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1 Paracetamol metabolism was investigated in eight healthy males, eight healthy females and eight
healthy females receiving oral contraceptive steroids (OCS).

2 Paracetamol clearance was 22% greater in males compared to the control female group. This
difference was entirely due to increased activity of the glucuronidation pathway in males, there being
no sex-related differences in the sulphation or oxidative metabolism of paracetamol.

3 Paracetamol clearance in females using OCS was 49% greater than in the control females.
Glucuronidation and oxidative metabolism were both induced in OCS users (by 78% and 36%

respectively) but sulphation was not altered.

4 Although sex-related differences in paracetamol metabolism are unlikely to be of clinical impor-
tance, induction of paracetamol metabolism by OCS may have clinical and toxicological consequences.
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Introduction

"Although it has been known for some time that sex
hormones influence the activity of certain forms of
cytochrome P-450 in the rat (Kato, 1974), only re-
cently have systematic studies been performed in man
which demonstrate an effect of sex on oxidative drug
metabolism. In particular, differences between males
and females in the metabolism of antipyrine (Teunis-
sen et al., 1982), chlordiazepoxide (Roberts et al.,
1979), desmethyldiazepam (Allen et al., 1980) and
diazepam (Greenblatt et al., 1980a) have been re-
ported. There is also considerable evidence showing
that the elimination of a number of drugs metabolised
by the hepatic mixed function oxidase system is im-
paired in women receiving oral contraceptive steroids
(OCS). Thus, OCS reduce the clearance of amino-
pyrine (Sonnenberg et al., 1980), antipyrine
(Chambers et al., 1982; Teunissen et al., 1982),
caffeine (Patwardhan et al., 1980), chlordiazepoxide
(Roberts et al., 1979) and metoprolol (Kendall ez al.,
1982). The clearance of nitrazepam, a drug which
undergoes reductive metabolism, is also diminished
in women taking OCS (Jochemsen et al., 1982).
Whereas the effect of sex and OCS on oxidative
drug metabolism is now recognised, both in rats and
humans, little data are available on the influence
of these factors on drug conjugation reactions. The
clearance of oxazepam and temazepam, drugs bio-
transformed by glucuronide conjugation, have been
shown to be significantly higher in males compared to
females (Greenblatt et al., 1980b; Divoll et al., 1981)
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while gender had no apparent effect on the clearance
of another glucuronidated benzodiazepine, loraze-
pam (Greenblatt et al., 1979). Recent reports
(Wojcicki et al., 1979; Mucklow et al., 1980; Divoll et
al., 1982) have also indicated that paracetamol
clearance is greater in males than females. Parace-
tamol is biotransformed in the liver primarily by con-
jugation with glucuronic acid and sulphate, with a
small proportion of the dose being transformed by
cytochrome P-450 to a reactive intermediate which is
detoxified by conjugation with glutathione (Hinson,
1980). Thus, paracetamol serves as a useful model
drug for simultaneously determining effects on both
glucuronide and sulphate conjugation, as well as a
(minor) oxidative pathway. The present study was
therefore undertaken to investigate the effect of
gender and OCS on the individual metabolic path-
ways for paracetamol.

Methods
Subjects

The subjects were 24 volunteers; eight males (mean
age 24.8 * 2.1 years; mean weight 73.8 + 4.8 kg),
eight females not taking OCS (mean age 22.5 + 2.6
years; mean weight 64.9 + 4.2 kg), and eight females
receiving OCS (mean age 22.2 = 1.3 years; mean
weight 61.7 = 4.0 kg). All subjects were non-smokers
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and were healthy as determined by medical history,
physical examination, and biochemical and haemato-
logical parameters. No medications, other than those
required for the study, were taken for 1 week be-
fore or during the study. The OCS were all combina-
tion pills and included Microgynon and Nordette
(both ethinyloestradiol 0.03 mg, levonorgestrol 0.15
mg), and Orthonovum (mestranol 0.08 mg, norethis-
terone 1.0 mg). With the female subjects, study days
were not standardised to any particular phase of the
menstrual cycle. Of the control group females four
were studied in the follicular phase and four in the
luteal phase, while all OCS users were studied be-
tween days 5 and 22 of the pill cycle. Written in-
formed consent was obtained from each subject and
the study was approved by the Clinical Investigation
Committee of Flinders Medical Centre.

