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Cytosolic sulfotransferases (SULTs) in mammals are involved in the biotransforma-
tion and homeostasis of various endogenous and xenobiotic compounds. The current
study aimed to examine the sulfation of contraceptive compounds by various human
cytosolic SULTs and to investigate the inhibitory effects and mode of action of these
compounds on the sulfation of 17β-estradiol, a major endogenous estrogen. A system-
atic study using all eleven known human cytosolic SULTs revealed the differential
substrate specificity of these enzymes for the eight representative contraceptive com-
pounds and two endogenous estrogens (estrone and 17β-estradiol) tested as sub-
strates. Activity data showed that SULT1A1 displayed the strongest activity toward
17α-ethynylestradiol. Kinetic studies revealed that the Vmax value of the sulfation of
17α-ethynylestradiol by SULT1A1 was 1.64 times that of the sulfation of 17β-estradiol,
while the Km values were almost equal for the two compounds. The inhibitory effects
of three contraceptive compounds on the sulfation of 17β-estradiol by SULT1A1 were
examined. IC50 values determined were 0.193, 1.84, and 2.98 mM, respectively, for 19-
norethindrone acetate, ethynodiol diacetate and mifepristone. Kinetic analyses indi-
cated that the mechanism underlying the inhibition by these contraceptives is of a
mixed noncompetitive type. Metabolic labeling experiments confirmed the sulfation
of contraceptive compounds and the release of their sulfated derivatives by HepG2
human hepatoma cells. Collectively, the results obtained suggest a role of sulfation in
the metabolism of contraceptive compounds in vivo. Moreover, in view of their inhib-
itory effects on the sulfation of 17β-estradiol, these compounds may potentially act to
disrupt the homeostasis of endogenous estrogens.

Key words: contraceptive, 17α-ethynylestradiol, 17β-estradiol, phenol sulfotransferase,
sulfation.

Abbreviations: SULT, sulfotransferase; PAPS, 3′-phosphoadenosine 5′-phosphosulfate; SDS-PAGE, sodium
dodecyl sulfate–polyacrylamide gel electrophoresis.

Sulfate conjugation is a major pathway in mammals for
the biotransformation and excretion of drugs/xenobiotics
as well as the homeostasis of endogenous compounds
such as steroid and thyroid hormones, catecholamines,
cholesterol, and bile acids (1–3). The responsible enzymes,
called the “cytosolic sulfotransferases (SULTs),’’ catalyze
the transfer of a sulfonate group from the active sulfate,
3′-phosphoadenosine 5′-phosphosulfate (PAPS), to an
acceptor substrate compound containing a hydroxyl or an
amino group (4). Sulfate conjugation by these enzymes
may result in the inactivation (or, in some cases, activa-
tion) of the substrate compounds and/or increase their
water-solubility, thereby facilitating their removal from
the body (1–3).

We have recently begun investigating the involvement
of sulfation in the metabolism and adverse functioning of
environmental xenoestrogens (5, 6). These compounds,
including natural sterols, pesticides, pollutants, and syn-

recognized as a potential hazardous factor for human
health (7). They are not only suspected of causing devel-
opmental abnormalities in wildlife but are also being
cited as a serious hazard for human health (7–10). A
worldwide debate on a decline in sperm quality in men
(11, 12) and increased incidences of human breast cancer
(13–15) implicate xenoestrogens as the putative cause for
these epidemiological observations. We recently demon-
strated that human cytosolic SULTs, in particular the
simple phenol (P)-form SULT (SULT1A1), can catalyze
the sulfation of some representative environmental
xenoestrogens (5, 6). To what extent the sulfation is
involved in the inactivation and/or excretion of these
compounds, however, remains to be clarified. Another
group of xenoestrogen compounds gaining increased
attention are the oral contraceptives (16–18). These med-
ical xenoestrogens, while providing desired birth control
effects, have been linked to an increased risk of breast
cancer (16–18). The various compounds used in oral con-
traceptives are derivatives of 17β-estradiol or progester-
one, and many of them contain hydroxyl groups (19). It is
therefore tempting to question whether sulfate conjuga-
tion of these contraceptive compounds may take place
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and whether sulfation occurs in vivo to counteract the
adverse effects of (excess) oral contraceptives. Moreover,
in view of their structural similarity to 17β-estradiol, are
these contraceptive compounds capable of inhibiting the
sulfation of 17β-estradiol, thereby disrupting the home-
ostasis of this important endogenous estrogen in vivo?

