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Abstract--The effects of 3-monoalkyl- and 3,5-dialkyl-substitution on the cytotoxicity of paracetamol 
(PAR) in rat hepatocytes was studied. PAR is known to be bioactivated by the hepatic microsomal 
cytochrome P-450 containing a mixed-function oxidase system presumably to N-acetyl-para-benzo- 
quinone imine (NAPQI), a reactive metabolite which upon overdosage of the drug causes depletion of 
cellular glutathione (GSH) and hepatotoxicity. The four 3-mono- and the four 3,5-di-alkyl-substituted 
derivatives of PAR investigated in this study (R = CH3, CzHs, C3H:, CaHg) interacted with cytochrome 
P-450 giving rise to reverse type I spectral changes. Like PAR, all derivatives underwent cytochrome 
P-450-mediated oxidation to NAPQIs. In contrast to induction by phenobarbital, induction of cyto- 
chrome P-450 by 3-methylcholanthrene enhanced the microsomal oxidation of PAR and its derivatives. 
The NAPQIs formed from PAR and the 3-mono-alkly derivatives by microsomal oxidation were found 
to conjugate with GSH and to oxidise GSH to GSSG. The NAPQIs formed from the 3,5-dialkyl- 
substituted derivatives, however, only oxidized GSH to GSSG. PAR and the 3-monoalkyl derivatives 
were found to deplete cellular GSH to about the same extent and to be equally toxic in freshly isolated 
hepatocytes from 3-methylcholanthrene treated rats. In contrast, the 3,5-di-alkyl-substituted derivatives 
of PAR did not affect the GSH levels and were not toxic in the hepatocytes, even at higher concentrations. 
It is suggested that the difference between the way of reacting of 3,5-dialkyl-NAPQIs and NAPQIs 
from PAR and 3-monoalkyl derivatives with thiols of cellular GSH and protein could account for the 
observed difference between the toxicity of the 3,5-dialkyl- and the 3-monoalkyl-substituted derivatives 
of PAR. 

Paracetamol  (ace taminophen,  4-hydroxyacetanil ide;  
PAR+) is a commonly  used analgesic drug which 
after overdosage has been shown to cause centri- 
lobular hepatic necrosis in several species [1,2]. At  
normal levels, the drug mainly undergoes  glu- 
curonidation and sulfation in the liver. A small part,  
however ,  is bioact ivated by the hepatic cytochrome 
P-450-containing M F O  system to a toxic reactive 
metaboti te,  presumably N A P Q I  [3, 4]. This elec- 
trophilic reactive in termedia te  is normally detoxified 
by conjugat ion to reduced G S H  under formation of 
the 3-glutathionyl conjugate .  Upon  overdosage of 
P A R ,  however ,  the glucuronidat ion and sulfation 
routes are saturated and extensive oxidative bioac- 
tivation of P A R  to N A P Q I  occurs, resulting in a 
deplet ion of cellular GSH pools. Subsequent  cova- 
lent binding of the reactive intermediate  to thiol 
groups of cysteine residues in proteins [5] is generally 
thought to be involved in the initiation of cell toxicity 
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~- Abbreviations: PAR, paracetamol: MFO, mixed-func- 

tion oxidasc: NAPQI, N-acetyl-para-benzoquinone imine: 
GSH, reduced glutathione; GSSG, oxidized glutathione: 
3-MC. 3-methylcholanthrene: PB, phenobarbital: LDH. 
lactate dchydrogenase: DMSO, dimethylsulfoxide: DTPA, 
diethylenetriaminc pentaacctic acid. 

[6, 7], al though, more recently,  the participation of 
an oxidative stress has been suggested as a possible 
alternative accounting for the hepatocellular  toxicity 
of P A R  [8-101 . 

The bioactivation of P A R  is cytochrome P-450 
isoenzyme selective, i.e. the cytochrome P-450 iso- 
enzymes induced by 3-MC are highly active in the 
bioactivation of P A R ,  whereas the PB-inducible iso- 
enzymes are inactive [11, 12]. Presumably,  there- 
fore, P A R  is more hepatotoxic in 3-MC pretreated 
animals when compared  to control or PB pretreated 
animals [13, 14]. 