Protocol

After an overnight fast the subjects received 2 x 500
mg paracetamol tablets (Panadol) with 150 ml tap
water. Three mouth washes with warm water were
performed in the 10 min following the paracetamol
dose. Saliva samples were collected prior to and at

0.5,1,1.5,2,2.5, 3,4, 6 and 8 h after drug administra- -

tion. In addition, urine was collected for 24 h follow-
ing the paracetamol dose. Saliva samples were stored
at —20°C until analysis but urine samples were assayed
within 12 h of collection.

Analytical procedures

Salivary paracetamol concentrations were measured
by a specific high performance liquid chromatographic
method. A 0.05 ml aliquot of saliva was mixed with an
equal volume of 10% trichloroacetic acid and after
centrifugation 0.01 ml of the clear supernatant was
injected onto a Waters Associates u-Bondapak C-18
reversed phase column (30 cm x 3.9 mm i.d.). The
mobile phase was 5% acetonitrile—95% phosphate
buffer (20 mm, pH 3.0) at a flow rate of 2 ml min and
an ultraviolet absorbance detector operating at
250 nm was used for quantitation of paracetamol.
Calibration curves for paracetamol peak height were
linear in the range 0.5-100 mg 1! and passed through
the origin. The method was shown to be reproducible,
with the mean (* s.d.) coefficient of variation of the
normalised peak heights from 40 standard curves
prepared over 1 year being 3.1 + 1.4%. Concentra-
tions of unchanged paracetamol and its glucuronide,
sulphate, cysteine and mercapturic acid conjugates in
urine were determined by high performance liquid
chromatography (Miners ez al., 1984).

Analysis of results

The following parameters were estimated from the

individual saliva paracetamol concentration-time
curves. Apparent first-order elimination rate con-
stant (k) was calculated by linear least squares regres-
sion analysis using experimental data points from 2 to
8 h after dosing, and half-life (#,,) determined as
0.693/k. Clearance (CL,) and apparent volume of
distribution (V) were calculated from the area under
the saliva concentration-time curve (AUC) as deter-
mined by the trapezoidal rule with extrapolation to
infinite-time. Thus,

CL,=D (AUCxB.W.) and V=CL, k

where B.W. is the body weight in kg.
The clearance to each metabolite (CL,,) was calcu-
lated as:

CL,=f,.CL,

where f, is the fractional excretion of the metabolite
compared to total paracetamol-derived products.
This expression follows from the assumption that CL,
is the sum of the individual clearances involved in
paracetamol elimination, i.e.

CL,=CLg + CLg + CLg + CLggy

where Cly, is the renal clearance of unchanged para-
cetamol and CLg, CLg and CLGgy are metabolic
clearances to the glucuronide, sulphate and gluta-
thione-derived conjugates respectively. The gluta-
thione derived conjugate was measured as the sum of
the cysteine and mercapturic acid derivatives.
Results are expressed as mean * s.e.mean. The
significance of the differences between study groups
was determined using the Mann-Whitney U test.
Values of P < 0.05 were regarded as significant.

Results

Table 1 summarises the paracetamol kinetic para-
meters in each of the three study groups. Paracetamol
clearance (CL,) was higher in the male (5.62 + 0.18
ml min~! kg™! (P < 0.001) than in the control (non-
OCS) female group (4.61 = 0.18 mImin—' kg~') but¢,,
was not significantly different. Paracetamol clearance
was markedly increased (by 49%) in OCS users com-
pared to control females (P < 0.01). The magnitude
of this effect was such that CL,, was higher in OCS
using females than in males although this was of
marginal statistical significance (P < 0.065). Para-
cetamol half-life (¢,,) was shorter in the OCS users
(1.49 = 0.12 h) compared to both the males (2.09 +
0.09 h) (P < 0.001) and control females (2.16 + 0.17
h) (P < 0.01). The volumes of distribution for para-
cetamol were similar in the two female groups (control
females, 0.83 +0.05 1 kg™!; OCS users, 0.85 = 0.05 1
kg™!) and in both cases were significantly lower than
for males (1.00 = 0.06 1 kg™!) (P < 0.05 for both the
control female and OCS user groups).
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Table1 Paracetamol kinetics in males, females and OCS-using females

