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Abstract

Pentachlorophenol (PCP) is an inhibitor of phenol-sulfotransferases and has been used to ascertain the role of
sulfation in toxicology. Recently, molybdate has been shown to inhibit the sulfation of various chemicals by
decreasing hepatic concentrations of the cosubstrate, 3%-phosphoadenosine 5%-phosphosulfate (PAPS). The purpose of
this study was to compare the effectiveness of these two chemicals in inhibiting the sulfation of various doses of
acetaminophen (AA) in the rat. PCP (40 mmol/kg) decreased the 2-h combined biliary and urinary excretion of
AA-sulfate by 78, 83, 84, and 47% of the 0.1, 0.3, 1, and 3 mmol/kg doses of AA, respectively. Molybdate (7.5
mmol/kg) decreased the sulfation of these same doses of AA by 50, 65, 62, and 81%, respectively. These data indicate
that PCP is more effective in decreasing the sulfation of low than high doses of AA, which may result from less AA,
at lower doses, to compete with PCP for sulfotransferases. Conversely, molybdate is more effective in decreasing
sulfation of high rather than low doses of AA because molybdate decreases sulfate availability and decreases PAPS
synthesis. More PAPS is required for the sulfation of high rather than low doses of AA. Therefore, PCP inhibits
sulfation more effectively at low doses of AA when sulfation is limited by sulfotransferases, and molybdate inhibits
sulfation more effectively at high doses of AA when sulfation is limited by PAPS. © 2000 Elsevier Science Ireland
Ltd. All rights reserved.
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1. Introduction

Sulfation is the transfer of a sulfuryl group
from 3%-phosphoadenosine 5%phosphosulfate
(PAPS) to a substrate, which is catalyzed by a

family of sulfotransferase enzymes. Both endoge-
nous and xenobiotic molecules are substrates for
the sulfotransferases. Addition of the sulfuryl
group usually increases the water solubility of
chemicals, but can have markedly different effects
on their biological activity. For example,
sulfation:
1. inactivates and detoxifies many xenobiotics,
2. bioactivates some xenobiotics,
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3. inactivates hormones and catecholamines,
4. alters the function and structure of macro-

molecules (e.g. glycosaminoglycans), and
5. enhances the elimination of end products of

catabolism such as bile salts.
Inhibitors of sulfation have been used to deter-

mine the effect sulfation has on the biological
activity of a chemical. Pentachlorophenol (PCP)
and 2,6-dichloro-4-nitrophenol (DCNP) are two
such inhibitors which inhibit the sulfation of
chemicals catalyzed by phenolsulfotransferases
(Meerman et al., 1983; Fayz et al., 1984), but not
hydroxysteroidsulfotransferases (Singer et al.,
1984; Okuda et al., 1989). PCP is believed to be a
dead-end inhibitor, which inhibits phenol-sulfo-
transferases, but is not sulfoconjugated itself.

Recent evidence indicates that DCNP is, in
fact, sulfated, and indeed competitive with sub-
strates for the sulfotransferases (Seah and Wong,
1994).

Another method to inhibit sulfation, in addi-
tion to inhibition of sulfotransferases, would be to
decrease the concentration of the cosubstrate,
PAPS. PAPS is the ‘activated form’ of sulfate and
the obligate cosubstrate required for the sulfation
of all chemicals. PAPS steady-state concentrations
are very low in tissues (Brzeznicka et al., 1987),
and can be consumed in less than 1 min by
sulfotransferases (Pang et al., 1981; Hjelle et al.,
1985). Therefore, the formation of sulfate conju-
gates is dependent on the concurrent synthesis of
PAPS. PAPS synthesis is dependent on the
availability of sulfate as well as the activity of the
two enzymes of its synthesis, namely, ATP-sul-
furylase and APS-kinase (Robbins and Lipmann,
1956). Exogenous sulfate is readily available for
incorporation into PAPS for the sulfation of sub-
strates (Mulder and Scholtens, 1978). However,
limiting the inorganic sulfate pool can decrease
the availability of PAPS, thereby decreasing the
normal rate of sulfation (Mulder and Jakoby,
1990). Dietary inorganic sulfate is the major, but
not the sole source of sulfate for the body. Sulfate
can be derived from the sulfoxidation of sulfur
containing amino acids, cysteine and methionine
(Mulder and Jakoby, 1990), and from sulfate
containing endogenous molecules via hydrolytic
release (Curtis, 1982). However, sulfate is primar-

ily conserved by renal reabsorption, which is criti-
cal in situations when circulating sulfate levels are
diminished (Berglund, 1960).