In principle, an approach to design a safer drug is 
to modify, on the basis of insights into the molecular  
mechanism of toxicity, its chemical structure in such 
a way that the adverse activities are diminished with- 
out lowering of the therapeutic activity. In the case 
of P A R ,  it has been shown that mono-  and di-alkyl- 
substitution at the 3 and 5 positions of the aromatic 
nucleus did not reduce the analgesic activity [15, 16]. 
Such kinds of substitutions might affect the hepato-  
toxicity of the drug, on the level of interaction with 
cytochrome P-450 and oxidation by the cytochrome 
P-450 containing M F O  system by a change in 
physico-chemical propert ies  such as lipophilicity, or 
more directly by blocking the reactive positions of 
N A P Q I ,  the presumed toxic intermediate .  
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Table 1. Structure and lipophilicity of PAR and the 3- 
monoalkvl- and 3.5-dialkxl-substituicd derivatives 

Compounds Rt R, i.og P* 

I PAR H H 0.311 
II 3-methyl-PAR CH~ H 0,793 
III 3-ethyl-PAR ('-H, H 1.31)(~ 
1V 3-isopropryl-PAR C~H- H 1.7117 
V 3-t-butyl-PAR C~H,, H 2.357 
VI 3.5-dimethyl-PAR CH, CH, 1. I08 
VII 3.5-diethyl-PAR Cel-t5 C,H< 1.87/I 
VIII 3.5-diisopropyI-PAR C~tt- ('~H- 2671 
IX 3,5-di-t-butyl-PAR C ~H~ Call<, 3. l S/I 

R 1 and R: are substituents at the 3- or at the 5-position 
in the aromatic nucleus of 3-hydroxyacetanilide. 

* Taken from ref. 17. 

The aim of the present study was to investigate 
the effects of 3-monoalkyl- and 3.5-dialkyl-sub- 
stitution on the binding of PAR to cytochrome P- 
450, its cytochrome P-450-containing MFO- 
mediated oxidation as well as its cytotoxicity in 
freshly isolated hepatocytes. 

MATERIALS AND METHODS 

Chemicals. PAR and the 3-monoalkyl- and 3.5- 
dialkyl-substituted derivatives investigated are listed 
in Table 1. The compounds were synthesized from 
their corresponding phenols as described by Dearden 
and O'Hara [17]. 3-t-Butyl-PAR (V) and 3,5-di-t- 
butyl -PAR (IX) were a generous gift of Dr J. C. 
Dearden.  

PB and P A R  were obtained from Brocacef (Delft, 
The Netherlands). Collagenase, glucose-6-phos- 
phate, glucose-6-phosphate dehydrogenase, GSH, 
GSSG, catalase, superoxide dismutase, pyruvate, 
lactic acid, NADPH and NADH were obtained from 
Boehringer (Mannheim, F.R.G.).  Imidazole, 
DTNB, 3-MC, DTPA, N-ethylmaleimide, o- 
phthalic-dicarboxaldehyde and substituted phenols 
were purchased from Janssen (Beerse, Belgium). 
Potassium phosphate, MgCI2, DMSO. tri- 
chloroacetic acid, acetic acid and methanol came 
from Baker (Deventer, The Netherlands). Bovine 
serum albumin and y-glutamiltranspeptidase were 
obtained from Sigma (St. Louis, MO). SKF-525A 
was a gift from Smith, Kline & French (Brussels, 
Belgium). Ellipticine was a gift from the National 
Cancer Institute (U.S.A.). 

