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Abstract
The sulfonation of 17β-estradiol (E2) by human liver and recombinant sulfotransferases is influenced
by environmental contaminants such as hydroxylated metabolites of polychlorinated biphenyls (OH-
PCBs), which are potent inhibitors, and the therapeutic drug, celecoxib, which affects positional
sulfonation of E2. In some locations, the aquatic environment is contaminated by PCBs, OH-PCBs
and widely used therapeutic drugs. The objectives of this study were to investigate the sulfonation
kinetics of E2 in liver cytosol from channel catfish (Ictalurus punctatus); to examine the effect of
OH-PCBs on E2 sulfonation; and to determine if celecoxib altered the position of E2 sulfonation, as
it does with human liver cytosol. E2 was converted to both 3- and 17-sulfates by catfish liver cytosol.
At E2 concentrations below 1 μM, formation of E2-3-sulfate (E2-3-S) predominated, but substrate
inhibition was observed at higher concentrations. Rates of E2-3-S formation at different E2
concentrations were fit to a substrate inhibition model, with K′m and V′max values of 0.40 ± 0.10
μM and 91.0 ± 4.7 pmol/min/mg protein, respectively and Ki of 1.08 ± 0.09 μM. The formation of
E2-17-S fit Michaelis-Menten kinetics over the concentration range 25 nM to 2.5 μM, with Km and
Vmax values of 1.07 ± 0.23 μM and 25.7 ± 4.43 pmol/min/mg protein, respectively. The efficiency
(Vmax/Km) of formation of E2-3-S was 9.8-fold higher than that of E2-17-S. Several OH-PCBs
inhibited E2 3-sulfonation, measured at an E2 concentration of 1 nM. Of those tested, the most potent
inhibitor was 4′-OH-CB79, with two chlorine atoms flanking the OH group (IC50: 94 nM). The
inhibition of estrogen sulfonation by OH-PCBs may disrupt the endocrine system and thus contribute
to the known toxic effects of these compounds. Celecoxib did not stimulate E2-17-S formation, as
is the case with human liver cytosol, but did inhibit the formation of E2-3-S (IC50: 44 μM) and to a
lesser extent, E2-17-S (IC50: >160 μM), suggesting the previously found effect of celecoxib on
E2-17-S formation may be specific to human SULT2A1.
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1. Introduction
Sulfonation has evolved as a key step in xenobiotic metabolism, but also plays a critical role
in modulating the biological activity and facilitating the inactivation and elimination of potent
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endogenous chemicals including steroids, thyroid hormones and catechols (Coughtrie,
1996;Falany, 1991;Strott, 2005). Sulfonation reactions are catalyzed by sulfotransferase
(SULT) enzymes which transfer the sulfuryl group from 3′-phosphoadenosine 5′-
phosphosulfate (PAPS) to an appropriate acceptor. In humans, at least 11 SULT isoforms have
been identified and divided into several gene families based on their amino acid sequences.
The SULT1 and SULT2 families are the largest and are responsible for sulfonation of a vast
number of endogenous and xenobiotic compounds (Kauffman, 2004).

Sulfonation of 17β-estradiol (E2) has been reported in human liver (Hernandez et al., 1992)
and platelet phenol sulfotransferase (Harris et al., 2000), human mammary epithelial cells and
breast cancer cell lines (Falany and Falany, 1996), as well as in recombinant SULTs including
SULT1E1, SULT2A1, Phenol-SULT (Falany et al., 1994;Falany et al., 1995;Wang and James,
2005;Zhang et al., 1998). However, knowledge of sulfonation in fish species is rather limited.
Sulfonation of E2 has been reported in carp and zebrafish, but not whether the 3- or 17-sulfate
was formed (Thibaut and Porte, 2004;Ohkimoto et al., 2003,2004). Jurgella et al (2006) showed
that incubation of E2 with lake trout liver and kidney tissues resulted in the formation of several
metabolites, including E2-17-sulfate and E2 3- and 17-glucuronides. Several SULTs from the
zebrafish have been characterized. Sugahara et al. (2003a) studied an expressed recombinant
zebrafish with sequence similarity to the SULT1 family, which displayed activity towards a
number of endogenous compounds including estrone, dopamine and thyroid hormones as well
as xenobiotic compounds including some flavonoids, isoflavonoids, and other phenolic
compounds. Further studies showed that this zebrafish SULT had activity with E2, however
the Km was 13 μM, considerably higher than mammalian SULT1E1 (Ohkimoto et al., 2004).
A putative hydroxysteroid SULT2 enzyme has been identified in zebrafish, and this isoform
displayed 44%, 43% and 40% amino acid identity with mouse SULT2B1, human SULT2B1
and human SULT2A1, respectively (Sugahara et al. 2003b). This enzyme displayed activity
towards DHEA and several neurosteroids but did not show activity with other phenolic
compounds such as estrone, para-nitrophenol and quercetin. A phenol SULT of molecular
mass 41 KDa was purified from channel catfish liver and intestine. The purified enzyme had
an exceptionally high affinity for and activity with benzo[a]pyrene phenols, but also showed
activity with estrone, E2 and DHEA (Tong and James, 2000).

