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The adverse influence of pregnancy upon sulphation:
a clue to the pathogenesis of intrahepatic cholestasis of pregnancy?
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Sulphation of oestrogens and monohydroxy bile acids is important in attenuating their cholestatic potential. Thus, impair-
ment of sulphation could lead to retention of cholestatic compounds and precipitate intrahepatic cholestasis in susceptible
individuals. We tested the hypothesis that such a mechanism may be involved in the pathogenesis of intrahepatic chol-
estasis of pregnancy. In vivo and in vitro assessment of sulphation capacity was performed in patients with cholestasis of
pregnancy, compared with control females on and off the oestrogen-containing oral contraceptive pill and control individ-
uals during normal pregnancy and post partum, to assess the influence of high oestrogen states upon this metabolic
pathway. During in vivo studies utilising paracetamol as a metabolic probe, the proportion of paracetamol sulphate and
sulphate: glucuronide ratio were decreased in those with elevated oestrogens, whether the rise in oestrogens was endo-
genous, in pregnancy (paracetamol sulphate p<<0.05; paracetamol sulphate:glucuronide ratio p<0.01), or exogenous, with
the contraceptive pill (paracetamol sulphate p=0.2; paracetamol sulphate:glucuronide ratio p<<0.001). In vitro, platelet
sulphotransferase activity was measured, utilising phenol as substrate. Sulphotransferase activity decreased during preg-
nancy compared with repeat measurements post partum (p<0.005) and compared with non-pregnant individuals
(p<0.03). In conclusion, we have shown that elevated oestrogens are associated with significant impairment in sulphation
capacity. An imbalance of sulphation with glucuronidation provoked by high circulating oestrogen levels may be contribu-
tory in the pathogenesis of cholestasis of pregnancy. © Journal of Hepatology.
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Intrahepatic cholestasis of pregnancy (COP) is a disease
of unknown aetiology (1). A high prevalence of the dis-
order in countries such as Chile and Bolivia (2), plus the
aggregation of cases amongst blood relatives, indicates a
genetic predisposition (3); however, seasonal variation
and marked differences in the intra-regional prevalence of
the disease, suggest an additional role of environmental
factors (4). The importance of oestrogens in the aetiology
of this condition is suggested by its occurrence and recur-
rence during pregnancy (3,5), a higher prevalence in twin-,
compared with single pregnancies (6) and the tendency
for susceptible females to develop intrahepatic cholestasis
when challenged with the oestrogen-containing oral con-
traceptive pill.

Oestrogens and monohydroxy bile acids may be conju-
gated by sulphate or glucuronide in the liver (7,8). Al-
though sulphation renders these substances nontoxic and
polar, facilitating excretion, the glucuronide conjugates
may be hepatotoxic and cholestatic (8-10). Oestrogen 17-
beta glucuronide, for example, is the most cholestatic of
all oestrogen metabolites. Cholestasis of pregnancy may
be the consequence of production of an abnormal oes-
trogen metabolite or undue susceptibility to the cholestat-
ic effect of normal oestrogens. Diminished ability to sul-
phate during pregnancy, either because of substrate
competition or downregulation of sulphotransferase ac-
tivity would result in the accumulation of more cholestat-
ic glucuronide conjugates.
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Benign recurrent intrahepatic cholestasis has some
features which parallel COP and the two conditions
have been described in the same patients (11-13). It is
postulated that both are due to similar mechanisms
(13). In benign recurrent intrahepatic cholestasis, bile
acid pool studies indicate increased faecal spillover of
primary bile acids, resulting in a contracted bile acid
pool during the non-cholestatic phase, with a relative
rise of cholestatic secondary monohydroxy bile acids
(14). Serum bile acids rise rapidly as an episode of chol-
estasis develops. Serum bile acid levels are also mark-
edly elevated in COP (15). In the presence of a low sul-
phate state, conjugation with the more cholestatic
glucuronide is likely to predominate. It is possible that
those who develop COP have an increased secondary
monohydroxy bile acid pool. An increased load of
monohydroxy bile acids in an environment in which
sulphation is already compromised will result in an in-
crease of glucuronide conjugates and would perpetuate
the cholestatic environment until demand for sulphation
decreased with the fall in oestrogen levels.

We have studied in vivo and in vitro sulphotransferase
activity in groups with a history of COP and control
groups during pregnancy and after delivery, as well as
control groups on and off the oestrogen-containing oral
contraceptive pill.

Patients and Methods

1) In vivo study
Assessment of paracetamol sulphation capacity:

Group 1: COP - Pregnant (n=15) - third trimester.

Group 2: COP - Post partum (n=10) — 4-8 weeks post
delivery.