Molybdate is able to impair the sulfation of
chemicals because, as an analog of sulfate, it
decreases the availability of sulfate, thereby, de-
creasing PAPS synthesis.

Molybdate decreases sulfate availability by in-
hibiting sulfate absorption from the intestine (Ma-
son and Cardin, 1977) and inhibiting its renal
reabsorption (Schneider et al., 1984). Molybdate
also decreases PAPS synthesis by competing with
sulfate for ATP-sulfurylase, the first enzymatic
step of PAPS synthesis (Bandurski et al., 1956).
These effects of molybdate result in a decrease in
serum, renal, and hepatic concentrations of sul-
fate as well as hepatic PAPS concentrations
(Oguro et al., 1994). In turn, resultant decreases in
sulfate and PAPS decreases the sulfation of ac-
etaminophen (Oguro et al., 1994), glycosamino-
glycans (Oguro et al., 1996) and a-naphtol (Boles
and Klaassen, 1999).

Acetaminophen is an antipyretic and analgesic
that is often used as a model compound to exam-
ine the regulation of metabolic pathways in vivo,
because it is metabolized by several pathways
(Hjelle and Klaassen, 1984). Sulfation of ac-
etaminophen and other chemicals is capacity-lim-
ited, where at increased substrate concentrations,
sulfation rates do not increase with increases in
substrate dose as do other biotransformation
pathways, for example, glucuronidation (Koster
et al., 1982; Mulder and Meerman, 1983). The
capacity-limited sulfation of acetaminophen, and
other xenobiotics, coincides with decreases in the
concentration of serum and tissue sulfate, as well
as hepatic PAPS (Hjelle et al., 1985; Kim et al.,
1995). With increases in the dose of ac-
etaminophen its metabolism shifts from predomi-
nately sulfoconjugation to more glucuronidation.
As a consequence of this shift excretion of all
acetaminophen metabolites shifts from predomi-
nately urinary, the major route of sulfoconjugate
excretion, to more equal contribution of biliary
excretion, the major route of glucuronide conju-
gate excretion (Hjelle and Klaassen, 1984). Use of
acetaminophen as a model for sulfation at differ-
ent doses, enables the evaluation of these two
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sulfation inhibitors at different sulfation rates,
and different routes of elimination, because the
sulfation capacity and route of excretion of ac-
etaminophen depends on its dose.

The purpose of the present study was to com-
pare the effectiveness of two chemicals, PCP
and molybdate, which inhibit sulfation by two
different mechanisms, to inhibit the sulfation of
various doses of acetaminophen. These data
should be useful in designing experiments re-
quiring in vivo inhibition of sulfation.

2. Methods

2.1. Chemicals

Acetaminophen, acetaminophen reference
standard, pentachlorophenol, and sodium
molybdate were purchased from Sigma Chemical
Company (St Louis, MO). Acetic acid,
methanol, and mannitol were purchased from
Fisher Scientific (St Louis, MO).

2.2. Animals and treatments

Male Sprague–Dawley rats (250–300 g) were
obtained from Sasco, Inc. (St Louis, MO). They
were provided tap water and rodent lab chow
(Ralston Purina Co., St Louis, MO) ad libitum
and were housed at 23–27°C on a 12-h light/
dark cycle. Food was removed and rats were
given 5% D-glucose dissolved in distilled/filtered
water (\15 MV/cm) 12 h before experimenta-
tion to reduce the intake of inorganic sulfate
and sulfur-containing amino acids. Doses for
both molybdate and PCP were based on previ-
ous studies that determined optimal dose for in-
hibition of sulfation (Meerman et al., 1980;
Boles and Klaassen, 1999). Sodium molybdate
(7.5 mmol/kg; 10 ml/kg in distilled/deionized
water; po) was given by gavage to rats 4 h prior
to the administration of acetaminophen (AA)
(0.1, 0.3, 1, and 3 mmol/kg in 0.9% normal sa-
line containing 10% mannitol for diuresis; iv).
Pentachlorophenol (PCP) (40 mmol/kg; 2 ml/kg

in propylene glycol; ip) was administered to rats
45 min prior to AA. Control rats were given
distilled/deionized water (10 ml/kg; po) or vehi-
cle (propylene glycol; 2 ml/kg; ip) at 4 h and 45
min prior to AA administration, respectively.