Animals, preparation of microsomes and isolation 
of freshly isolated hepatocytes. Male albino Wistar 
rats (180-200g) were used. In the case of pre- 
treatment of animals, PB was administered orally 
during 7 days (1 mg/ml drinking water) and 3-MC 
(40 mg/kg, dissolved in archides oil) was injected 
once intraperitoneally 48 hr before use. Rats were 
fasted overnight before use. Microsomes were pre- 
pared bv difference ultra centrifugation [181 and 
stored at -180 ° at a concentration of 15 mg protein 
per ml; protein was determined by the method of 
Bradford [191. Hepatocytes were isolated by col- 
lagenase perfusion essentially according to the pro- 
cedure described bv Seglen [201. Modifications of 

the isolation procedure were as follows: Krebs I ten- 
seleit bicarbonate buffers (pH7J4) saturated with 
95c,: oxygen and 5~:} c;.trbon dioxide were used 
throughout the isolation of hepatocytes. The rats 
were anesthetized with sodium pentobarbital (5(I mg 
kg. i.p.). The livers were pcrfuscd with calcium free 
buffer, lirstlv through the vena porta after opening 
of thc lower vena cava and subsequently through the 
upper part of the vena cava after closing of the lower 
part of the vena tara.  After several washing steps 
the cells were suspended m cokt buffer containing 
2c~ ( w ; )  bovinc serum albumin. Cells isolated by 
this method usualh' contained o\cr  9{}(7~ viable cells 
as judged b 3 trypan blue exchision and I.DH leakagc. 

DiOT"rence .Vwetro~copy. Spectral studies on sub- 
strate binding to hepatic microsomal cvtochromc P- 
451) were performed v, ith an Aminco DW-2 spec- 
trometer, as described by Jefcoate [211. Samplcs 
(3 ml) comprised 3 mg of microsomal protein in 
50mM potassium phosphate buffer (pH 7.4) c~m- 
taining 0.1 mM DTPA. PAR and the 3-monoalkvl- 
and 3,5-dialkyl derivatives were added to the sample 
cuvette dissolved in DMSO: equal amounts of 
DMSO were added to the reference cuvette. Maxi- 
mally 2!d of DMSO were added. K, values were 
calculated from double reciprocal Lineweaver- 
Burke plots of the difference in absorption at 420 
and 390 nm and the substrate concentrations. 

Microsomal incubations. Incubation mixtures 
( 1 ml) consisted of 5 mM glucose-6-phosphate, 5 mM 
MgCI> 0.04 IU glucose-6-phosphate dehydrogenase, 
1 mM GSH, 2000 U catalase, microsomes ( 1 nag) and 
1raM of the substrates in 100 mM potassium phos- 
phate buffer (pH7.4) containing 0.5raM DTPA. 
After preincubation for 5 min at 37 °. the reaction 
was initiated by addition of NADPtl  (1 raM). After 
10 rain, the reaction was terminated b\  addition of 
0.5 ml 25¢~ (w/v) cold trichloroacetic acid. The for- 
mation of GSSG was determined as described bv 
Hissin and Hill [22]. Catalase was added to the 
incubation mixture to prevent oxidation of GSH by 
active oxygen species during incubation, additional 
superoxide dismutase had no effect. GSI l-conjugates 
formed were determined by HPLC [23]. In the case 
of PAR, 3-methyl-PAR (IIh 3-ethyl-PAR (III). 3- 
isopropyl-PAR ([V) and 3-t-butyl-PAR (V) the 
mobile phase consisted of 18, 27, 3(< 45 and 54~; 
{v/v) methanol in 1C4 (v/v) acetic acid in lifO. 
respectively. The GSH-conjugates were identilieci by 
comparison of their retention tinms with those of 
synthetic standards and by breakdown by' ],-glutamyl- 
transpeptidase [24]. The effect of nitrogen was stud- 
ied by flushing the incubation mixtures with nitrogen 
during preincubation and incubation. K,,, vahles were 
calculated from double reciprocal l.ineweaver- 
Burke plots of the rate of GStt  oxidation ~r con- 
jugation and the concentrations of substratcs, 

Incubation of hepatoo, tes. Freshly isohitcd hcpa- 
tocytes (1.5-2 × 10" cells/ml) were incubated m 3 ml 
vol. of Krebs-ftenseleit buffer containing 2(~ bovine 
serum albumin, lllmM htctic acid and 1 mM 
pyruvate. The cells were equilibratcd at 37  with 
95~X oxygen. 5(~ carbon dioxide for 15 rain, prior to 
addition of PAt),, the 3-monoalkyl- and 3,5-dialkvl 
derivatives dissolved in incubation nledium. During 
incubation aliquots of 1 ml were taken and centri- 
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Fig. 1. Relationship between log P and log K~ (A) and log P and log g m (B) of PAR (I), its 3-monoalkyl- 
(II,III,IV,V) and its 3,5-dialkyl derivatives (VI,VII,VIII,IX). Ks and g m were determined as described 
in Materials and Methods, log P values were taken from ref. 17. Results represent means of two separate 

experiments. 