There is evidence that xenobiotics found in polluted environments can inhibit the phase II
conjugating enzymes in fish, including those that catalyze sulfation and glucuronidation of
steroids, and potentially disrupt steroid hormone homeostasis (Wang and James, 2006).
Aquatic species such as omnivorous fish living in polluted environments may be exposed to a
variety of organic pollutant chemicals. Exposure may be water-borne, from sediments, or
though the diet. Van den Hurk et al. (2002) found that several polychlorobiphenylols (OH-
PCBs) inhibited both the sulfonation and glucuronidation of 3-hydroxybenzo[a]pyrene in
channel catfish, indicating that both SULT and glucuronosyltransferase (UGT) are targets for
inhibition by xenobiotics in fish. Ohkimoto et al.(2003) reported that bisphenol A, 4-n-
nonylphenol (NP), and 4-n-octylphenol (OP) exerted concentration-dependent inhibition of
the sulfonation of E2 in zebrafish, implying a potential role of these environmental estrogens
in interfering with the sulfonation of endogenous estrogens. In addition, alkylphenols have a
strong inhibitory effect on the sulfonation of estrone in a cyprinid fish, the chub (Leuciscus
cephalus) (Kirk et al., 2003), and tributyltin (TBT), triphenyltin (TPT), and nonylphenol (NP)
were inhibitors of the sulfonation of E2 by carp (Cyprinus carpio) cytosolic fractions (Thibaut
and Porte, 2004), with IC50 values of 17–41 μM. Jurgella et al (2006) showed that bisphenol
A and chlorinated and brominated bisphenol A as well as 4,4′-dihydroxy-3,3′,5,5′-
tetrachlorobiphenyl and three halogenated phenols inhibited E2 metabolism in the lake trout
liver and kidney. In these studies, however, the position of sulfonation of E2 was not examined.
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The present study was designed to evaluate the kinetics of formation of E2-3-sulfate and E2-17-
sulfate in channel catfish (Ictalurus punctatus) liver cytosol, and to determine if environmental
compounds known to perturb E2 sulfonation by human SULT enzymes would have similar
effects on the catfish enzymes. The compounds examined were OH-PCBs and celecoxib. OH-
PCBs are found in the environment as metabolites of PCBs and celecoxib is a widely used non-
steroidal anti-inflammatory drug with COX-2 selectivity. Although celecoxib has not yet been
reported in environmental samples, it has been in the top 100 prescribed drugs for several years
and is widely used to treat arthritis (Bensen, 2000), thus it is likely to be present in waste water.
The OH-PCBs selected were 4-OH-3,3′,4′,5-tetrachlorobiphenyl (4′-OH-CB79), 4-OH-3,3′,4′-
trichlorobiphenyl (4′-OH-CB35) and 4-OH-2′,3,3′,4′,5′-pentachlorobiphenyl (4′-OH-CB106),
which were reported to have different inhibitory potencies against human recombinant
SULT1E1, with IC50 of 0.21–0.61 nM, 4.3–7.8 nM and 100–120 nM, respectively (Kester et
al., 2000). An unusual heterotropic modulation of human SULT2A1, a hydroxysteroid SULT,
was reported with celecoxib (Cui et al., 2004;Wang and James, 2005). Celecoxib was able to
switch the major position of sulfonation of ethynylestradiol (Cui et al., 2004) and E2 (Wang
and James, 2005) from the 3- to the 17- with SULT2A1 as well as in human liver cytosol. The
switching ability by celecoxib was specific for SULT2A1, with no effects on other phenol
SULTs including SULT1A1, SULT1A3, SULT1B1 and SULT1E1 (Wang and James, 2005).
Therefore, it was of interest to investigate the effects of celecoxib on sulfotransferases of other
species such as fish, to determine if this is a general effect, or selective to human SULT2A1.

