and antipyretic which is safe at therapeutic doses. How- 
ever, at high doses paracetamol is known to cause hepatic necrosis in 
experimental animals such as the mouse and hamster [1], and in man [2]. The 
classic studies of Mitchell and coworkers [3--6] demonstrated that paraceta- 
tool-induced liver injury is mediated through reactive paracetamol metabol- 
ite(s) which are generated by cytochrome P-450 dependent mixed function 
oxidase enzymes. These reactive metabolite(s) bind covalently to tissue 
macromolecules resulting in cell death and tissue necrosis. Several workers 
[7-10] have suggested that the reactive metabolite derived from paraceta- 
mol is N-acetyl-p-benzoquinoneimine (acetamidoquinone). At low doses of 
paracetamol this metabolite is detoxified by conjugation with reduced 
glutathione (GSH), but at high doses GSH levels become markedly depleted 
resulting in the covalent binding of paracetamol metabolites to hepatic 
proteins. 

Many studies have been conducted into the inhibition of paracetamol- 
induced liver injury. Paracetamol hepatotoxicity is reduced in mice given 
inhibitors of cytochrome P-450 dependent enzyme activities such as pipe- 
ronyl butoxide [3] and metyrapone [11]. Similarly, protective effects have 
been reported in animals treated with various sulphur-containing compounds 
including cysteine, cysteamine, methionine and N-acetylcysteine. These 
agents may act in various ways including serving as glutathione precursors 
to replete hepatic GSH levels, destroying reactive paracetamol metabolites 

- either by forming stable adducts or by reduction back to the parent drug 
- -  and by inhibiting cytochrome P-450 dependent enzyme activities [10-- 14]. 

A number of studies have also examined the potential usefulness of LAA 
(Vitamin C) as a protective agent against paracetamol-induced liver injury. 
LAA is known to inhibit the covalent binding of paracetamol metabolites to 
mouse and hamster hepatic microsomes in vitro [9,10,15,16]. Hargreaves et 
al. [17] studied the effects of several ascorbate formulations in vivo and dem- 
onstrated that ASCP, but not free LAA, reduced the hepatotoxicity of para- 
cetamol in the mouse. However, in other studies with the mouse Raghuram 
et al. [18] reported that LAA treatment resulted in a reduction of paraceta- 
tool-induced mortality, whereas Romero-Ferret et al. [19] observed no protec- 
tive effect. Sodium ascorbate has been reported not to protect against 
paracetamol-induced hepatotoxicity in the Syrian hamster [20]. 

In this study we have investigated some possible mechanisms by which 
ASCP inhibits paracetamol-induced liver injury. Further, in view of the con- 
flicting results reported for the effects of free LAA and its derivatives, we 
have performed some additional comparative studies between LAA and 
ASCP. 
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MATERIALS AND METHODS 

Chemicals 
Paracetamol (B.P. grade) was kindly supplied by Beecham Products 

Research Department, Weybridge, Surrey, U.K. LAA (>99% pure) was 
purchased from Aldrich Chemical Co., Gillingham, Dorset, U.K.; ASCP (99% 
pure) from Ventron Gmbh, Karlsruhe, Germany and Gum Tragacanth from 
Sigma Chemical Co., Poole, Dorset, U.K. [SH(G)]Paraeetamol (spec. act. 
18.9 Ci/mmol, >98.5% pure) was obtained from NEN Research Products, 
Stevenage, Herts, U.K. 

Animals and treatment 
Male MF1 mice (25--30 g) were obtained from HARLAN OLAC Ltd., 

(Bieester, Oxon, U.K.) and housed in plastic cages with wire mesh floors. The 
accommodation was maintained at 22 _+ 2°C with a relative humidity of 
45--700/0. Mice were allowed free access to water and R and M No. 1 diet 
(Special Diet Services Ltd., Witham, Essex, U.K.). After acclimatizing the 
animals to the experimental conditions for 7 days, mice were given single 
oral doses of [SH(G)]paracetamol (600 mg/kg; 12 t~Ci/animal) alone or in combi- 
nation with LAA (600 mg/kg) or ASCP (1412 mg/kg, equivalent to 600 mg/kg 
free LAA). Controls received corresponding quantities (20 ml/kg) of the 
0.560/0 (w/v) Gum Tragaeanth vehicle. Food was withdrawn after t reatment 
and groups of mice were killed at intervals of 2 - 2 4  h by exsanguination 
under ether anaesthesia. 