Anesthesia was induced and maintained with
urethane (1.2 g/kg; 5 ml/kg; ip) during the can-
nula placement and sample collection. Cannulas
made of PE 50 tubing were placed in the
carotid artery, saphenous vein, and bile duct for
arterial sampling, venous injection of ac-
etaminophen and bile collection, respectively.
The urinary bladder was exposed through a
midline incision, and expressed periodically, and
at the end of the 2-h sampling period. Body
temperature was maintained at 37°C with an in-
frared heat lamp regulated by a rectal thermis-
tor. Samples were collected at the times
indicated in the figures for a period of 2 h.

2.3. Identifying and quantifying acetaminophen
metabolites

After 2–10 fold sample dilution with HPLC
grade methanol, AA metabolites in serum, bile,
and urine were separated and quantified by an
adaptation of a previously described high-perfor-
mance-liquid-chromatographic (HPLC) tech-
nique (Howie et al., 1977). Briefly, metabolites
were separated using a m-Bondapak C18 column
(30 cm×3.9 mm, Waters Associates, Inc.,
Boston, MA) with a linear-gradient of wa-
ter:acetic acid (1800:1; v/v) and methanol (10 to
40% methanol; v/v) at 1.5 ml/min (Waters
Model 510 HPLC Pump). Individual metabolites
were detected by an in-line UV spectrophotome-
ter (Waters Lambda Max Model 481) at 254
nm. Identity of five metabolites (AA-sulfate,
AA-glucuronide, AA-glutathione, AA-mercaptu-
rate, and AA-cysteine) and unmetabolized AA
were based on retention times of authentic stan-
dards kindly provided by Dr M. Gemborys
(McNeil Consumer Products Co, Ft. Washing-
ton, PA) and Dr B. Lauterburg (Department of
Clinical Pharmacology, University of Berne,
Switzerland). Because all AA metabolites have
similar molar extinction coefficients, quantifica-
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tion was based on peak area compared to that
of a standard curve of a reference standard of
AA.

2.4. Statistical analysis

Data were tested by either repeated measures or
one-way analysis of variance for serum and excre-
tion data respectively, and followed by Duncan’s
post hoc test. Differences were considered statisti-
cally significant when PB0.05.

3. Results

3.1. Serum concentration of AA metabolites

The effects of treating rats with PCP and
molybdate on the disappearance of AA from the
serum after its administration at various doses are
shown in the top panel of Fig. 1. Neither PCP nor
molybdate had a significant effect in the disap-
pearance of AA from the serum.

The effect of PCP and molybdate on the ap-
pearance of AA-sulfate in the serum after various

Fig. 1. Effect of treating rats with molybdate (7.5 mmol/kg; po) and PCP (40 mmol/kg; ip) on the serum concentration of AA,
AA-sulfate, and AA-glucuronide (panels from top to bottom, respectively) after iv injection of AA at 0.1, 0.3, 1, and 3 mmol/kg
(columns from left to right, respectively). Symbols represent the mean 9SE of 5–6 rats. * Designates statistically significant
difference from controls (PB0.05).



J.W. Boles, C.D. Klaassen / Toxicology 146 (2000) 23–35 27

Fig. 2. Effect of treating rats with molybdate (7.5 mmol/kg; po) and PCP (40 mmol/kg; ip) on the 2-h biliary excretion of AA-sulfate,
AA-glucuronide, AA-glutathione, and AA-unmetabolized (panels from top to bottom, respectively) after iv injection of AA at 0.1,
0.3, 1, and 3 mmol/kg (columns from left to right, respectively). Symbols represent the mean 9SE of 5–6 rats. * Designates
statistically significant difference from controls, and ‘b’ designates statistically significant difference between treatments (PB0.05).