2. Materials and Methods
2.1. Chemicals

[3H]β-Estradiol (49.7 Ci/mmol) was obtained from PerkinElmer Life Sciences, Inc (Boston,
MA). 3′-phosphoadenosine-5′-phosphosulfate (PAPS) was obtained from Dr. S.S. Singer,
University of Dayton, OH. Celecoxib (Figure 1) was obtained via extraction from a 100-mg
commercial capsule formulation (Express Pharmacy Services, Largo, FL) as described
previously (Wang and James, 2005). E2-3-S standard was obtained from Sigma, St Louis, MO.
E2-17-S and E2 disulfate standards were obtained from Steraloids (Newport, RI). The 4′-OH-
CB35 and 4′-OH-CB79 were a gift from Dr. Larry Robertson, University of Iowa. The 4′-OH-
CB106 was purchased from AccuStandard (New Haven, CT). Figure 1 shows the structures
of the compounds used as modulators of SULT activity. Other reagents were the highest grade
available from Fisher Scientific, Atlanta, GA, and Sigma, St. Louis, MO.

2.2. Fish
Channel catfish used in these studies were one male and two females with body weight ranging
from 454 to 790 g. All fish were kept in flow-through well water with temperature 20 ± 0.6°
C, total hardness 26.4 ± 5.3 mg of CaCO3/liter and pH 7.96 ± 0.31 over the maintenance and
experimental period. The fish were grown and maintained on a commercial chow diet
(Silvercup, Murray, UT) for at least 2 weeks. Care and treatment of the animals was conducted
according to the guidelines of the University of Florida Institutional Animal Care and Use
Committee.

2.3. Preparation of cytosolic fractions
Catfish were immobilized in ice water and killed by severing the spinal cord. Livers were
removed, rinsed three times in ice-cold buffer 1 [composed of 1.15% KCl, 0.05 M potassium
phosphate (pH 7.4), 0.2 mM PMSF], weighed, and homogenized in 4 volumes of buffer 1. The
homogenates were centrifuged at 13,300×g for 20 min and the resulting supernatants were
centrifuged again at 155,000×g for 45 min. The high speed cytosolic fraction was divided into
aliquots and stored at −80°C until use. The protein concentrations were measured by the Lowry
method (Lowry et al., 1951) using bovine serum albumin as a standard.
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2.4. Sulfotransferase assay
Assay conditions were optimized such that the rate of reaction was linear with protein and time,
and was saturating for PAPS. All studies were conducted with liver cytosol fractions from three
different individuals, with duplicate tubes for each assay condition.

For examining the enzyme kinetics, incubation mixtures contained 100 mM Tris-HCl (pH 7.4),
5 mM MgCl2, 28–33 μg cytosolic protein, 20 μM PAPS, and a concentration series of 0.05 to
6 μM [3H] E2 in a total volume of 0.25 ml. For studying the effect of celecoxib on positional
sulfonation of E2, the E2 substrate concentration was 0.8 μM. At this concentration both the
E2 sulfates were formed with no substrate inhibition. Stock solutions of celecoxib were
prepared in DMSO, such that the final concentration of celecoxib was in the range of 1.25–
160 μM and the DMSO concentration did not exceed 0.5% (v/v). Reaction was initiated with
the addition of PAPS after a 3-min preincubation at 35°C. This was the optimum temperature
for the assay. After 30 min incubation, the reaction was stopped with 0.3 ml methanol followed
by vortex-mixing and centrifugation. The resultant supernatant was transferred into new tubes
and analyzed by HPLC.

For studying inhibition by OH-PCBs, the sulfonation of E2 was assessed by a radiochemical
extraction method. The assay mixture contained 56–67 μg cytosolic protein, 100 mM Tris-HCl
(pH 7.4), 5 mM MgCl2, 1 nM [3H] E2 and 20 μM PAPS (added last to start the reaction) in a
total volume of 0.5 ml. Stock solutions of OH-PCBs were prepared in DMSO, such that the
final concentration of OH-PCB was in the range of 0.01–5 μM and the DMSO concentration
did not exceed 0.5% (v/v). Samples were incubated at 35°C for 30 min. The reaction was
stopped by addition of 200 μL of cold 3% trichloroacetic acid (TCA; w/v). Dichloromethane
(1 ml) was added and the mixture was extracted to remove unreacted E2 substrate. The phases
were separated by centrifuging for 10 min at 600xg. The aqueous phase was extracted twice
more to ensure removal of the substrate. An aliquot of the aqueous phase, 200 μl, containing
the E2-3-sulfate, was taken for liquid scintillation counting (Beckman LS 6000; Beckman
Coulter, Fullerton, CA).