Group 3: Control females — Pregnant (n=11) - third tri-
mester.

Group 4: Control females — Post partum (#=10) — 4-8
weeks post delivery.

Group 5: Control females — on oral contraceptive pill
(n=11).

Group 6: Control females — not on oral contraceptive pill
(n=17).

Group 1 consisted of 15 females who were previously fit

and well, but had developed cholestasis of pregnancy.

They were otherwise healthy. Pregnancies were pro-

gressing otherwise normally in all cases.

Group 2 consisted of 10 patients from group 1. Studies

upon this group were carried out within 2 months of de-

livery. Five patients from group 1 were unable to carry

out the test post partum.

Group 3 consisted of 11 females studied during the third

trimester of an entirely normal pregnancy. None had a

M. H. DAVIES et al.

history of previous COP or cholestasis in relationship to
the oral contraceptive pill.

Group 4 consisted of 10 subjects from group 3. Studies
were performed within 2 months of delivery. One woman
from group 3 was unable to carry out a repeat study post
partum.

Group 5 consisted of healthy volunteers who worked at
the Queen Elizabeth Medical Centre. They were taking
the oral contraceptive pill for contraception, not for any
other gynaecological indication. None had a past history
of COP or of developing cholestasis on the oral contra-
ceptive pill. Individuals were studied during the 3-week
phase of oral contraceptive pill ingestion.

Group 6 consisted of a group of healthy volunteers who
worked at the Queen Elizabeth Medical Centre. None of
them was taking the oral contraceptive pill or any other
drugs and none was pregnant. There was no past history
of COP. This group was unrelated to group 5.

Patients fulfilling the following criteria were diagnosed

as suffering from cholestasis of pregnancy (4).

1) Commencement of pruritus during pregnancy.

2) Continuation of pruritus until parturition.

3) Disappearance of pruritus after delivery.

4) Absence of liver or dermatological disease.

5} Absence of recurrent pruritus except when pregnant or
on oral contraceptive pill.

Standard liver function tests were also tested. If these
were abnormal during COP, normalisation post partum
was required, to exclude patients with intrinsic liver dis-
ease from this group. Individuals with allergy to paraceta-
mol were excluded.

The sulphation status was assessed in these groups
using paracetamol as a metabolic probe (16-19). Individ-
uals fasted from midnight. Paracetamol (one 500-mg Pan-
adol, Winthrop Pharmaceuticals, UK) was dispensed at 7
h with 100 ml water and 30 min later they were permitted
to eat. Urine was collected for 8 h, and then an aliquot
was frozen immediately at —20°C until analysed.

All pregnant females were tested during the third tri-
mester of pregnancy. Each individual was given a detailed
explanation of the project, and informed consent was ob-
tained. Permission to perform this study was obtained
from the local ethical committee.

Analysis of paracetamol metabolites in urine. The urine
samples were initially filtered through a Sep-pak C-18 car-
tridge (Millipore Waters). The analysis was performed ac-
cording to the method of Howie et al. (20) using high
performance liquid chromatography (HPLC).

The mobile phase consisted of 1% (v/v) acetic acid-
methanol-ethyl acetate (90:15:0.1 by vol); the flow rate
was 1.6 ml/min, and the C18 column was Techopak 10,
5.0 um, 250 mm and 3.9 mm internal diameter, the press-
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ure being 150 bar. Detection was by u/v spectrophotome-
try at 250 nm (0.32 aufs). Appropriate amounts of parace-
tamol were added to drug-free urine to give final
concentrations of 25-250 ug/ml. These standards and
urine samples were filtered and injected onto the column.
The HPLC assay had an intra-assay variation of 8.7%.
Conjugate formation was detected by incubation with
either glucuronidase (bovine beta-glucuronidase type Bl
(Sigma) or sulphatase (Helix promatia sulphatase type
HI, Sigma) incubation. For the former, 1.0 ml urine was
diluted to 2.2 ml with 0.05 m acetate buffer (pH 5.0) and
incubated with 1000 units of bovine liver beta-glucuronid-
ase. Sulphate conjugation was estimated as above, except
that 200 units per incubation of sulphatase type Hl and
10 mg D-saccharic acid-1.4,lactone (21) were added to in-
hibit beta-glucuronidase activity. All enzyme hydrolyses
were carried out at 37°C for 18 h and 10 ul aliquots were
used for HPLC analysis. The quantity of the total dose
excreted as glucuronide and sulphate conjugates was ex-
pressed as mg equivalent of paracetamol (22). There was
no increase in the quantity of paracetamol released fol-
lowing enzyme hydrolysis after 16, 18, 24, 48 or 72 h,
showing that the reaction had proceeded to the point of
completion. All solvents used were of HPLC grade.