Biochemical investigations 
Livers were excised into ice-cold 0.154 M KCI containing 50 mM Tris-- 

HC1 buffer (pH 7.4) and homogenised (0.1 g fresh tissue/ml) using a Potter- 
type, Teflon-glass motor driven homogeniser (A.H. Thomas Co., Philadelphia, 
PA, U.S.A.). Whole homogenate NPS groups were determined by the method 
of Ellman [21] as modified by Sedlak and Lindsay [22]. A portion of the whole 
homogenate was treated with an equal volume of 10o/0 (w/v) triehloroacetie 
acid and macromolecular bound [3H(G)]paraeetamol metabolites determined 
by exhaustive solvent extraction of the pellet as described previously [16]. 
Radioactivity was determined by scintillation counting and protein by the 
method of Lowry et al. [23] employing bovine serum albumin as standard. 
Plasma samples were assayed [24] for activity of ALAT. 

Statistical analysis 
Statistical evaluation of data was performed by one-way analysis of vari- 

ance. Comparisons between means were made using the least significant dif- 
ference test. 

RESULTS 

Effect on covalent binding of paracetamol metabolites 
The oral administration of 600 mg/kg [3H(G)]paracetamol to mice resulted 
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Fig. 1. Effect of LAA and ASCP co-administration on the  in vivo covalent binding of reactive 
paracetamol metabolites to mouse hepatic proteins. Mice were given single oral doses of 
[SH(G)]paracetamol (600 mg/kg) alone ( e )  or in combination with LAA (600 mg/kg; O) or ASCP 
(1412 mg/kg; b )  and the  extent  of covalent binding determined after  various time intervals. Each 
point represents  the mean ± S.E.M. of 5 mice. Results significantly different from mice given 
paracetamol alone are: *P < 0.05; ***P < ~0.001. 
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Fig. 2. Effect of paraeetamol alone or co-administered with LAA or ASCP on mouse hepatic 
NPS groups. Mice were given single oral doses of paracetamol (600 mg/kg) alone (PARA) or in 
combination with 600 mg/kg LAA (+  LAA) or 1412 mg/kg ASCP (+ ASCP). Control animals 
(CON) received Gum Tragacanth and NPS groups were determined 2 h (A) and 24 h (B) after 
t reatment .  Each point represents  the mean ± S.E.M. of 5 mice. Results significantly different 
from mice given paracetamol alone are: ***P < 0.001. 
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in covalent binding of paracetamol metabolites to mouse liver proteins, with 
peak levels occurring after 4 h (Fig. 1). The co-administration of 600 mg/kg 
LAA, which represents a toxin to protective agent molar ratio of 1:0.86, had 
no effect on paracetamol metabolite covalent binding at any time interval 
examined. In contrast, co-administration of ASCP (1412 mg/kg, equivalent to 
600 mg/kg free LAA) significantly reduced the covalent binding of paraceta- 
tool metabolites at 2 and 4 h to 31o/o and 22%, respectively, of the levels 
observed in mice given paracetamol alone (Fig. 1). 

Effect on paracetamol-induced hepatotozicity 
Compared to control mice paracetamol administration markedly reduced 

hepatic NPS groups, known to consist largely of reduced GSH [25], from 8.6 
to 1.4 /anol/g liver 2 h after treatment (Fig. 2A). Whereas NPS groups in 
mice co-administered paracetamol and LAA were not significantly different 
from those in animals given paracetamol alone, co-administration with ASCP 
significantly reduced the fall in tissue NPS groups. After 24 h there were no 
significant differences in hepatic NPS groups between mice given paraceta- 
tool alone and the other treatment groups (Fig. 2B). 
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Fig. 3. Effect of paracetamol alone or co-administered with LAA or ASCP on mouse plasma 
ALAT. Mice were given single oral doses of paracetamol (600 mg/kg) alone (PARA) or in combi- 
nation with 600 mg/kg LAA ( +  LAA) or 1412 mg/kg ASCP (+  ASCP). Control animals {CON) 
received Gum Tragacanth and plasma ALAT activity was determined 24 h after  t reatment .  
Each point represents  the  mean ± S.E.M. of 12 mice. Note the use of 2 sets of y axes for 
expression of enzyme activity. Results significantly different from mice given paracetamol alone 
are: **P < 0.01; ***P < 0.001. 
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TABLE I 

EFFECT OF LAA AND ASCP ON PARACETAMOL-INDUCED MORTALITY IN THE 
MOUSE 

Treatment° Deaths after 24 h b 

Paracetamol (600 mg/kg) 6/17 
Paraeetamol (600 mg/kg) plus LAA (600 mg/kg) 3/17 
Paracetamol (600 mg/kg) plus ASCP (1412 mg/kg) 0/13 
Control (Gum Tragacanth) 0/13 

"Compounds were administered as single oral doses. 
bThe first figure refers to the number of animals dead after 24 h and the second figure to the 
number of animals dosed. 