2.5. HPLC analysis
HPLC analyses were conducted on a Beckman Gold Nouveau system, equipped with UV and
fluorescence detectors and an IN/US (β-ram, IN/US systems, Inc., Tampa, FL) radiochemical
detector. Separation of parent substrate and its sulfate conjugates was achieved on a C18
reverse-phase column (4.6 mm × 25 cm) with a C18 pre-column (Discovery system, Supelco,
Bellefonte, PA) at a constant flow of 1 ml/min with 0.005 M tetrabutylammonium sulfate in
55% MeOH. The flow of scintillation cocktail (In-flow 2, IN/US systems, Inc., Tampa, FL)
was maintained at 3 ml/min. E2-3-S, E2-17-S and E2 disulfate were identified by comparing
the retention times of the authentic standards.

2.6. Data analysis
Results for catfish liver cytosol are presented as mean values with standard deviation from the
results of three different individuals. The IC50 values were obtained by fitting log OH-PCB
concentration and percent of control activity to a sigmoidal curve (with variable slope) with
the software package Prism (GraphPad Software 4.0). The kinetic parameters (Km, Vmax) were
calculated using the Michaelis-Menten non-linear regression equation with the software
package Prism (GraphPad Software 4.0). Where we found evidence of E2 substrate inhibition,
we fit the data into equation (1) derived from a model in which two molecules of substrate
enter the active site and cause partial inhibition of activity (Zhang et al., 1998), using Prism
(GraphPad Software 4.0):
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V =

V ′max ⋅ (1 +
VminS

V ′maxKi
)

(1 +
K ′m

S + S
Ki

)

(1)

This equation denoted the constant for binding of the first substrate (S) molecule as K′m and
the second substrate molecule as Ki. V′max is the maximum rate for the noninhibitory substrate
concentration range, and Vmin is the minimum rate in the inhibitory substrate concentration
range. Data was also fit to a two-substrate inhibition model where binding of the second
substrate causes loss of activity (Cornish-Bowden, 2004), following the equation:

V =
V ′max ⋅ S

(K ′m + S + S 2
Ki

)
(2)

Results from fitting data to these two equations were compared and the model that showed the
best fit to the data was selected.

3. Results
3.1. Kinetics of sulfonation of E2 with catfish liver cytosol

Incubation of E2 with catfish liver cytosol at concentrations above 10 nM produced two sulfates
E2-3-S and E2-17-S. Below 10 nM, only E2-3-S was detected. As shown in Fig. 2A, inhibition
of activity was observed for the formation of E2-3-S, when the E2 concentration was more
than 0.8 μM. For each fish, the data for the formation of E2-3-S was fit to two models for
substrate inhibition. For both models, initial estimates of Km were provided by fitting data
obtained at non-inhibitory concentrations of E2, less than 0.8 μM, using the Michaelis-Menten
equation. To obtain results from each individual fish, the values obtained for the Michaelis
constant, Km, were constrained as constants K′m for fitting data to the two inhibition models
(equations 1 and 2). Results from equation 1 estimated that Vmin was zero, thus collapsing
equation 1 to equation 2, substrate inhibition to an inactive complex. Kinetic data obtained
from equation 2 are shown in Table 1.

The formation of E2-17-S followed Michaelis-Menten kinetics in the substrate concentration
range 0.05 to 2.5 μM E2 (Figure 2B). At concentrations above 2.5 μM, inhibition was observed,
however not enough data points were studied to obtain the inhibitory constants. The apparent
Km of formation of E2-17-S (1.07 ± 0.2 μM) was 2.6-fold higher than that of E2-3-S (0.40
μM), and the maximum rate of formation of E2-17-S (25.7 pmol/min/mg protein) was 3.5-fold
less than that of E2-3-S (91 pmol/min/mg protein). The efficiency (Vmax/Km) of formation of
E2-3-S was 9.8-fold higher than that of E2-17-S (Table 1).