2) In vitro study

Assessment of platelet phenol sulphotransferase activ-
ity: 5 groups.

Group 1: Pregnant females (n=16) - on day of delivery.

Group 2: Post-partum females (n=16). Females from
group | each reassessed 3-4 weeks post part-
um.

Group 3: Non-pregnant females — past COP (n=18).

Group 4: Females on oral contraceptive pill (n=20) - be-
tween day 10 and 21 of cycle.

Group 5: Females not on oral contraceptive pill (#=21).

Group I consisted of volunteers who were recruited at the

time of their routine ante-natal clinic appointments at the

Birmingham Maternity Hospital. These same volunteers

provided post-partum samples (group 2).

Pregnant females in group | were notified of the study
when they attended routine antenatal clinics. A venous
sample of blood was taken on the day of delivery, where
possible at the same time as other blood sampling.
Group 3 consisted of patients who had a previous history
of COP, but none of them was pregnant at the time of
this assay.

Groups 4 and 5 consisted of healthy volunteers who all
worked in the Queen Elizabeth Medical Centre.

A total of 13.5 ml blood was drawn from each subject
for the platelet phenol sulphotransferase assay, in ad-
dition to a simultaneous sample obtained for platelet
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count. Following phlebotomy, the sample was immedi-
ately put on ice, and then rapidly processed.

Each individual was given a detailed explanation of the
project, and informed consent was obtained. Permission
to perform this study was obtained from the local ethi-
cal committee.

Analysis of platelet phenol sulphotransferase ( PST) ac-
tivity. Platelets were prepared according to the method of
Anderson et al. (23). Blood samples were spun at 200 g
for 10 min at 20°C before platelet-rich plasma was aspir-
ated. This was transferred and re-spun at 2500 g for 20
min at 4°C. Plasma was aspirated and discarded. The
platelet pellet was rinsed twice with phosphate buffer (10
mM, pH 7.4), then resuspended in 1 ml of buffer and
homogenised for 15 s. The platelet homogenate thus
formed was used for platelet phenol sulphotransferase as-
say. Platelet phenol sulphotransferase was assayed by a
modification of the method of Littlewood et al. (24).

Aliquots (20 ul) of platelet homogenate were placed in
1.5 ml plastic Ependorf tubes. To these was added 20 ul
of the substrate — phenol (BDH, Poole, UK) at a concen-
tration of 0.1 mM. The reaction was initiated by adding
non-radioactive and radioactive (35-S) 3’-phosphoadeno-
sine 5-phosphosulphate (PAPS), with a final concen-
tration of 6.7 uM. The mixture was made up to a final
volume of 150 ul with 10 mM phosphate buffer (pH 7.4).

Samples were incubated in a water bath at 37°C for 30
min. The reaction was terminated by adding 200 ui of 0.1
mol/l barium acetate. Unreacted 3’-phosphoadenosine 5’
phosphosulphate was removed by precipitating twice each
with 200 ul of 0.1 mol/l barium hydroxide and 0.1 mol/l
zinc sulphate. Samples were centrifuged for 5 min. The
supernatant (700 ul) was placed in scintillation vials and
counted with 3.5 ml scintillant (Optiphase “Hi Safe 3”
scintillation fluid - LKB, Loughborough, UK).

Platelet counts for each individual were measured on
an automated Syfmex NEI1500 coulter counter. Results
were expressed as activity per 10° platelets per 30 min in-
cubation.

Statistical analysis

Wilcoxon’s rank sum (25) test was applied for compari-
son of quantitative biochemical data from the analysis of
paracetamol metabolites and platelet sulphotransferase
activity, for non-paired data. Wilcoxon’s signed rank
tested the paired hypothesis between subjects who were
tested both pre and post partum. (In the in vivo study, 10
subjects (Groups 1 and 2); and 10 subjects (groups 3 and
4) had paired analyses performed pre and post partum.
In the in vitro study, 16 subjects were tested both pre and
post partum; groups 1 and 2.)
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TABLE 1