doses of AA is shown in the middle panel of Fig.
1. With the 0.1 mmol/kg AA dose, AA-sulfate
concentrations in the control rats increased for
about 20 min, but with the higher AA doses,
AA-sulfate concentrations continued to increase
beyond 20 min. At the 0.1 mmol/kg dose of AA,
both PCP and molybdate decreased AA-sulfate
concentration in the serum by about 70% at 5
min, and about 50% at 40 min. PCP decreased
AA-sulfate by 50% for up to 90 min, whereas,
molybdate showed no effect on AA-sulfate serum
concentrations beyond 40 min. At the 0.3, 1 and 3
mmol/kg doses of AA, PCP and molybdate pro-
duced marked decreases in AA-sulfate serum con-
centrations (70–80%).

Neither PCP nor molybdate significantly al-
tered AA-glucuronide serum concentrations (Fig.
1, bottom panel).

3.2. Biliary excretion of AA metabolites

Fig. 2 illustrates the effects of various doses of
AA on the 2-h cumulative biliary excretion of the
major AA metabolites excreted in bile of control
rats. Increases in the biliary excretion of all AA
metabolites were observed as the AA dose was
increased. The sulfate and glucuronide conjugates
were the prominent metabolites excreted into bile,
and the biliary excretion of both conjugates in-
creased with increasing dose of AA. AA-sulfate
was the predominant metabolite of AA excreted
into the bile at the 0.1 mmol/kg dose of AA
(sulfate:glucuronide conjugate ratio of 1.5 to 1),
whereas, at the 3 mmol/kg dose of AA, the glu-
curonide was the predominate AA metabolite ex-
creted in the bile (sulfate:glucuronide conjugate
ratio of 1 to 6).
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Fig. 2 also depicts the effects of PCP and
molybdate on the 2-h cumulative biliary excretion
of the major AA metabolites after the administra-
tion of various doses of AA. PCP decreased the
2-h cumulative biliary excretion of AA-sulfate
after the administration of the 0.1, 0.3, 1, and 3
mmol/kg AA doses by 77, 76, 79, and 69%,
respectively (Fig. 2, top panel). Molybdate de-
creased the biliary excretion of AA-sulfate of
these same AA doses by 38, 53, 61, and 75%,
respectively. Decreases in cumulative biliary ex-
cretion of AA-sulfate produced by PCP were sig-
nificantly greater at the 0.1 mmol/kg dose of AA
than the decreases in cumulative biliary excretion
of AA-sulfate of molybdate-treated rats. How-
ever, decreases in cumulative biliary excretion of
AA-sulfate produced by PCP and molybdate at
0.3, 1 and 3 mmol/kg doses of AA were similar
between the two treatments.

PCP and molybdate did not decrease the biliary
excretion of AA metabolites, other than AA-sul-
fate, and instead, increased the biliary excretion of
some AA metabolites (Fig. 2). PCP consistently
decreased the excretion of AA-sulfate, yet in-
creases in the biliary excretion of other metabo-
lites were observed only for one metabolite,
AA-glucuronide (110% of control), and only at
one AA dose (0.1 mmol/kg AA dose). In contrast,
molybdate was more consistent than PCP in in-
creasing the biliary excretion of other metabolites,
with concurrent decreases in biliary excretion of
AA-sulfate. Surprisingly, the metabolites that
were excreted in the bile at an increased rate were
not consistently the same metabolite for the dif-
ferent doses of AA. For example, molybdate in-
creased the biliary excretion of AA-glucuronide,
expressed as a percent of control, at the 0.1
(105%) and 0.3 mmol/kg (183%) AA doses. Like-
wise, AA-glutathione excretion was increased in
rats given the 0.1 (126%), and 0.3 mmol/kg
(147%), doses of AA. In addition the excretion of
unmetabolized-AA was increased only at the 0.3
mmol/kg AA dose to 108% of control.

3.3. Urinary excretion of AA metabolites

Fig. 3 depicts the effects of various AA doses
on the 2-h cumulative urinary excretion of the

major AA metabolites of control rats. The sulfate
and glucuronide conjugates were the prominent
AA metabolites excreted into urine, and their
urinary excretion increased by 5- and 20-fold,
respectively, with increases in dose of AA. Al-
though these increases in urinary excretion of
AA-sulfate were less than that of AA-glucuronide,
AA-sulfate remained the predominant AA
metabolite excreted. This differed from their bil-
iary excretion, where AA-sulfate was predominant
at the 0.1 mmol/kg dose of AA, and AA-glu-
curonide predominated at the 3 mmol/kg dose of
AA.