CLp ty, 1%

Group (mlmin~'kg™') (h) (1kg™)
Males 5.62 2.09 1.00

+0.18 +0.09 +0.06
Females 4.61** 2.16 0.83*

+0.18 +0.17 +0.05
OCS-using females 6.88* 1.49**+ 0.85*

+0.65 +0.12 +0.05

Compared to males; * P <0.05, ** P <0.001

Compared to females; *P < 0.01

The individual metabolic and renal clearances of
paracetamol are shown in Table 2. Glucuronidation
was enhanced in males (3.42 = 0.16 ml min~' kg™', P
< 0.01) and in OCS using females (4.74 = 0.51 ml
min~! kg™!, P < 0.01) compared to control females
(2.67 = 0.20 ml min~! kg™!). Clg was higher in the
OCS users than in the male subjects (P < 0.05).
Oxidative metabolism of paracetamol (clearance to
glutathione derived metabolites, CLggy) was also in-
duced by OCS, being 36% greater in OCS users than
in control females (P < 0.05). Although CL gy was
higher in males (0.51 *+ 0.05 ml min~' kg™') than in
control females (0.44 + 0.05 ml min~! kg™') the dif-
ference was not statistically significant. There were no
significant differences between any of the groups in
clearance by sulphation or in the renal clearance
of unchanged paracetamol. No differences were
observed in any parameter when females studied in
the luteal phase of their cycle were compared to those
studied during the follicular phase.

Table 2 Metabolic and renal clearances

OCS-using females

The urinary excretion profile of paracetamol and
its metabolites in each group is shown in Table 3. In
all groups the recovery of paracetamol was essentially
quantitative. There was no significant difference be-
tween males and females in the percentage excretion
of any of the metabolites. In the OCS users, the
marked induction of the glucuronidation pathway
caused an increase in the proportion of the dose
excreted as the glucuronide (P < 0.05) and a decrease
in sulphate excretion (P < 0.05) compared to both
males and control females.

Discussion

Throughout this study salivary paracetamol concen-
trations have been used to determine paracetamol
clearance. In a preliminary experiment the relation-
ship between plasma and salivary paracetamol con-
centrations was investigated in six subjects. The sub-

of paracetamol in males, females and

CL (mlmin~'kg™') to:

Group
G!' S GSH P
Males 3.42 1.43 0.51 0.27
+0.16 +0.13 +0.05 +0.04
Females 2.67** 1.24 0.44 0.27
+0.20 +0.12 *0.05 +0.03
OCS-using females 4.74*++ 1.21 0.60+ 0.32
+0.51 +0.16 +0.09 +0.04

' G = glucuronide, S = sulphate, GSH = glutathione-derived conjugates (cysteine

+ mercapturic acid), P = unchanged paracetamol.

Compared to males; * P <0.05, ** P <0.01
Compared to females; * P < 0.05, ** P <0.01
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Table 3 Urinary excretion of paracetamol and its metabolites in males, females and OCS-using

females
Mean fractional excretion (% recovered dose)'
Group Mean % dose
G3 S GSH P recovered*
Males 60.5 25.4 8.1 4.9 101.5
*1.6 +1.3 +1.3 +0.6 +23
Females 57.6 26.9 8.7 4.9 98.3
+1.9 *1.9 *1.5 +0.8 *35
OCS-using 68.8** 17.6*+ 9.1 4.4 100.0
females +23 *1.6 +0.9 +0.7 +4.2

! Expressed as percentage of total paracetamol-derived products recovered.
2 Total paracetamol-derived products recovered expressed as a percentage of the dose administered.

3 See Table 2 for explanation of symbols.
Compared to males, * P < 0.05
Compared to females, * P < 0.05

jects, all healthy male volunteers, were administered
paracetamol (1 g) and saliva and blood samples were
taken at 30 min intervals to 8 h. Using the h.p.l.c.
procedure described earlier for the determination of
paracetamol, there was a highly significant correlation
(r = 0.975, P < 0.001) between AUCs calculated
from salivary and plasma paracetamol concentrations.
Although this result is in concurrence with the data of
Glynn & Bastain (1973) and Mucklow et al. (1980), a
more recent report (Adithan & Thangam, 1982) failed
to show a significant correlation between AUC:s cal-
culated from salivary and plasma paracetamol con-
centrations. The reason for the variability observed in
the latter study is not clear but may be due to the
spectrophotometric procedure used for the deter-
mination of paracetamol concentration.