Results of paracetamol metabolism in the six groups
Groups % Free % Paracetamol % Paracctamol * Ratio SO,/GLU

paracetamol sulphate glucuronide

Group 1. Pregnant, cholestasis of pregnancy n=15
Median 38 8.2 17.9 04
Conf interval 343 7.1-9.2 14.5-20.8 0.32-0.56
Group 2. Post partum. cholestasis of pregnancy n=10
Median 3.1 14.8 15.4 0.98
Conf interval 1.3-4.6 8.0-19.6 1.0-33.3 0.64-1.57
Group 3. Pregnant control n=11
Median 3.2 6.2 223 0.39
Conf interval 2044 1.2-13.2 12.2-30.2 0.1-0.49
Group 4. Post partum, control pregnant n=10
Median 26 20.3 25.1 0.69
Conf interval 1.4-45 7.8-24.6 11.5-33.6 0.32-0.97
Group 5. Non pregnant on oral contraceptive pill n=11
Median 1.4 1.7 17.9 0.38
Conf interval 0.6-3.4 22-11.9 7.8-24.3 0.26-0.53
Group 6. Control female, not on oral
contraceptive pill n=17
Median 1.6 9.1 10.8 0.72
Conf interval 0.9-2.8 5.8-12.1 9.2-19.9 0.6-0.85

*Conf interval: confidence intervals expressed at 95% levels.

Results presented of paracetamol analysis by HPLC in patients with COP, pregnant and post partum, healthy controls, pregnant and post
partum and healthy controls either on or off the oral contraceptive pill. Median values, and 95% confidence intervals for percentage recovery
of parent compound. paracetamol sulphate, paracetamol glucuronide and the paracetamol sulphate to paracetamol glucuronide ratio. Statisti-

cal analysis:

1) Paracetamol sulphate
Wilcoxon signed rank, n=10:

COP pregnant v post partum group | v group 2 p<0.05
Control females pregnant v post partum group 2 v group 4 p<0.05
Wilcoxon rank sum:

Control females OC pill v no OC pill group S v group 6 p=0.2
2) Paracetamol Glucuronide

Wilcoxon signed rank. n=10:

COP pregnant v post partum group | v group 2 p=NS§
Control females pregnant v post partum group 3 v group 4 p=NS
Wilcoxon rank sum:

Control females OC pill vs no OC pill group S v group 6 p=NS
3) Paracetamol sulphate/glucuronide ratios

Wilcoxon signed rank, n=10:

cop pregnant v post partum group | v group 2 p<0.001
Control females pregnant v post partum group 3 v group 4 p<0.01
Wilcoxon rank sum:

Control females OC pill vs no OC pill group S v group 6 p<0.001

Results

A) Paracetamol metabolism (Table 1)

i) Total recovery. There was no significant difference in
total recovery of paracetamol and its conjugates between
the pairings; Wilcoxon signed rank, n=10, group ! versus
group 2, p=0.58; Wilcoxon signed rank, n=10, group 3
versus group 4, p=0.24 and Wilcoxon rank sum, group 5
versus group 6, p=0.85.

ii) Paracetamol sulphate. All three groups with elevated

oestrogens, whether pregnant with COP, control pregnant
females or control females on the oral contraceptive pill,
produced less sulphate conjugate than their equivalent
groups post partum or not on the oral contraceptive pill.
The difference was significant in both groups during preg-
nancy compared with post partum, p<<0.05 (Wilcoxon
signed rank), although it did not achieve significance in
the group on the oral contraceptive pill, compared with
the group not on the oral contraceptive pill, p=0.2 (Wil-
coxon rank sum).
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iil) Paracetamol glucuronide. There was no significant
difference in the quantity of paracetamol glucuronide
produced between the various pairs or groups.

iv) Paracetamol sulphate/glucuronide ratio. The sul-
phate/glucuronide ratios were similar (p>0.1) when fe-
males with elevated oestrogens, groups 1, 3 and 5 were
compared with each other. Similarly there were no sig-
nificant differences when the sulphate/glucuronide in the
lower oestrogen level groups 2, 4 and 6 were compared
(»p=>0.1). The sulphate/glucuronide ratios of post partum
females and females not on the oral contraceptive pill in
groups 2, 4 and 6, however, were significantly higher than
pregnant females or fernales on the oral contraceptive pill,
groups 1, 3 and 5 respectively (COP, pregnant versus post
partum, Wilcoxon signed rank, p<0.01, control females,
pregnant versus post partum, Wilcoxon signed rank,
p<0.01 and control females, on versus off the oral contra-
ceptive pill, Wilcoxon rank sum, p<0.001) (Table 1). Thus
females with an increased oestrogen load (groups 1, 3 and
5} had significantly lower sulphate/glucuronide ratios
than matched female groups with normal oestrogen
levels, i.e. females in groups 2, 4 and 6. The sulphate/
glucuronide ratio of the pregnant groups was also signifi-
cantly lower than the group 6 nan-pregnant control fe-
males off the oral contraceptive pill (Wilcoxon rank sum);
COP, pregnant vs group 6, p<<0.01, control pregnant vs
group 6, p<0.001).