Table 2. Formation of GSSG from GSH during microsomal 
incubation of 1 mM 3.5-dimethyl-PAR (VI) in the presence 

of NADPH and oxygen 

Incubation % GSSG formed 

Complete 100 
- NADPH 1 
- 3,5-dimethyl-PAR 18 
+ Nitrogen 39 
+ SKF 525a (2.5 mM) 38 
+ Imidazole (0.5 raM) 61 
+ Ellipticine (0.5 raM) 76 

Incubations and GSSG determinations were performed 
as described in Materials and Methods. 

Results are expressed as means of two separate experi- 
ments. The absolute value of a complete incubation (100%) 
was 1.2 -+ 0.1 nmol GSSG/mg protein/min. 

fuged (60 g for i min) ,  0.8 ml of cell free supe rna t an t  
was t aken  for the  assay of L D H  [25]. L D H  activity 
was expressed as a pe rcen tage  of the  activity p resen t  
in a homogen i zed  cell suspension.  To the  pel let  
100 ul of 15% (w/v)  t r ichloroacet ic  acid was added  to 
precipi ta te  pro te in .  The  s u p e r n a t a n t  ob ta ined  af ter  
15 min cent r i fuga t ion  at 5000g  was used for G S H  
de te rmina t ion  [26]. 

R E S U L T S  

Spectral interaction 
U p o n  addi t ion  of P A R ,  the  3-monoalkyl -  or 3,5- 

d ia lkyl-subst i tu ted der ivat ives  to l iver mic rosomes  
from un t r ea t ed  or  f rom 3-MC- or P B - p r e t r e a t e d  rats,  
difference spectra  were  obse rved  with an  absorp t ion  
peak  at abou t  419 n m  and  a t rough  at abou t  388 nm.  

c 

E 

c c .o_ .~ 
0 

b ~  
~ E  
gC 

2 ~  
0-2 

o_  

Microsomes 

Compound 

• GSH conjugote 

[ ]  GssG 

O 

~ m o  ~ m o  ~ u  ~ m ~  0_~c°° ~coo -~m a_~m~ 
o 

I Z TiT IZ Z ~I ~ 

~CO(D go_:~ 
q 

vo 

IX: 

Fig. 2. Formation of GSSG and GSH-conjugates during incubation of PAR (I), its 3-monoalkyl- 
(II,III,IV,V) and its 3,5-dialkyl derivatives (VI,VII,VIII.IX) with hepatic microsomes from control, 
PB treated and 3-MC treated rats in the presence of NADPH, GSH and oxygen. Incubations and 
determinations were performed as described in Materials and Methods. Results represent means of two 

separatc experiments. 



3696 R. VAN DE STRAAT et al. 

Table 3, Cvtotoxicities or PAR, 3-methyl-PAR (If) and 
3,5-dimethvl-PAR VI) in freshly isolated hepatocytes from 

untreated and 3-MC treated rats 

Addition 

c~. LDH leakage after 
3 hr incubation 

Control 3-MC treated 

None 1I + 4 15 + 2 
PAR ((/.5 mM) 28 -+ 6 60 + 0 
3-Methyl-PAR (0.5 raM) 20 - 7 54 + 4 
3,5-Dimethvl-PAR (I).5 mM) 14 + 4 17 ± 3 

Incubations of hepatocytes and determination of LDH 
leakage were performed as described in Materials and 
Methods. 

LDH leakage is expressed as a percentage of total activity 
in cells. Results are expressed as means + SD of 3 separate 
experiments in case of untreated rats and as means _* SD 
of 5 separate experiments in the case of hepatocytes from 
3-MC treated rats. 