The effects of PCP and molybdate on the uri-
nary excretion of AA and AA metabolites after
the administration of various doses of AA are
also shown in Fig. 3. Only the excretion of AA-
sulfate was consistently affected by PCP or
molybdate. PCP decreased the urinary excretion
of AA-sulfate by 77, 84, 85, and 51% at the 0.1,
0.3, 1, and 3 mmol/kg AA doses, respectively.
Molybdate decreased AA-sulfate urinary excre-
tion by 52, 66, 62, and 82% at these same AA
doses. There were no significant differences in the
ability of PCP or molybdate to decrease the uri-
nary excretion of AA-sulfate at the 0.1, 0.3 and 1
mmol/kg doses of AA. In contrast, at the 3 mmol/
kg AA dose, the decrease in urinary excretion of
AA-sulfate produced by molybdate was signifi-
cantly greater in magnitude than the decrease in
urinary excretion of AA-sulfate produced by PCP.

PCP and molybdate had little effect on the
excretion of other AA metabolites into the urine.
Although molybdate increased (303%) the urinary
excretion of AA-mercapturate at the 1 mmol/kg
dose of AA (Fig. 3), the contribution of AA-mer-
capturate to the sum of metabolites excreted in
urine is quite small.

3.4. Combined biliary and urinary excretion of
AA metabolites

The effects of PCP and molybdate on the com-
bined biliary and urinary excretion of AA
metabolites after the administration of various
doses of AA are shown in Fig. 4. AA-glutathione
and AA-mercapturate were excreted primarily
into bile and urine, respectively, which reflects the
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metabolism of AA by the P450 oxidation pathway
(Madhu et al., 1989), therefore, their combined
biliary and urinary excretion were summed with
AA-cysteine, and expressed as AA-thioether con-
jugates. Because all metabolites were excreted to
varying degrees by both routes of excretion, the
combined biliary and urinary excretion better
reflects the formation of each metabolite.

Both PCP and molybdate decreased the com-
bined biliary and urinary excretion of AA-sulfate.
PCP decreased the 2-h combined biliary and uri-
nary excretion of AA-sulfate by 78, 83, 84, and
47% at the 0.1, 0.3, 1, and 3 mmol/kg AA doses,
respectively. Molybdate decreased the combined
excretion of AA-sulfate by 50, 65, 62, and 81% of
these same AA doses. Thus, at the 0.1, 0.3 and 1
mmol/kg doses, PCP and molybdate decreased
the combined excretion of AA-sulfate similarly,

although PCP decreased AA-sulfate excretion
slightly more than did molybdate. However, at
the 3 mmol/kg AA dose, molybdate decreased the
combined excretion of AA-sulfate more than
PCP. Furthermore, the decreases in the combined
excretion of AA-sulfate produced by PCP or
molybdate, at a given dose of AA, were similar in
magnitude to the decreases in AA-sulfate excre-
tion by the biliary or urinary route.

PCP and molybdate produced increases in the
excretion of some AA metabolites, either into the
bile or urine. For instance, PCP increased the
combined excretion of AA-glucuronide at the 0.1
mmol/kg (82%) AA dose, and was a reflection of
its biliary excretion, its major route of excretion.
In contrast, molybdate increased the combined
excretion of AA-glucuronide at the 0.1 (66%) and
0.3 mmol/kg (139%) AA doses, and increased the