In this study paracetamol clearance has been deter-
mined following oral doses of the drug. While there
is evidence that paracetamol undergoes presystemic
hepatic metabolism, this first-pass effect is only
approximately 10% for a 1 g dose of paracetamol
(Rawlins et al., 1977). Thus, paracetamol clearance
calculated in this manner will slightly overestimate
systemic clearance and volume of distribution. How-
ever, clearance determined after oral administration
is a measure of intrinsic hepatic clearance (Wilkinson
& Shand, 1975) and is therefore a better indicator
of drug metabolising enzyme capacity than systemic
clearance. Similarly, it should be noted that through-
out this work CL g,y has been assumed to reflect the
cytochrome P-450 mediated metabolite formation.
Animal studies have shown that covalent binding of
reactive metabolite to hepatocyte macromolecules
does not occur after low doses of paracetamol (Hinson,
1980) suggesting that glutathione conjugate formation
is a valid measure of the oxidative pathway under
these conditions.

The data presented here show that paracetamol
clearance is 22% greater in males compared to
females. This result is consistent with previous re-
ports (Wojcicki et al., 1979; Mucklow et al., 1980;
Divoll et al., 1982) which have suggested that para-
cetamol clearance is faster in males than in females.
Paracetamol volume of distribution was lower in
females (including the OCS users), probably due to
the greater proportion of total body weight as fat in
women together with incomplete distribution of para-
cetamol into fat (Divoll et al., 1982). There was no
difference in paracetamol half-life between males and
the control females, half-life being a hybrid kinetic
variable related directly to volume of distribution and
inversely to clearance.

Although there was no significant difference be-
tween males and females in the fraction of each meta-
bolite excreted in the urine, the metabolic clearance
to the glucuronide conjugate was 28% higher in males.
There were no sex-related differences in the renal
clearance of paracetamol or in the clearances to the
sulphate and glutathione-derived conjugates. Thus,
it would appear that the difference in paracetamol
clearance observed between the sexes is entirely due
to an increased activity of the glucuronidation path-
way in males. To date, the only other report of sex-
related differences in the clearance of drugs depen-
dent on glucuronide conjugation for their elimination
are for the benzodiazepines, temazepam and oxaze-
pam (Greenblatt et al., 1980b; Divoll et al., 1981).
The clearances of oxazepam and temazepam were
40% and 32% greater respectively in males compared
to females. By contrast, sex was not a significant
factor in accounting for the variability observed in the
disposition of the similarly metabolised benzodia-
zepine lorazepam, a discrepancy which has been
suggested as being due to incomplete matching of the
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respective study populations (Greenblatt et al., 1979).
Variable effects of sex on oxidative metabolism have
been reported in humans. The demethylation of
chlordiazepoxide was found to be faster in males than
in females (Roberts et al., 1979), but the intrinsic
clearances of desmethyldiazepam and diazepam and
the metabolic clearance of antipyrine to norantipyrine,
4-hydroxyantipyrine and 3-hydroxymethylantipyrine
were greater in females (Allen et al., 1980; Greenblatt
etal., 1980a; Teunissen et al.,, 1982).

There is some evidence in animals showing a direct
effect of sex hormones on UDP-glucuronyltransferase
activity. The glucuronidation of 2-aminophenol was
shown to be approximately four times greater in liver
microsomes from male rats compared to microsomes
from female rats (Inscoe & Axelrod, 1960). Chronic
administration of oestradiol to male rats decreased
glucuronyltransferase activity while the chronic
administration of testosterone to female rats increased
glucuronidation. Specific UDP-glucuronyltransferase
activities have been shown to be decreased in pregnant
rats where oestrogen and progesterone levels are high
(Feuer & Liscio, 1969; Neale & Parke, 1973). How-
ever, the relative importance of the individual sex
hormones on glucuronidation in humans remains un-
clear. In the present study there was no difference in
any of the parameters measured between female sub-
jects studied in the luteal and follicular phases of their
cycles. Similarly, Wojcicki et al. (1979) reported that,
although there was a trend to higher AUC for para-
cetamol during the luteal phase compared to the folli-
cular phase, this difference was not significant.