3.2. Inhibition of E2 sulfonation by OH-PCBs
Studies showed that with 1 nM E2 as substrate, only E2-3-S was detected by HPLC. Therefore,
the extraction assay was used to examine inhibition of the formation of E2-3-S. Addition of
OH-PCBs to assay tubes resulted in a concentration-dependent inhibition of E2 sulfonation
using catfish liver cytosol (Fig. 3). Of the OH-PCBs used in this study, 4′-OH-CB79 showed
the most potent inhibition of E2-3-S formation, with an estimated IC50 value of 93.7 nM (Table
2). The 4′-OH-CB35, with one less chlorine atom flanking the OH group than 4′-OH-CB79
(Figure 1), was 2.7-fold less potent than 4′-OH-CB79 as an inhibitor, with an estimated IC50
value of 253 nM. Of the OH-PCBs tested in this study, 4′-OH-CB106 exhibited the lowest
inhibitory potency (IC50: 552 nM).
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3.3. Inhibition of E2 sulfonation by celecoxib
Celecoxib inhibited the formation of E2-3-S in a concentration-dependent manner over a range
of celecoxib concentrations from 1.25 to 160 μM (Figure 4). The IC50 value for the formation
of E2-3-S was 44.5 ± 3.7 μM. At low concentrations of celecoxib (1.25–10 μM), the formation
of E2-17-S was slightly stimulated (102–103% of control). At celecoxib concentrations ranging
from 20 μM to 160 μM, up to 3-30% inhibition of E2-17-S formation was observed.

4. Discussion
The sulfonation of estrogens by SULTs is an important route for the removal of the active
hormones from the body. In mammals, there is evidence that a circulating pool of estrogen
sulfate is re-converted to active estrogen by sulfatase in peripheral tissues (Kirk et al., 2001).
The most significant SULTs with respect to estrogen metabolism are estrogen sulfotransferase
(SULT1E1), which has a Km for E2 in the nanomolar range (Zhang et al., 1998), the
thermostable phenol sulfotransferase (SULT1A1), which has a Km for E2 of approx. 2 μM
(Harris et al., 2000) and hydroxysteroid sulfotransferase (SULT2A1), which has a Km of 1.5
μM for E2-3-sulfation and 3 μM for E2-17-sulfation (Wang and James, 2005). In the catfish
liver, there is evidence for at least two forms of SULT (Tong and James, 2006; Merritt and
James, 2006), however as yet the activities of the pure SULTs with E2 are not known. The
possible existence of two SULT isoforms metabolizing E2, with Km values of 17 nM and 3.2
μM has been reported in carp (Thibaut and Porte, 2004). A putative estrogen-sulfating zebrafish
SULT has been characterized and its Km values for estrone and E2 were 12.5 and 13 μM,
respectively (Ohkimoto et al., 2004). SULTs that have Km values in the nanomolar range for
estrogen sulfonation have been observed in freshwater (Kirk et al., 2003) and marine fish liver
(Martin-Skilton et al., 2006). The above findings suggest that several SULTs, with differing
abilities to sulfonate estrogens, are present in liver cytosol fractions from various fish species.

The sulfonation kinetics of E2 has been studied with human recombinant SULT1E1. Maximum
sulfonation of E2 was observed at a concentration of approx. 20 nM and substrate inhibition
was observed with higher E2 concentrations, which were explained by two-substrate partial
inhibition model (Falany et al., 1995;Zhang et al., 1998). The kinetics for E2-3-S formation
with catfish liver cytosol exhibited inhibition with increasing E2 concentrations in the present
study (Fig. 2A), but the data fit a model in which the second molecule of substrate binding in
the active site led to an inactive complex. The kinetic constant for E2 with catfish liver
sulfotransferases (K′m: 0.40 μM) was significantly greater than that of E2 with human
SULT1E1 (K′m: 5 nM), indicating catfish liver cytosol contains an enzyme with lower affinity
for E2. The formation of E2-17-S with catfish liver cytosol followed Michaelis-Menten kinetics
in the range of 0–2.5 μM (Fig 2B): this was similar to results for sulfonation of E2 catalyzed
by human SULT2A1, which formed increasing amounts of E2-3-S, E2-17-S and E2-3,17-S
with no inhibition over a range of E2 concentrations from 0–6 μM (Wang and James, 2005).
These results suggest the possibility that the two observed products, E2-3-S and E2-17-S, are
formed by different SULT isozymes in the catfish liver and that the substrate inhibition
observed with E2 is isozyme dependent.