All spectra showed reverse type I spectral changes. 
Nei ther  P A R  nor its derivatives were able to displace 
haeme binding ligands like imidazole or carbon mon-  
oxide from their  binding sites, a cri terion for dis- 
cr imination be tween  a type II and a reverse type I 
spectral change [27]. Both 3-mono- and 3,5-di-alkyl- 
substitution of P A R  decreased the values of Ks with 
increasing alkyl-substitution. A good correlat ion 
(r = 0.970) was observed be tween  the Ks determined 
with microsomes from 3-MC treated rats and the 
lipophilicity of P A R  and all of its alkyl-substituted 
derivatives (Fig. 1A). 

Microsomal oxidation 

The possible format ion of N-acetyl-quinone imine 
metaboli tes  from P A R  and its derivatives by micro- 
somal cytochrome P-450 media ted  oxidation was 
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Fig. 3. Effect of PAR (I), the 3-monoalkyl-llI,lll,IV) and 
the 3,5-dialkyl derivatives (VI,VII,VIII) on the GSH con- 
centrations in hepatocytes at 1 hr incubation. Incubation of 
hepatocytes and determinations of GSH concentrations 
were performed as described in Materials and Methods. 
Results are expressed as means + SD of 4 experiments. 

investigated by studying two reactions of synthetic 
N A P Q I  with GS t t ,  i.e. oxidation of GSH to GSSG 
and conjugat ion to GSH [28]. 

P A R  and its 3-monoalkvl-  and 3,5-dialkyl-sub- 
stituted derivatives gave rise to GSSG formation on 
incubation with microsomes in the presence of GSH 
and N A D P t t .  As illustrated for 3 ,5-dimethyl-PAR 
(VI) in Table 2, oxidation of GSH was found to 
be N A D P t t -  and oxygen-dependent ,  indicating the 
involvement  of the cvtochrome P-450 containing 
MFO system. Fur thermore ,  the cvtochrome P-45() 
inhibitors SKF 525A, imidazole and ellipticine I291 
decreased G S S G  formation (Table 2). 

A discrepancy was found between P A R  and the 
3-monoalkvl-substi tuted derivatives on the one hand 
and the 3,5-dialkyl-substituted derivatives on the 
other  hand in the way of reacting of their metaboli tes  
with GSH.  The reactive metabol i tes  of P A R  and its 
3-monoalkyl derivatives conjugated with GSH as 
well as oxidized GSH.  In contrast,  the 3,5-dialkyl- 
substituted derivatives vielded reactive metaboli tes 
which only oxidized GSH to GSSG (Fig. 2). 

Pretreatment  of rats with PB or 3-MC dif- 
ferentially affected the microsomal oxidation of P A R  
and the 3-monoalkyl-  and 3,5-dialkyl-substituted 
derivatives. As shown in Fig. 2, cytochrome P-450 
induction by 3-MC increased the oxidation of all 
compounds  whereas  induction by PB decreased it. 
Product formation was found to obey Michaelis 
Menten kinetics. The Km values of P A R ,  3-mono- 
alkyl- and 3,5-dialkyl derivatives obtained upon incu- 
bation with hepatic microsomes from 3-MC pro- 
treated rats did not correlate with the lipopnilicity of 
the compounds  (Fig. 1B), 

Toxicity in hepatocytes 

Hepatocytes  from 3-MC pretreated rats were 
found to be more susceptible to toxicity induced bv 
P A R  and 3-methy l -PAR (II), when compared  to 
hepatocytes from untreated animals (Table 3). 
Therefore ,  only freshly isolated hepatocytes from 3- 
MC pretreated rats were used in order  to compare  
the toxicity of P A R  and other  alkyl-substituted 
derivatives. 3- t -Butyl -PAR (V) and 3,5-di-t-butyl- 
P A R  (IX) were not studied because of their poor 
solubility. 