We report here a systematic investigation of the differ-
ential activities of the eleven known human cytosolic
SULTs toward estrogenic compounds commonly present
in oral contraceptives. The kinetics of the sulfation of
17β-estradiol and 17α-ethynylestradiol by SULT1A1, the
major cytosolic SULT demonstrated to be involved in the
sulfation of contraceptive compounds, were examined.
The inhibitory effects of 19-norethindrone acetate, ethyn-
odiol diacetate and mifepristone on the 17β-estradiol–
sulfating activity of SULT1A1 and the underlying mecha-
nism of inhibition were studied. Moreover, using HepG2
human hepatoma cells as a model, the metabolism of con-
traceptive compounds through sulfation and the release
of their sulfated derivatives were investigated.

MATERIALS AND METHODS

Materials—Estrone, 17β-estradiol, 17α-ethynylestradiol,
19-norethindrone, 19-norethindrone acetate, ethynodiol
diacetate, levonorgestrel, medroxyprogesterone, mife-
pristone, aprotinin, thrombin, adenosine 5′-triphosphate
(ATP), PAPS, sodium dodecyl sulfate (SDS), Trizma base,
isopropyl-β-D-thiogalactopyranoside (IPTG), inorganic
pyrophosphatase, dithiothreitol (DTT), and dimethyl sul-
foxide (DMSO) were obtained from Sigma Chemical Co.
(St. Louis, MO). Mestranol was obtained from MP Bio-
medicals, Inc. (Aurora, OH). Carrier-free sodium [35S]sul-
fate was from ICN Biomedicals Inc. (Irvine, CA). Cellu-
lose thin-layer chromatography (TLC) plates were from
EMD Chem. Inc. (Gibbstown, NJ). HepG2 human
hepatoma cell line (ATCC HB 8065) was from American
Type Culture Collection. All other chemicals were of the
highest grade commercially available.

Preparation of Purified Human Cytosolic SULTs—Re-
combinant human P-form (SULT1A1 and SULT1A2) and
M-form (SULT1A3) phenol SULTs, thyroid hormone
SULT (SULT1B2), two SULT1Cs (designated #1 and #2),
estrogen SULT (SULT1E1), dehydroepiandrosterone
(DHEA) SULT (SULT2A1), two SULT2B1s (designated a
and b), and a neuronal SULT (SULT4A1), expressed us-
ing pGEX-2TK or pET23c prokaryotic expression system,
were prepared as previously described (5, 6, 20–22).

Enzymatic Assay—The sulfating activity of the recom-
binant human cytosolic SULTs was assayed using
PAP[35S] as the sulfonate group donor. The standard
assay mixture, in a final volume of 25 µl, contained 50
mM Mops buffer at pH 7.5, 1 mM DTT, and 14 µM
PAP[35S]. The substrate, dissolved in DMSO at 10 times
the final concentration in the assay mixture, was added
after Mops buffer and PAP[35S]. Control with DMSO
alone was also prepared. The reaction was started by the
addition of the enzyme (1.25 µg), allowed to proceed for 3
min at 37°C, and stopped by placing the assay mixture-
containing thin-wall tube on a heating block, pre-heated
to 100°C, for 2 min. The precipitates were cleared by cen-
trifugation for 1 min, and the supernatant was subjected
to the analysis of [35S]sulfated product using the previ- T
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ously established TLC procedure (23), with n-butanol/iso-
propanol/88% formic acid/water (3:1:1:1; by volume) as
the solvent system. Each experiment was performed in
triplicate, together with a control without enzyme. The
results obtained were calculated and expressed in
nanomoles of sulfated product formed/min/mg purified
enzyme.