B) Platelet phenol sulphotransferase ( PST) activity
Table 2 shows the median values and range for platelet
phenol sulphotransferase activity, as indicated by scintil-
lation activity per 30 min incubation per 10° platelets.
1) The effect of pregnancy. Pregnant females, Group 1,
have significantly lower platelet phenol sulphotransferase
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activity than the same individuals post partum, Wilcoxon
signed rank n=16, (p<<0.005). Pregnant females also have
significantly lower activity of platelet phenol sulpho-
transferase compared with healthy non-pregnant control
groups (Wilcoxon rank sum) with previous COP, on the
oral contraceptive pill and off the oral contraceptive pill
(p<0.05).

ii) The effect of previous COP. There is no statistically
significant difference in the platelet phenol sulpho-
transferase activity of those with a past history of COP
(group 3) and control individuals on or off the oral con-
traceptive pill; groups 4 and 5.

iii) The effect of the oral contraceptive pill. Platelet phe-
nol sulphotransferase activity is slightly higher in those
on the oral contraceptive pill in group 4, than those not
on the oral contraceptive pill group 5, but the difference
is not significant (p=0.4).

Discussion

Sulphation is an important metabolic pathway in the
detoxification of many endogenous and exogenous com-
pounds (16,26,27). The reaction is catalysed by a family
of enzymes, the sulphotransferases, which are widely dis-
tributed throughout the body, including liver, lung, cer-
ebral cortex, intestine, kidney and platelets. All sulpho-
transferases described to date utilise 3"-phosphoadenosine
5’-phosphosulphate as the sulphate donor. 3’-phosphoad-
enosine 5’-phosphosulphate is formed in vivo from inor-
ganic sulphate and under certain circumstances, the avail-
ability of inorganic sulphate may limit the rate of sulphate
conjugation (9).

Sulphate conjugation is readily saturated in human
liver, due to the relatively poor supply of inorganic sul-

TABLE 2

Results of platelet phenol sulphotransferase activity in the six groups
Group 1 2 3 4 5

Pregnant Post partum Previous COP  OC pill No OC pill

Number (N) 16 16 18 20 21
Age 29 29 32 27 30
Pit* count 233 348 241 277 258
PST activity 12.3 42 20.1 26.6 16.8
AcU/Plt 0.066 0.134 0.094 0.110 0.085
Range 0.017-0.24 0.003-0.33 0.003-0.37 0.003-0.28 0.026-0.36
Conf int* 0.03-0.1 0.10-0.25 0.05-0.13 0.10-0.12 0.05-0.135

*QC pill=oral contraceptive pill. *Confidence intervals expressed at the 95% level. *Plt count=platelet countx10’/l. Conf int=confidence

interval. Pli=platelet.

Results are presented of median age, platelet count X 10” and PST activity, plus PST activity/ platelet count X 10°, with range and 95% confidence
intervals lor the latter, measured in healthy females pregnant and post partum and healthy females either on or off the oral contraceptive pill
or females with previous COP. Pregnant females, Group 1, have significantly lower PST/platelet count activity than the same individuals post
partum, Wilcoxon signed rank (p<0.005). Pregnant females, have significantly lower activity of PST/platelet count compared with non-pregnant
control groups combined (groups 3,4 and 5) previous COP, on oral contraceptive pill and off oral contraceptive pill, Wilcoxon rank sum
(p<<0.05) and compared with individual groups using Wilcoxon rank sum, group 1 compared with group 4, females on oral contraceptive pill,
p=0.01; and a non-significant trend to reduced activity in group 3, previous COP, p=0. 18; and group 5. not on oral contraceptive pill, p=0.18.
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phate and the high energy sulphate donor 3’-phosphoad-
enosine 5’-phosphosulphate (16,26-28). Increased compe-
tition for the limited supply of sulphate results in a
decrease in the efficiency with which substrates are sul-
phated. For example, increasing the oral dose of paraceta-
mol from 5 mg/kg to 20 mg/kg reduces the proportion of
drug that is sulphated (29). Similarly, for those on the
oestrogen-containing oral contraceptive pill, concomitant
medication with vitamin C or paracetamol (both of which
are sulphated) reduces the metabolism of the ethinyloes-
tradiol component (30-32). Whenever demand for sul-
phation increases, alternative conjugation reactions such
as glucuronidation or methylation are increasingly util-
ised (28).