Paracetamol t rea tment  resulted in a marked elevation of plasma ALAT 
activity from 15 to 2240 pmol/min per litre at 24 h (Fig. 3). Treatment  with 
LAA had no protective effect, whereas ASCP administration substantially 
reduced the elevation of plasma ALAT activity. 

At the dose level employed in these studies paracetamol administration 
resulted in a 35% mortality after 24 h (Table I). Whilst some deaths were 
also observed in mice co-administered LAA, ASCP t rea tment  completely 
protected against paracetamol-induced mortality. Previous studies have 
demonstrated that this protective effect of ASCP is not due simply to a 
delayed onset of mortality [17]. 

DISCUSSION 

The results described in this paper demonstrate that ASCP, but not LAA, 
had a significant protective effect both against the in vivo covalent binding 
of reactive paracetamol metabolites and against paracetamol-induced hepato- 
toxicity in the mouse. 

The data for protection against liver injury and subsequent mortality by 
ASCP confirms our previous studies [17] and more recent investigations by 
Mitra et al. [26]. Our results also help to clarify the apparently conflicting 
reports on the effects of ascorbate formulations on paracetamol-induced liver 
injury. Several groups have not observed any protective effect of LAA or 
sodium ascorbate against paracetamol-induced liver injury in the mouse and 
hamster [17,19,20]. These findings and the present results are in contrast 
with those of Raghuram et al. [18] who reported that LAA protected against 
paracetamol-induced mortality in the mouse. The apparent divergence 
between the effects of LAA and ASCP may simply be due to differences in 
the absorption and subsequent bio-availabflity to the liver - as free LAA - 
of the 2 ascorbate forms relative to the time course of the hepatotoxic pro- 
cess. Clearly, this explanation for the protective effect of ASCP could be 
readily tested by comparing the hepatic pharmacokinetic profiles of orally 
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administered paracetamol, ASCP and LAA in the mouse. In previous studies 
on the effect of ascorbate formulations on paracetamol-induced liver injury 
there have been many differences in important experimental conditions 
including the use of both oral and i.p. administration, different times of 
administration of ascorbate and paracetamol and different ratios of parace- 
tamol to ascorbate [17--20,26]. These differing experimental designs may 
also have contributed to the controversy surrounding the protective effect of 
ascorbate formulations. 

The observation that ASCP, presumably active as free LAA, 
significantly reduced the in vivo covalent binding of reactive paracetamol 
metabolites to liver proteins is in agreement with previous in vitro studies 
with mouse and hamster hepatic microsomal preparations [9,10,15,16]. LAA 
does not form a conjugate with N-acetyl-p-benzoquinoneimine, the putative 
reactive intermediate derived from paracetamol, but rather is thought to 
reduce this intermediate back to paracetamol thereby preventing covalent 
binding [9,10]. Thus as suggested by in vitro studies [6], LAA (derived from 
ASCP) probably acts in vivo by supplementing GSH in scavenging reactive 
paracetamol metabolites after they have been generated by cytochrome P- 
450 dependent enzymes, and not, for example, by inhibiting reactive metabol- 
ite formation. Indeed, a sparing effect of ASCP treatment on hepatic GSH 
levels was observed in this study and in vitro studies [16] have demonstrated 
additive inhibitory effects of LAA and GSH on the covalent binding of reac- 
tive paracetamol metabolites. 

One possible application suggested by the present results would be to 
incorporate ASCP into paracetamol formulations to reduce the risk of liver 
injury in humans following the ingestion of large doses of the analgesic. A 
similar role has been proposed for methionine [27], which is used for the 
clinical treatment of paracetamol poisoning [28,29]. However, further studies 
are required to assess the relative merit [30] of ASCP against methionine as 
a suitable "built-in antidote" for pharmaceutical preparations of paracetamol. 
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