Metabolic Labeling of HepG2 Human Hepatoma Cells—
HepG2 cells were routinely maintained, under a 5% CO2
atmosphere at 37°C, in minimum essential medium
(MEM) supplemented with 10% fetal bovine serum, peni-
cillin G (30 µg/ml), and streptomycin sulfate (50 µg/ml).
Confluent HepG2 cells grown in individual wells of a 24-
well culture plate, preincubated in sulfate-free (prepared
by omitting streptomycin sulfate and replacing magne-
sium sulfate with magnesium chloride) MEM for 4 h,
were labeled with 0.2-ml aliquots of the same medium
containing [35S]sulfate (0.3 mCi/ml) and different concen-
trations (ranging from 5 to 100 µM) of representative
compounds present in oral contraceptives. At the end of
an 18-h labeling, the media were collected, spin-filtered,
and subjected to TLC analysis for [35S]sulfated com-
pounds based on the above-mentioned procedure (23).

Miscellaneous Methods—PAP[35S] was synthesized from
ATP and carrier-free [35S]sulfate using the bifunctional
human ATP sulfurylase/adenosine 5′-phosphosulfate
kinase, and its purity was determined as previously
described (24). The PAP[35S] synthesized was adjusted to
the required concentration and specific activity of 15 Ci/
mmol at 1.4 mM by the addition of cold PAPS. SDS–poly-
acrylamide gel electrophoresis was performed on 12%

polyacrylamide gels using the method of Laemmli (25).
Protein determination was based on the method of Brad-
ford with bovine serum albumin as the standard (26).

RESULTS AND DISCUSSION

The current study aimed to examine the sulfation of con-
traceptive compounds by various human cytosolic SULTs
and to investigate the inhibitory effects and mode of
action of these compounds on the sulfation of 17β-estra-
diol, a major endogenous estrogen.

Differential Sulfating Activities of the Human Cytosolic
SULTs toward Contraceptive Compounds—We have pre-
viously cloned, expressed, and purified all eleven known
human cytosolic SULTs: SULT1A1, SULT1A2, SULT1A3,
SULT1B2, SULT1C#1, SULT1C#2, SULT1E1, SULT2A1,
SULT2B1a SULT2B1b, and SULT4A1 (5, 6, 20–22).
These purified recombinant human cytosolic SULTs were
examined for sulfating activities toward representative
compounds present in oral contraceptives, namely 17α-
ethynylestradiol, 19-norethindrone, 19-norethindrone
acetate, ethynodiol diacetate, levonorgestrel, mestranol,
medroxyprogesterone and mifepristone, as well as the
two major endogenous estrogens, estrone and 17β-estra-
diol. The results compiled in Table 1 showed that five
(SULT1B2, SULT1C#1, SULT2B1a, SULT2B1b and
SULT4A1) of the eleven SULTs displayed no detectable
activities. The other six human cytosolic SULTs
(SULT1A1, SULT1A2, SULT1A3, SULT1C#2, SULT1E1
and SULT2A1) exhibited differential sulfating activities
toward the different compounds tested. Since SULT1E1
is the major human cytosolic SULT responsible for the
sulfate conjugation of endogenous estrogens in vivo (27,
28), it is not surprising that the enzyme displayed the
strongest activities toward the two endogenous estro-
gens, 17β-estradiol and estrone. With 17α-ethynylestra-
diol (a major component of many combined oral contra-
ceptives) as substrate, however, SULT1A1 displayed the
strongest sulfating activity. Of the other seven contracep-
tive compounds tested, five (19-norethindrone, mestra-
nol, levonorgestrel, medroxyprogesterone, and mifepris-
tone) were sulfated at low levels by SULT1A1, SULT1C#2,

Table 2. Kinetic constants of the human SULT1A1 with 17β-
estradiol and 17α-ethynylestradiol as substrates.*

*The assay mixture contained 1 mM DTT, 14 µM PAPS, varying
concentrations of substrate and 50 mM Mops buffer, pH 7.5. The
assays were carried out at 37°C for 3 min. Data are the mean values
from three determinations.