In our in vivo study assessing paracetamol sulphation,
pregnant females with or without COP had significantly
lower sulphate/glucuronide ratios than the same females
after delivery or a group of age-matched female controls
not taking the oral contraceptive pill. This reduced ratio
resulted from a decrease in the quantity of sulphate conju-
gation in absolute terms. This might have resulted from a
reduced supply of inorganic sulphate, down-regulation of
sulphotransferase by oestrogens or competitive inhibition
of the sulphotransferase enzymes by pregnancy-related in-
creases in substrate hormones. A reduced sulphate/glucu-
ronide ratio was also seen in the group on the oral contra-
ceptive pill. In this case, however, the reduced ratio was
not simply due to a decline in sulphate conjugate, which
was reduced non-significantly, but also an increase in glu-
curonide conjugates. A similar pattern has been noted by
others assessing the influence of the oral contraceptive pill
upon paracetamol metabolism (33). The difference in pro-
portion of paracetamol sulphate between females on and
off the oral contraceptive pill may have failed to reach
statistical significance because of a type 2 error, since
sample size was small.

In vitro assessment of platelet phenol sulphotransferase
reveals a detrimental influence of pregnancy on the activ-
ity of this enzyme. Total activity and activity per 10°
platelets was lower in the pregnant group than the other
control groups. During the post-partum period, this activ-
ity appears to rebound to supranormal levels.

A similar reduction in platelet phenol sulphotransferase
activity was not seen in the group receiving exogenous
oestrogens. Activity was actually greater in these individ-
uals than in those not on the oral contraceptive pill, al-
though the difference did not achieve significance. This
may be because the dose of ethinyloestradiol, 30 xg in all
subjects, was too low to influence the activity of platelet
phenol sulphotransferase. Alternatively, it may reflect the
pattern of oestrogen ingestion whilst on the pill. All sub-
jects take the oestrogen-containing oral contraceptive pill
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for the first 21 days of their cycle and for the subsequent 7
days take none. During this time it is possible that platelet
phenol sulphotransferase activity rebounds to higher than
normal levels, as it does following pregnancy.

Qestrogen has been incriminated as the causative agent
in COP (1,4-6,8); yet the mechanism, and in particular
the reason why some females should be affected and not
others, is unexplained. Cholestasis may develop in suscep-
tible individuals who produce a specific, atypical oestrog-
en metabolite. Alternatively, it may result from undue
susceptibility to normal oestrogens in those with an ex-
cessive imbalance between the capacity for sulphate gen-
eration, sulphate conjugation and a prediliction to form
the most cholestatic glucuronide conjugates.

Although it is known that several different sulpho-
transferase enzymes are present in man, to date only a
single steroid/bile acid sulphotransferase has been isolated
and purified from human liver cytosol, named dehydroep-
iandrosterone sulphotransferase. This enzyme appears re-
sponsible for sulphating oestrogens and bile acids such as
lithocholic acid (16,34). During this study, in vivo assess-
ment of sulphotransferase activity utilised paracetamol as
the probe. This is a substrate for phenol sulphotransfer-
ase. Similarly, the in vitro studies assessed phenol sulpho-
transferase activity, but with phenol as the substrate. Par-
acetamol was chosen for the in vivo studies, because of its
known safety in the third trimester of pregnancy.

During cholestasis serum bile acids rise greatly, and uri-
nary excretion of bile acids becomes a major route of ex-
cretion (35-39). A large proportion of urinary bile acids,
including cholestatic lithocholic acid, are excreted in their
sulphated form. This may be because the addition of sul-
phate increases polarity, facilitating urinary excretion.

Sulphation of oestrogens and bile acids may be of bene-
fit in one of three ways: firstly sulphation of lithocholic
acid reduces its enterohepatic circulation enhancing its
faecal excretion; secondly sulphation may reduce the cho-
lestatic potential of the particular oestrogen/bile acid; and
finally sulphation may enhance urinary excretion if bile
acids begin to rise. Elevation of oestrogen levels, by inter-
fering with sulphation, may therefore predispose to chol-
estasis in any of these ways.

Since the results do not show a deficiency which is spe-
cific to COP, we therefore believe they demonstrate a mil-
ieu interieur with great susceptibility to cholestasis in
pregnancy. We have not been able to examine dehydroep-
landrosterone sulphotransferase activity directly, and ac-
knowledge that a factor, additional to our findings, such
as a genetically determined relative deficiency of dehydro-
epiandrosterone sulphotransferase activity is necessary to
account for individual susceptibility in intrahepatic chol-
estasis of pregnancy.
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Whether dehydroepiandrosterone sulphotransferase ac-
tivity is regulated in parallel with platelet phenol sulpho-
transferase activity is unknown. In rats, bile acid sulpho-
transferase activity is highly expressed in the female liver
and almost undetectable in male liver. Hydroxysteroid
sulphotransferase activity in the rat is increased following
administration of oestrogen and diminished by androgens
(35). Although it is unlikely that platelet phenol sulpho-
transferase is capable of sulphating bile acids, it is poss-
ible that dehydroepiandrosterone sulphotransferase also
has the capacity to sulphate simpler phenolic compounds
including paracetamol. Our in vivo observations therefore
suggest that pregnancy not only produces a critical de-
ficiency and downregulation of platelet phenol sulpho-
transferase and paracetamol sulphating capacity, but
would infer, by implication that hepatic dehydroepiand-
rosterone sulphotransferase capacity is similarly limited.