In females taking OCS paracetamol clearance was
49% greater compared to the control females and was
22% higher than in males. Paracetamol half-life was
correspondingly decreased in the OCS users. In a
study of the variability of paracetamol disposition in a
group of London factory and office workers Mucklow
etal. (1980) also found a trend to higher paracetamol
clearance in OCS users, although effects on specific
metabolic pathways were not determined. The results
of the present study show that the increased para-
cetamol clearance in OCS users was largely due to
induction of UDP-glucuronyl transferase in this group.
Thus, for the OCS users CL; was 78% greater than in
the control females and 39% greater than in males.
Furthermore, the clearance to the glutathione-derived
products was significantly greater in OCS users com-
pared to non-pill using females, the extent of induction
(36%) being approximately half that observed for
glucuronidation. While the fractional excretion of the
sulphate conjugate was lower in OCS users compared
to the other groups, clearance to this metabolite was
not altered. The latter result is not surprising since
sulphotransferase appears to be a non-inducible en-
zyme and, even though ethinyloestradiol is extensively
sulphated (Orme, 1982), the low dose of oestrogen in
the OCS would not be expected to result in significant
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competitive inhibition of paracetamol sulphation. It
might be speculated, however, that co-administration
of paracetamol and OCS would reduce the first-pass
metabolism of ethinyloestradiol thereby increasing its
bioavailability.

Little other data is available on the effect of OCS
on xenobiotic glucuronidation. Addition of ethinyl-
oestradiol to rat liver slices decreased the rate of
glucuronidation of 2-aminophenol and bilirubin, while
addition of progestogens did not inhibit the conjuga-
tion of these substrates (Hargreaves et al., 1971).
Furthermore, only the oestrogenic component appears
to be responsible for the hyperbilirubinaemia observed
in some women receiving OCS (Aldercreutz &
Ikonen, 1964). These observations suggest that in-
duction of glucuronidation is more likely to be due to
the progestogen since oestrogens appear to inhibit
this pathway. Animal studies have been initiated to
test this hypothesis.

The oxidative metabolism of paracetamol, deter-
mined as clearance to the glutathione-derived con-
jugates, was induced in the OCS users compared to
the control female group. While some pathways of
antipyrine biotransformation may be induced by
OCS (Teunissen et al., 1982), these results contrast to
the inhibition of clearance by OCS for the oxidised
drugs aminopyrine (Sonnenberg et al., 1980), anti-
pyrine (Chambers et al., 1982; Teunissen et al., 1982),
caffeine (Patwardhan et al., 1980), chlordiazepoxide
(Roberts et al., 1979) and metoprolol (Kendall et al.,
1982). Again, the oestrogenic component of OCS
appears to be responsible for the decreased elimina-
tion of these drugs (Chambers et al., 1982). Pro-
gestogens, in particular lynestrenol, increase the
activity of a range of liver microsomal enzymes in rats
and mice (Briatico et al., 1976), consistent with a
selective effect of OCS on the various forms of cyto-
chrome P-450. The oxidative metabolism of para-
cetamol is of major toxicological significance since it
results in the formation of the reactive intermediate
responsible for paracetamol-mediated hepatotoxicity.
Induction of this pathway enhances paracetamol
toxicity in laboratory animals (Hinson, 1980) and
microsomal enzyme induction has also been reported
to increase the susceptibility of humans to liver
damage following paracetamol overdose (Wilson et
al., 1978; Wright & Prescott, 1973) and chronic low-
dose treatment with paracetamol (Goldfinger et al.,
1978; Johnson & Tolman, 1977; McClain et al. , 1980).
The results presented here show that OCS may be a
relative risk factor in the development of para-
cetamol-induced hepatotoxicity in females.

In summary, this study has demonstrated that the
faster elimination of paracetamol in males compared
to females is due to increased activity of the glucuron-
idation pathway in males. A previous study has shown
that liver microsomes isolated from male and female
rats show differences in the activity of UDP-glucu-
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ronyltransferase for a number of substrates (Winsnes,
1971). Hence it is likely that sex-related differences
occur for a range of drugs metabolised by glucuronide
conjugation in man, although data for paracetamol
and the glucuronidated benzodiazepines show this
effect is generally small and unlikely to be of clinical
importance. By contrast, OCS markedly induced the
glucuronidation and oxidative metabolism of para-
cetamol and these effects may have clinical conse-
quences in terms of duration of action and the de-
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