Fig. 3. Effect of treating rats with molybdate (7.5 mmol/kg; po) and PCP (40 mmol/kg; ip) on the 2-h urinary excretion of
AA-sulfate, AA-glucuronide, AA-mercapturate, and AA-unmetabolized (panels from top to bottom, respectively) after iv injection
of AA at 0.1, 0.3, 1, and 3 mmol/kg (columns from left to right, respectively). Symbols represent the mean 9SE of 5–6 rats. *
Designates statistically significant difference from controls, and ‘b’ designates statistically significant difference between treatments
(PB0.05).
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Fig. 4. Effect of treating rats with molybdate (7.5 mmol/kg; po) and PCP (40 mmol/kg; ip) on the 2-h combined (biliary+urinary)
excretion of AA-sulfate, AA-glucuronide, AA-thioethers, and AA-unmetabolized (panels from top to bottom, respectively) after iv
injection of AA at 0.1, 0.3, 1, and 3 mmol/kg (columns from left to right, respectively). AA-thioethers include AA-glutathione,
AA-cysteine, and AA-mercapturate. Symbols represent the mean 9SE of 5–6 rats. * Designates statistically significant difference
from controls, and ‘b’ designates statistically significant difference between treatments (PB0.05).

Table 1 illustrates the effects of increasing AA
dose on the percent of total AA metabolites ex-
creted as AA-sulfate (last column), the propor-
tion of biliary to urinary AA-sulfate excretion
(columns 1 and 3), percent of the administered
dose recovered (total AA metabolites) (column
6), and the proportion of the administered dose
recovered in bile and urine (columns 2 and 4)
from control rats. The percent of total AA
metabolites excreted as AA-sulfate decreased
from 75 to 29% with increasing dose of AA in
control rats (last column). Although the percent
of total AA metabolites excreted as AA-sulfate
decreased with increasing dose of AA, the
amount of AA-sulfate excreted in the bile is
consistently 17% of that excreted in the urine

combined biliary and urinary excretion of AA-
thioethers by 117, 207, and 166% with the 0.1,
0.3 and 1 mmol/kg AA doses, which corre-
sponds to increases of AA-glutathione and AA-
mercapturate excreted into bile and urine,
respectively.

3.5. Reco6ery of AA-sulfate and total metabolites
of AA

Table 1 shows the biliary, urinary, and the
combined biliary and urinary excretion of AA-
sulfate as well as total AA metabolites (sum of
all metabolites) after the administration of vari-
ous doses of AA, which is expressed as percent
of the administered dose of AA.



J.W. Boles, C.D. Klaassen / Toxicology 146 (2000) 23–35 31

with all doses of AA (columns 1 and 3). In
control rats, the total AA metabolites excreted
into both bile and urine (combined) decreased
from 65 to 26% of the administered dose with
increasing dose of AA (column 6). However, the
proportion of combined total AA metabolites
excreted into the bile increased from 25 to 50%,
with increasing AA dose (columns 2 and 6).

PCP decreased the percentage of AA total
metabolites excreted as AA-sulfate compared
with control rats administered the same doses of
AA. In addition, PCP decreased the excretion of
AA-sulfate equally in the bile and urine, in as
much as the biliary excretion of AA-sulfate was
approximately 17% of the combined AA-sulfate
excretion at all doses of AA. However, PCP de-
creased the total AA metabolite excretion at the
0.1 (50%), 0.3 (50%) and 1 mmol/kg (65%)
doses of AA, whereas with the 3 mmol/kg dose
of AA, total AA metabolite excretion was not
affected.

Molybdate decreased the percentage of total
AA metabolites excreted as AA-sulfate com-
pared with control rats administered the same
doses of AA. The decreases in combined excre-
tion of AA-sulfate produced by molybdate
tended to be less than decreases produced by
PCP with the lower doses of AA. In contrast, at
the 3 mmol/kg dose of AA, molybdate produced
decreases in AA-sulfate that were greater than
those produced by PCP. Molybdate, like PCP,
decreased the biliary and urinary excretion of
AA-sulfate to the same extent such that 17%
was excreted into bile and 83% into urine. How-
ever, molybdate, unlike PCP, did not affect the
excretion of total AA metabolites either into
bile or urine.

4. Discussion

As the dose of AA increased the excretion of
AA exhibited capacity-limited sulfation. This
was evident in the biliary excretion of AA-sul-
fate, where the ratio of sulfate to glucuronide
conjugate excretion shifted from 1.5:1 with a 0.1
mmol/kg dose of AA to 1:6 with the 3 mmol/kg
dose of AA (Fig. 2). AA-sulfate was the pre-

dominant metabolite excreted in urine after both
the 0.1 and 3 mmol/kg dose of AA (Fig. 3).
However, the increases in urinary excretion of
AA-sulfate (5-fold) observed with increasing
dose of AA (30-fold) were less than the increase
in urinary excretion of AA-glucuronide (20-
fold), indicating capacity-limited sulfation. Fur-
thermore, the combined biliary and urinary
excretion of AA-sulfate, expressed as a percent
of the 2-h total AA metabolites excreted, de-
creased (75–29%) with increasing dose of AA
(Table 1).