In conclusion, we have shown that elevated oestrogen
levels are associated with a significant impairment in sul-
phation capacity. An imbalance of sulphation with glucu-
ronidation provoked by high circulating oestrogen levels
may be of pathogenetic importance in this disease.

References

1. Holzbach RT, Sanders HH. Recurrent intrahepatic cholestasis
of pregnancy. Observations on its pathogenesis. J Am Med As-
soc 1965; 193: 5424,

. Reyes H. Taboada G, Ribalta J. Prevalence of intrahepatic chol-
estasis of pregnancy in La Paz. Bolivia. J Chron Dis 1979; 32:
499-504.

3. Furhoff AK. Itching in pregnancy. A 15-year follow up study.

Acta Med Scand. 1974; 196: 403-10.

4. Berg B. Helm G, Retersohn L. Tryding N. Cholestasis of preg-
nancy. Clinical and laboratory studies. Acta Obstet Gynecol
Scand 1986: 65: 107-13.

5. Johnson P, Samsioe G, Gustorfson A. Studies in cholestasis of
pregnancy. I. Clinical aspects and liver function tests. Acta Ob-
stet Gynecol Scand 1975: 54: 77-84.

6. Gonzalez MC, Reyes H. Arresse M, Figueroa D, Lorca B, And-
reson M, et al. Intrahepatic cholestasis of pregnancy in twin
pregnancies. J Hepatol 1989: 9: 84-90.

7. Cowen A, Korman M, Hoffman AF. Cass OW. Metabolism of
lithocholate in healthy man. I. Biotransformation and biliary
excretion of intravenously administered lithocholate, lithocho-
lylglycine and their sullates. Gastroenterology 1975: 69: 59-66.

8. Vare M. Estrogen cholestasis: membranes, metabolites or recep-
tors? Gastroenterology 1987; 93: 643-9.

9. Mitchell SC, Waring RH. The carly history of xenobiotic sul-
phoxidation. Drug Mectabolism Reviews 1986; 16: 255-84.

10. Oclberg DG, Chani MV, Little JM, Adcock EW. Lester R. Li-
thocholate glucuronide is a cholestatic agent. J Clin Invest 1984;
73: 1507-14.

11. Summerskill WHI, Walshe JM. Benign recurrent intra hepatic
“obstructive” jaundice. Lancet 1959 ii: 686-90.

12. Stathers G, Reed LSH, Hirst E. Idiopathic recurrent cholestasis.
Gastroenterology 1967; 52: 536-43.

13. De Pagter AGF, Van Berge Heregouwen GP, Tenbokkel Hun-
ink JA, Brandt KH. Familial benign recurrent intrahepatic chol-
estasis. Interelation with intrahepatic cholestasis of pregnancy
and from oral contraceptives. Gastroenterology 1976; 71: 202-7.

12

1133

. Bijleveld CMA, Vonk RJ, Kuipers F, Havinga R, Fernandez J.

Benign recurrent intrahepatic cholestasis: a long-term follow-up
study of two patients. Hepatology 9: 532-7.

. Heikkinen J. Serum bile acids in the early diagnosis of intra-

hepatic cholestasis of pregnancy. Obstet Gynaecol 1983; 61:
581-7.

. Falany CN. Molecular enzymology of human liver cytosolic sul-

fotransferases. Trends Pharm Sci 1991: 12: 255-9.

. Critchley JAJH, Nimmo GR. Gregson CA, Woolhouse NM,

Prescott LF. Inter-subject and ethnic differences in paracetamol
metabolism. Br J Clin Pharmacol 1986; 22: 649-57.

. Steventon GB, Heafield MTE, Waring RH, Williams AC, Stur-

man S, Green M. Metabolism of low-dose paracetamol in pa-
tients with chronic neurological disease. Xenobiotica 1990; 20:
117-22.

. Rawlins MD, Henderson DB, Hijab AR. Pharmacokinetics of

paracctamol (acetaminophen) after intravenous and oral admin-
istation. Eur J Clin Pharmacol 1977; 11: 283-6.

20. Howie D, Adriaenssens PI, Prescott LF. Paracetamol metab-

31

L
(1]

33.