Substrate Vmax 
(nmol/min/mg) Km (µM) Vmax/Km

17β-Estradiol 7.29 3.54 2.06
17α-Ethynylestradiol 11.98 3.43 3.49

Fig. 1. Inhibitory effects of 19-norethindrone ace-
tate, ethynodiol diacetate and mifepristone on the
sulfation of 17β-estradiol by SULT1A1. Enzymatic
assays with 5 µM 17 β-estradiol as substrate were per-
formed in the presence of varying concentrations of 19-
norethindrone acetate, ethynodiol diacetate, or mife-
pristone. Data from three experiments were calculated
based on the activity determined in the absence of these
compounds as 100%.
Vol. 137, No. 3, 2005
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SULT1E1, and SULT2A1, and the other two (19-nore-
thindrone acetate and ethynodiol diacetate) were not sul-
fated. The kinetic parameters of SULT1A1 in catalyzing
the sulfation of 17α-ethynylestradiol and 17β-estradiol
were further investigated. The enzymatic assays were

performed at pH 7.5 with varying concentrations of these
two compounds as substrates. Results compiled in Table
2 revealed that, while the Km values for the two com-
pounds were nearly identical (3.54 µM vs. 3.43 µM), the
Vmax with 17α-ethynylestradiol as substrate (11.98 nmol/

Fig. 2. Lineweaver-Burk double-
reciprocal plots of SULT1A1 with
17β-estradiol as substrate in the
presence of different concentra-
tions of 19-norethindrone acetate
(A), ethynodiol diacetate (B), and
mifepristone (C). Concentrations of
these contraceptive compounds tested
were 0, 0.025, 0.05 and 0.1 mM in (A);
0, 0.01, 0.1 and 1 mM in (B); and 0, 0.5,
1 and 2 mM in (C). Concentrations of
17β-estradiol were in µM and velocities
were expressed as nanomoles of sul-
fated product formed/min/mg protein.
Data shown represent mean ± SD
derived from three independent deter-
minations.
J. Biochem.
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min/mg) was considerably higher than that with 17β-
estradiol as substrate (7.29 nmol/min/mg). Catalytic effi-
ciency of SULT1A1, as reflected by Vmax/Km, therefore
appeared to be higher with 17α-ethynylestradiol than
with 17β-estradiol as substrate. Because SULT1A1 is
expressed in the liver and gastrointestinal tract as well
as blood platelets (29–31), these results may implicate
SULT1A1 in the metabolism, and possibly inactivation,
of 17α-ethynylestradiol and some other compounds used
in oral contraceptives. It should also be noted that, while
sulfation of these compounds may lead to their inactiva-
tion and disposal, it may at the same time suppress the
sulfation of other compounds. In the case of 17β-estra-
diol, the presence of, for example, 17α-ethynylestradiol
may interfere with its sulfation, leading to the prolonged
presencee (in an unconjugated state) and estrogenic
action of 17β-estradiol.

Inhibitory Effects of Contraceptive Compounds on the
Sulfation of 17β-Estradiol by the Human Cytosolic SULTs—
Previous studies have indicated that some xenobiotics
may act as inhibitors of SULT enzymes (32). In a prelim-
inary experiment, we noticed that three compounds (19-
norethindrone acetate, ethynodiol diacetate and mife-
pristone) that were poor substrates for SULT enzymes
(see Table 1), could exert inhibitory effects on the sulfa-
tion of 17β-estradiol by SULT1A1 (data not shown). To
investigate further this interesting phenomenon, enzy-
matic assays were performed using 5 µM 17β-estradiol as
the substrate in the presence of varying concentrations
(ranging from 0 to 10 mM) of 19-norethindrone acetate,
ethynodiol diacetate, or mifepristone. Activity data
obtained revealed a concentration-dependent inhibition
of the 17β-estradiol–sulfating activity of the SULT1A1 by