Upon  addition of P A R  ((/.5 mM) to hepatocytes 
from 3-MC pretreated rats, the cellular GSH level 
dropped to 20% of the control values (Fig. 3), 
whereas the L D H  leakage increased more than live- 
fold (Fig. 4A). Equimola r  concentrat ions of the 3- 
monoalkyl  derivatives caused similar effects: GSt t  
deplet ion (Fig. 3) and increased L D H  leakage 
(Fig. 4B). In contrast,  in the case of the 3,5-dialkyl 
derivatives neither G S H  deplet ion nor an increase 
in L D H  leakage was observed.  Even after raising 
the concentrat ions of 3 ,5-dimethyl-PAR (VI) and 
3,5-di-ethyl-PAR (VII) to 2 .SmM and l . S m M ,  
respectively, GS! ! levels were not decreased and no 
increased LDH leakage was observed (Figs 3 and 
4B). 

D I S ( . '  [ ; S S I O N  

The aim of the present study was to investigatc 
the effects of 3-monoalkyl-  and 3,5-dialkyl-sub- 
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Fig. 4. The cytotoxlcity of PAR (A), the 3-monoalkyl-(II,III,IV) and the 3,5-dialkyl-substituted 
derivatives (VI,VII,VIII) (B) in freshly isolated hepatocytes from 3-MC treated rats. Toxicity is 
expressed as per cent LDH leakage relative to total LDH activity present in cells. Incubations and LDH 
determination were performed as described in Materials and Methods. The results shown are means of 

five experiments (SD ~< 10%). 

stitution on the cytotoxicity of PAR. These types 
of substitution have been shown not to reduce the 
analgesic activity [15, 16]. The effects of alkyl-sub- 
stitution on the cytotoxicity of PAR were studied 
at the level of interaction with, and oxidation by 
cytochrome P-450 to quinone imines, as well as the 
toxicity in hepatocytes. 

As far as substrate binding to cytochrome P-450 is 
concerned, PAR and all derivatives interacted with 
cytochrome P-450 giving rise to reverse type I spec- 
tral changes. The manner of interaction of a substrate 
with cytochrome P-450 giving rise to a reverse type 
I spectral change is unknown [27, 30]. The finding of 
a strong correlation between the lipophilicity and 

O 
II 

H - N -  C -CH 3 
/ 

(A) [ ~  cyt. P-450 

NADPH/O2 
R 

O-H 

O 

II 
H - N - C - C H  3 

o o ?  II 
N - C -  CH3 ~ R S-G 

o 

R II 
O H-N-C-CH3 

R ~  + GSSG 

O-l-I 

O 

II 
H-N-C-CH3 

(B) ~ cyt. P-450 

R @  R NADPtt/O2 

O-H 

O O 

II II 
N-C-CH3 H-N-C-CH3 

D, + GSSG 

R R R 

0 O--H 

Fig. 5. Schematic representation of the proposed bioactivation of PAR and the 3-monoalkyl derivatives 
(A) and the 3,5-dialkyl derivatives (B) and the reactions of the formed N-acetyl-para-benzoquinone 

imines with GSH. 
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the logarithm of the K~ of PAR and its derivatives 
(Fig. 1A) suggests a hydrophobic nature for the inter- 
action of these compounds with cvtochrome P-450 
and thereby supports the proposal that a reverse 
type I spectral change can be the result of substrate 
interaction with a binding site on the protein moiety, 
as in the case of a type I interaction [30]. 

PAR and all of the derivatives investigated 
appeared to be oxidized during microsomal incu- 
bation in the presence of NADPH as shown by 
reactions of the metabolites formed with GSH. In 
the case of PAR and the 3-monoalkvl derivatives. 
metabolites were formed whose reactions with GSH 
were identical to those of the corresponding synthetic 
NAPQI 's  with GSH, i.e. conjugation with GSH and 
oxidation of GSH to GSSG. The reactions of the 
metabolites from the 3,5-dialkyl derivatives 
resembled that of synthetically prepared 3,5-di- 
methyl-NAPQI, i.e. only oxidation of GSt! to GSSG 
[28]. Although the reactive metabolites could not be 
detected directly, the secondary reactions with GSH 
indicate that PAR as well as the 3-monoalkvl- and 
the 3,5-dialkyl-substituted derivatives underwent 
biotransformation to their respective NAPQIs 
(Fig. 5). 