A shift in the route of excretion of AA
metabolites was observed from predominately
the urinary route, at lower doses of AA, to an
equal contribution of the biliary and urinary
route at higher doses of AA (Table 1) as previ-
ously reported (Hjelle et al., 1985). This shift
allowed an evaluation of the effectiveness of
PCP and molybdate to inhibit sulfation during
different prominent routes of excretion.

PCP and molybdate inhibited the formation
of AA-sulfate, and not simply its excretion. PCP
and molybdate decreased both the urinary and
biliary excretion of AA-sulfate compared with
control rats, indicating decreases in AA-sulfate
excretion independent of the route of excretion.
Also biliary excretion of AA-sulfate was 17%
that of the urinary excretion, regardless of the
dose of AA, in control, PCP- and molybdate
treated rats (Table 1). This indicates nearly
equal inhibition of AA-sulfate excretion by both
routes of excretion for both PCP and molyb-
date. Moreover, PCP and molybdate-induced
decreases in the formation of AA-sulfate were
also evident by decreases in the appearance of
AA-sulfate in serum of PCP and molybdate-
treated rats (Fig. 1).

The degree to which PCP inhibited the sul-
fation of AA appears to be dependent on the
dose of AA. PCP was more effective at inhibit-
ing the sulfation of lower doses than the highest
dose of AA. Comparable results have been re-
ported with a similar sulfotransferase inhibitor,
2,6-dichloro-4-nitrophenol (DCNP), which also
has been reported to be more effective in in-
hibiting the sulfation of low doses than high
doses of acetaminophen (Fayz et al., 1984).
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Table 1
Effect of PCP and molybdate on the excretion of AA metabolitesa

% of dose excreted in:AA dose (mmol/ Animal group
k)

Bile Urine Bile+urine

Total metabo- AA-sulfateTotal metabo- Total metabo-AA-sulfate AA-sulfate of total)AA-sulfate
liteslites lites

49.797.8 65.899.9 75.650.097.642.296.915.892.50.1 Control 7.591.6
19.7911.7*,bPCP 11.490.8*,b 37.093.0 30.8*,b1.6790.51* 17.392.5 9.790.8*,b

33.098.2bMo 25.195.4*,b 55.1910.3 45.5*,b4.791.3 22.193.5 20.494.5*,b

29.195.6 40.997.5 71.225.395.8 29.896.911.092.63.890.9Control0.3
4.191.1* 8.191.5* 5.091.2* 23.794.6 21.0*0.9190.29*PCP 15.793.3

10.391.5* 36.994.6 27.9*16.492.3*Mo 1.890.4* 8.591.3*20.592.9

Control 18.992.8 15.491.9 34.894.5 44.12.690.4 15.992.51 12.791.7
10.393.3PCP 2.590.4* 23.494.5 10.5*0.5490.04* 13.191.3 1.990.4*

5.890.9* 32.693.3 17.9*13.492.8Mo 4.890.9*19.392.51.090.3*

6.390.8 13.491.5 7.7390.9 26.794.0 29.03 1.590.2Control 13.392.8
3.690.3 *,b 24.992.3 14.3*,b11.991.33.190.3*,bPCP 0.4590.1* 13.091.7
1.590.3*,b 25.193.9 6.0*,bMo 0.3690.05* 14.791.2 1.090.3*,b 10.493.1

a Represents the metabolites excreted in bile and urine, expressed as a percentage of the dose of administered AA. Total AA metabolites are the sum of all
metabolites excreted. Means 9SEM of 5–6 rats are shown.

b Designates statistically significant difference between treatments (PB0.05).
* Designates statistically significant difference from controls (PB0.05).
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These observations are compatible with competi-
tive inhibition of phenolsulfotransferases.