34

olism following overdose: application of high performance
liquid chromatography. J Pharm Pharmacol 1977; 29: 235-7.

. Levvy GA, Yamada H. Preparation and properties of beta-gluc-

uronidase. Biochem J 1952: 52: 464-72,

. Nakamura J, Baba S, Nakamura T, Sasaki H, Shibasaki J. A

method for the preparation of calibration curves for acetamin-
ophen glucuronide and acetaminophen sulphate in rabbit urine
without use of authentic compounds in high performance liquid
chromatography. J Pharmacobiodyn 1987; 10: 673-7.

. Anderson RJ, Weinshilboum RM, Phillips SF, Broughton DD.

Human platelet phenolsulphotransferase: assay procedure, sub-
strate and tissue correlations. Clin Chim Acta 1981 110: 157-67.

. Littlewood J, Glover V, Sandler M. Petty R, Peatfield R, Rose,

FC. Platelet phenosulphotransferase deficiency in dietary mi-
graine. Lancet 1982; i: 983-6.

. Armitage P. Berry G. Statistical Method in Medical Research.

2nd Edn. Oxford, London, Edinburgh; Blackwell Scientific Pub-
lications, 1987: 412-20.

26. Jakoby WB, Sekura RD, Lyon ES, et al. Sulfotransferases. In:

Jakoby WB, ed. Enzymatic Basis of Detoxification. New York;
Academic Press, 1989.

. Jefcoate CR. UDP-glucuronyltransferases and sullotransferases.

In: Caldwell J, Jakoby WB. ed. Biological Basis of Detox-
ification. New York: Academic Press, 1983.

. Caldwell J. Conjugation reactions in the metabolism of xenobi-

otics. In: Arine I. Popper H, Schachter D, Shafritz DA, eds.
The Liver: Biology and Pathobiology, New York; Raven Press,
1982: 281-4.

. Clements JA, Critchley JAJH. Prescott LF. The role of sulphate

conjugation in the metabolism and disposition of oral and intra-
vanous paracetamol in man. Br J Clin Pharmacol 1984; 18:
481-5.

. Back DJ, Orme ML. Pharmacokinetic drug interactions with

oral contraceptives. Clin Pharmacokinet 1990: 18: 472-84.
Shenfield GM, Griffin JM. Clinical pharmacokinetics of contra-
ceptive steroids. An update. Clin Pharmacokinet 1991; 20:
15-37.

. Rogers SM. Back DJ, Stevenson PJ, Grimmer SF, Orme ML.

Paracetamol interaction with oral contraceptive steroids: in-
creased plasma concentrations of ethinyloestradiol. Br J Clin
Pharmacol 1987; 23: 721-5.

Miners JO, Attwood J, Birkett DJ. Influence of sex and oral
contraceptive steroids on paracetamol metabolism. Br J Clin
Pharmacol 1983; 16: 503-9.

Radominska A, Comer KA, Zimniak P, Falany J, Iscan M, Fal-
any CN. Human liver steroid sulphotransferase sulphates bile
acids. Biochem J 1990; 272: 597-604.

. Stiehl A, Earnest, DL, Admirand WH. Sulfation and renal ex-

cretion of bile salts in patients with cirrhosis of the liver. Gastro-
enterology 1975; 68: 53444,



1134

36.

37

38.

Makino I, Hashimoto H, Shinozaki K, Yoshino K, Nakagawa
S. Sulfated and nonsulfated bile acids in urine, serum and bile
of patients with hepatobiliary diseases. Gastroenterology 1975;
68: 545-53.

Capocaccia L, Attili AF, Cantafora A, Bracci F, Paciscopi L,
Puoti C, et al. Sulfated bile acids in serum, bile and urine of
cirrhotic patients before and after portacaval anastomosis. Dig
Dis Sci 1981; 26: 513-7.

Stiehl A, Raedsch R, Rudolph G, Gundert-Remy U, Senn M.
Biliary and urinary excretion of sulfated. glucuronidated and

39.

40.

M. H. DAVIES et al.

tetrahydroxylated bile acids in cirrhotic patients. Hepatology
1985; 5: 492-5.

Van Berge Henegouwen GP. Brandt K-H, Eyssen H, Parmentier
G. Sulphated and unsulphated bile acids in serum, bile, and
urine of patients with cholestasis. Gut 1976; 17: 861-9.

Singer SS. Sylvester S. Enzymatic sulfation of steroids. II. The
control of hepatic cortisol sulfotransferase activity and of the
individual hepatic steroid sulfotransferases of rats by gonads
and gonadal hormones. Endocrinology 1976: 99: 1346-52.