The involvement of the cytochrome P-451) con- 
taining MFO system in the oxidation of PAR and its 
alkyl-substituted derivatives can be deduced from 
the requirement of N A D P H  and oxygen, the inhi- 
bition by SKF-525A, imidazole and ellipticine, well- 
known inhibitors of cytochrome P-450 mediated sub- 
strate oxygenation [29] (Table 2) and the differential 
effects of the cytochrome P-450 inducers 3-MC and 
PB. The actual effects of pretreatment of rats with 
3-MC and PB on the cytochrome P-450 mediated 
oxidation of all derivatives of PAR investigated in 
the present studv were similar to those earlier 
described for oxidation of PAR [13,311: enhanced 
product formation after induction bv, 3-MC and an 
unchanged or decreased product formation after 
induction by PB. This suggests that both PAR and 
its derivatives are oxidized by similar 3-MC-inducible 
cytochrome P-450 isoenzymes. In contrast to the 
strong correlation between log P and log K,-values 
(Fig. 1A), the Kin-values of cvtochrome P-450- 
mediated oxidation of PAR. its 3-monoalkvl- and 
3,5-dialkyl derivatives did not correlate with their 
log P values (Fig. 1B). From this observation as well 
as from the absence of a relationship between Km and 
the bulkiness of the substituents of the derivatives of 
PAR it can be concluded that the cvtochrome P-450 
mediated oxidation of PAR and its derivatives is 
primarily governed by other factors than lipophilicity 
and steric effects. 

The toxic!ties of PAR and the 3-monoalkvl deriva- 
tives in the hepatocytes were found to be rather 
similar. These compounds were bioactivated to, most 
probably, NAPQIs which deplete cellular GSH by 
conjugation to GSH and possibly bv GSH oxidation. 

3,5-Dialkyl-substitution of PAR was found to pre- 
vent the depletion of GSH and the cytotoxic action 
of PAR. In principle, this effect might be ascribed 
to a difference in metabolism between these com- 
pounds and PAR. However. since alkyl-substitution 
at ortho-positions to the hydroxyl group of phenols 
has been shown to lead to a decrease in the rate of 

conjugative reactions [32, 33], one may assume that 
in the case of the 3,5-dialkyl derivatives of PAR 
saturation of conjugation would occur at the same 
or lower concentrations when compared to PAR. 
The involvement of liver cvtosolic DT-diaphorase in 
the detoxification of the 3,5-dialkyl-NAPQIs, which 
could also account for the difference between the 
cvtotoxicitv of the 3,5-dialkvl derivatives and PAR 
is unlikely, since addition of the DT-diaphorase 
inhibitor dicumarol [341 did not lead to c}totoxicity 
of the 3,5-dialkyl-substituted derivatives. Moreover, 
sxnthetic 3,5-dimethyl-NAPQl and NAPQI wcre 
found not to be substrates for this cvtosolic enzyme 
in a subcellular fraction of rat liver (data not shown ). 
Therefore. the absence of toxicity of the 3,5-dialkyl 
derivatives of PAR can be directly related to appar- 
ently different toxic properties of the 3,5-dialkyl- 
NAPOIs when compared to NAPOI and 3-mono- 
alkyl-NAPQls. 

As was shown in hepatic microsomal incubations, 
the reactive metabolites of the 3,5-dialkvl-deriva- 
fives of PAR only oxidized GSH to GSSG (Table 2, 
Fig. 5). However, no depletion of GSH was observed 
in hepatocytes. This may be explained by a rapid 
reduction of GSSG to GSH bv cytosolic GSH- 
reductase, Recently, comparable behaviour of the 
hepatic GSH-GSSG redox-svstem has been 
observed in hepatocytes treated with other sub- 
stituted quinones like adriamycin and menadione 
[35, 36]. In these cases, GSH depletion and cyto- 
toxicity could only be observed after inhibition of 
GSH-reductase. One essential difference between 
PAt), and the 3-monoalkvl derivatives, on the one 
hand, and the 3,5-dialkyl-substituted analogs, on 
the other hand. is therefore the irreversible depletion 
of cellular GS!! by' conjugation of GSH to the 
respective NAPQI metabolites of the former con> 
pounds and a reversible depletion of GSH (oxidation 
of GSH by the reactive nqetabolites, followed bv 
reduction of GSSG by cellular GSH-reductase) in 
the case of the latter compounds. This difference is 
a result of the different chemical reactivity of the 3.5- 
dialkyl-NAPQIs and NAPQI towards thiols, which 
might also account for the observed difference 
between the cytotoxicity of 3,5-dialkyl-substituted 
derivatives of PAR and that of PAR in hepatocytes. 