all three compounds. Based on the results compiled in
Fig. 1, the IC50 values determined for 19-norethindrone
acetate, ethynodiol diacetate, and mifepristone were
0.193, 1.84 and 2.98 mM, respectively. We then proceeded
to investigate the mechanism underlying the inhibition
of the 17β-estradiol–sulfating activity of SULT1A1 by
these compounds. Kinetic experiments were performed in
the presence of fixed concentrations of 19-norethindrone
acetate (0, 0.025, 0.05 and 0.1 mM), ethynodiol diacetate
(0, 0.01, 0.1 and 1 mM), or mifepristone (0, 0.5, 1 and 2
mM). Data obtained were used to generate Lineweaver-
Burk double reciprocal plots. As shown in Fig. 2, the lines
corresponding to the various concentrations of 19-nore-
thindrone acetate (Fig. 2A), ethynodiol diacetate (Fig.
2B), or mifepristone (Fig. 2C), while intersecting the X-
and Y-axis at different positions, all appeared to converge
within a narrow region in the figure. These results
suggested a mixed noncompetitive type of inhibition
whereby the binding of 19-norethindrone acetate, ethyn-
odiol diacetate, or mifepristone not only decrease the cat-
alytic activity of SULT1A1, but also interfere with the
binding of 17β-estradiol as the substrate. As discussed
previously, the inhibitory effects of these contraceptive
compounds may disrupt the homeostasis of 17β-estradiol,
leading to its prolonged presence and estrogenic action. It
has been proposed that elevated levels of endogenous
estrogens such as 17β-estradiol may be involved in the
carcinogenic processes within the breast tissue (33).

Metabolic Studies on the Sulfation of Contraceptive Com-
pounds—HepG2 human hepatoma cells were used to
investigate whether the sulfation of contraceptive
compounds occurs in a metabolic setting. Confluent
HepG2 cells grown in wells of a 24-well plate were
labeled with sulfate-free medium containing [35S]sulfate
and different concentrations of 17β-estradiol, 17α-
ethynylestradiol, levonorgestrel, 19-norethindrone ace-
tate, ethynodiol diacetate, and mestranol. As shown in
Fig. 3, TLC analysis of medium samples collected at the
end of an 18-h labeling period confirmed the presence of
[35S]sulfated products in medium samples containing
concentrations as low as 5 µM of the compounds tested.
It is interesting to note that, while levonorgestrel, 19-
norethindrone, 19-norethindrone acetate, and mestranol
were not good substrates for SULT1A1 in vitro (cf. Table
1), they may be metabolized (e.g., hydroxylated by the
action of cytochrome P-450) in the cells to become (better)
substrates for sulfation in vivo.

In conclusion, the data presented in this communica-
tion represent the first systematic study on the sulfation
of contraceptive compounds by human cytosolic SULTs.
From the physiology standpoint, the fact that some of the
contraceptive compounds tested can be sulfated, either
directly or following other metabolic steps (e.g., hydroxy-
lation), suggests a role of sulfation in the metabolism of
these compounds in vivo. Moreover, the finding that some
contraceptive compounds may act to inhibit the sulfation
of 17β-estradiol indicates a potential effect of these com-
pounds in disrupting the homeostasis of endogenous
estrogens. More work is warranted in order to fully eluci-
date these important issues.

We thank Kei Ohkimoto and Saki Takahashi for technical
advice. This work was supported in part by funds from the

Fig. 3. Analysis of [35S]sulfated products generated and
released by HepG2 human hepatoma cells labeled with
[35S]sulfate in the presence of contraceptive compounds. The
figure shows the autoradiograph taken from the TLC plate at the
end of the analysis. The compounds, tested at 5 µM concentrations
in the labeling media, were 17β-estradiol (lane 2), 17α-ethy-
nylestradiol (lane 3), levonorgestrel (lane 4), 19-norethindrone (lane
5), 19-norethindrone acetate (lane 6), and mestranol (lane 7). Lane
1 shows the control with no additional compound in the labeling
medium.
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