The degree to which molybdate inhibits the
sulfation of AA also appears to be dependent
on the dose of AA. However, while PCP is
more effective in decreasing sulfation at low
doses of AA, molybdate is more effective at in-
hibiting the sulfation of a high dose of AA. The
reason why molybdate is more effective at in-
hibiting high than low doses of AA can be ex-
plained by the mechanism by which it inhibits
sulfation, that is, by decreasing cosubstrate
(PAPS) availability. For example, molybdate has
been shown to decrease sulfate in serum and
tissues (Oguro et al., 1994), presumably by de-
creasing the amount of sulfate absorbed from
the intestine (Mason and Cardin, 1977) and by
inhibiting renal reabsorption of sulfate
(Schneider et al., 1984). Molybdate also inhibits
the synthesis of PAPS by competing with sulfate
for ATP-sulfurylase (Bandurski et al., 1956), the
enzyme catalyzing the first step in PAPS synthe-
sis. Thus, molybdate decreases PAPS availability
(Oguro et al., 1994), which is the obligate co-
substrate for the sulfoconjugation of xenobiotics.
PAPS synthesis is limited, and is responsible for
the limited capacity of sulfation of AA (Hjelle
et al., 1985), salicylamide, phenol, and a-naph-
thol (Kim et al., 1995) in rats, consequently
PAPS is rate limiting for sulfation at higher
doses of AA in rats.

Therefore, molybdate further limits the syn-
thesis of PAPS, and decreases the capacity of
sulfation. Thereby, molybdate is more effective
in decreasing the sulfation of high than low
doses of AA.

Neither PCP nor molybdate administration re-
sulted in a consistent increase in excretion of
AA-glucuronide, which might be expected to
compensate for the decreases in AA sulfation.
PCP has been shown to inhibit the sulfation of
harmol with a resultant increase in its glu-
curonidation, and another sulfotransferase in-
hibitor, DCNP has been shown to inhibit the
sulfation of harmol, phenol, and a-naphthol
with similar increases in their glucuronidation
(Mulder, 1981). These compensatory increases in
glucuronidation are believed to be a conse-

quence of selective sulfation inhibition. How-
ever, in liver perfusion studies, where DCNP
was used to inhibit the sulfation of AA, no
compensatory increase in glucuronidation was
observed at any concentration of AA. This was
hypothesized to be due to the high Km for AA
as a substrate of UDP-glucuronosyltransferases
(Fayz et al., 1984).

PCP not only decreased the excretion of AA-
sulfate, but also decreased the excretion of total
AA metabolites. Although PCP produced an in-
crease in biliary excretion of AA-glucuronide at
the 0.1 mmol/kg dose of AA, increases in AA-
glucuronide excretion did not offset decreases in
AA-sulfate excretion. In fact, at the three lower
doses of AA, PCP was most effective in decreas-
ing AA-sulfate excretion, yet, total AA metabo-
lite excretion was slightly over 50% of the
control rats total AA metabolite excretion.

Molybdate decreased AA-sulfate excretion,
which was offset by increased excretion of the
other five metabolites combined. For example,
while molybdate decreased AA-sulfate excretion
by both routes of excretion and at all doses
studied, the biliary excretion of AA-glucuronide
was increased at the two lower AA doses, and
the excretion of thioether conjugates into bile
and urine was increased with all but the highest
dose of AA. These increases in glucuronide and
thioether conjugate excretion suggest increased
flux through the glucuronidation and P450-cata-
lyzed oxidation pathways (Madhu et al., 1989),
respectively, as a result of a decrease in the sul-
fate conjugation pathway. Increases in thioether
formation concurs with previous findings, where
decreases in sulfation of AA by decreasing di-
etary sulfate resulted in concurrent increases in
thioether conjugation (Gregus et al., 1994).

In conclusion, both PCP and molybdate in-
hibit the sulfation of AA in rats in vivo. PCP is
more effective at inhibiting the sulfation of
lower doses of AA, where sulfotransferases are
rate limiting for conjugation, which is consistent
with competitive inhibition of sulfotransferases.
Molybdate is a more effective inhibitor of AA
sulfation at higher doses of AA, where the
availability of PAPS is rate limiting. These data



J.W. Boles, C.D. Klaassen / Toxicology 146 (2000) 23–3534

are consistent with the mechanism of sufate con-
jugation inhibition by cosubstrate depletion.
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