In the case of PAR, two processes, covalent bind- 
ing of NAPQI to proteins [6, 7] and oxidative stress 
[8-101 , have been proposed to be important steps 
in its hepatotoxic action. 3,5-Dialkyl-substitution of 
PAR may prevent the covalent binding to thiol 
groups o(protein.  This hypothesis is supported by 
the fact that irreversible conjugation of 3,5-dialky(- 
NAPQIs to GSH was found to be absent. Further- 
more, the reversible depletion of cellular GSH in the 
ease of the 3,5-dialkyl-substituted derivatives leaves, 
in contrast to the action of PAR, the GSH GSSG 
redox-svstem, a cellular defense system againsl oxi- 
dative stress [37.38], relatively intact. Blocking of 
the reactive 3 and 5 positions of NAPOI appears to 
prevent its cytotoxicity, t{owevcr, further studies 'are 
necessary in order to clarify fully the differenccs in 
mechanism of (toxic) actions o ( P A R  and the 3,5- 
dialkyl derivatives of P A R  

As has been described previously, alkvl-sub- 
stitution of PAR does not diminish ttle analgesic 
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activity [15, 16]. For  tha t  r eason  it is of impor t ance  
to answer  the  ques t ion  w h e t h e r  cytotoxici t ies  of the 
der ivat ives  of P A R  d e t e r m i n e d  in hepa tocy tes  are 
comparab l e  to hepa to tox ic i ty  in vivo.  Pre l iminary  in 
v ivo  data  af ter  oral  dosage to mice indeed  indicated  
tha t  the  3-mono-a lkyl  der iva t ives  were  equally 
hepa to tox ic  as P A R  and  the  3 ,5-dia lkyl-subst i tu ted 
der ivat ives  were  not  hepa to tox ic  even  at h igher  
dosages.  These  findings, howeve r ,  are in cont ras t  to 
an equitoxici ty of P A R  and  3 , 5 - d i m e t h y l - P A R  (VI) ,  
r epo r t ed  previously  [39]. The  cause of this dis- 
c repancy is as yet unclear .  

In conclusion,  it can be  s ta ted  tha t  alkyl-sub- 
s t i tut ion of P A R  does not  dramat ica l ly  affect its 
microsomal  c y t o c h r o m e  P-450 med ia t ed  oxidat ion to 
react ive N A P Q I s .  W h e n  c o m p a r e d  to P A R  and  3- 
monoa lky l - subs t i tu t ed  der ivat ives ,  3,5-dialkyl-sub- 
s t i tut ion changed  the way of reac t ing  of the  fo rmed  
N A P Q I s  with GSH.  In these  cases only revers ible  
oxidat ion of G S H  to G S S G  was obse rved  and  no 
i r revers ible  con juga t ion  to GSH.  In cont ras t  to P A R  
and  3 -monoa lky l - subs t i tu ted  der ivat ives ,  ne i the r  
dep le t ion  of cel lular  G S H  no r  cytotoxici ty in hepa-  
tocytes was obse rved  for the  3,5-dialkyl derivat ives.  
Based  on the  molecu la r  m e c h a n i s m  of the toxic 
act ion of P A R ,  it is appa ren t ly  possible  to p reven t  
the  adverse  effects of the  drug by dialkyl-substi-  
tu t ion.  In teres t ingly ,  3 ,5-dia lkyl-subst i tu t ion has 
been  shown not  to inf luence negat ive ly  the  phar-  
macological  activity of these  c o m p o u n d s  when  com- 
pa red  to P A R  [15, 16]. 
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