An interesting difference between catfish and human liver was that relatively more E2-17-S
was formed in incubations with catfish hepatic cytosol. Although hepatic cytosol from both
catfish and humans produced predominantly E2-3-S over the concentration range of E2 studied,
the ratio of E2-3-S:E2-17S was higher in human liver cytosol than with catfish liver cytosol
(Table 3). In human liver, SULT1E1 forms only E2-3-S, while SULT2A1 can form E2-3-S,
E2-17-S and E2-3,17-S (Wang and James, 2005). The propensity of the catfish cytosolic SULT
enzymes to sulfonate the aliphatic hydroxyl group of E2 suggests a different orientation of E2
binding to the catfish enzymes. Further studies with purified recombinant catfish enzymes
would be needed to examine this possibility. Since a mixture of E2 sulfates was produced in
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catfish liver over a wide range of E2 concentrations, caution should be used in interpreting the
effects of compounds on E2 sulfation if the extraction assay is used.

It has been shown that OH-PCBs are potent inhibitors of E2-3-S formation catalyzed by human
SULT1E1, and may therefore be indirect endocrine disruptors (Kester et al. 2000). Other
xenobiotics, including alkyphenols and the organotin compounds tributyltin and triphenyltin
showed inhibition of E2 sulfonation in fish species (Ohkimoto et al. 2003;Ohkimoto et al.
2005). The present study showed OH-PCBs were also inhibitors of E2-3S formation by catfish
liver sulfotransferases. The concentration of E2 used in the inhibition assays was 1 nM, so that
only E2-3-S would be formed. The most potent compounds of the three OH-PCBs tested was
4′-OH-CB79, with both sides of the hydroxyl group flanked by chlorine atoms. The 4′-OH-
CB35 and 4′-OH-CB106, with one chlorine atom flanking the OH group, were less potent
inhibitors than 4′-OH-CB79. With human SULT1E1, 4′-OH-CB79 showed very potent
inhibitory activity (IC50: 0.21–0.61 nM), followed by 4′-OH-CB35 (IC50: 4.3–7.8 nM) and 4′-
OH-CB106 (100–120 nM), which is in agreement with the order in potency with catfish liver
cytosol (Table 2). Although the OH-PCBs studied exhibited IC50 values of less than 1 μM with
catfish hepatic sulfotransferases, they were not as potent as with recombinant human
SULT1E1. Further studies with expressed catfish sulfotransferases are needed to determine if
OH-PCBs interact with human and catfish SULTs in a similar manner.

Recent studies showed that celecoxib was able to switch the dominant sulfate product of
ethynylestradiol (EE) and E2 from 3-sulfate to 17-sulfate in human recombinant SULT2A1 as
well as in human liver cytosol (Cui et al., 2004;Wang and James, 2005). The switch in dominant
metabolite may lead to altered E2 levels in steroid target organs, since unlike E2-3-S, which
is considered a transport form of E2 (Wood et al., 2003), E2-17-S is resistant to sulfatase
hydrolysis (Chetrite et al., 2000;Pasqualini et al. 1989). As a widely used pharmaceutical agent,
celecoxib may be present in waste water, thus it is of interest to examine its effect on E2
sulfation in the catfish. Although catfish liver SULTs produced relatively more E2-17-S sulfate
than human liver SULTs, celecoxib did not alter the ratio of E2-3-S to E2-17-S formed, rather,
it inhibited formation of both sulfate conjugates. The formation of E2-3-S was more readily
inhibited than that of E2-17-S. The lack of effect of celecoxib on the relative amount of E2-17-
S formed from E2 by catfish hepatic SULTs suggested that the effect of celecoxib on human
SULT2A1 may be selective for the human enzyme.

5. Conclusion
The results presented here indicate that in catfish liver, both E2-3-S and E2-17-S are formed
over a range of E2 concentrations. The formation of E2-3-S exhibited substrate inhibition at
concentrations above 0.8 μM and the formation of E2-17-S followed Michaelis-Menten
kinetics up to 2.5 μM. The three OH-PCBs used in this study were inhibitors of E2 sulfation
by catfish liver, with IC50 values of less than 1 μM. Celecoxib did not stimulate E2-17-S
formation with catfish liver cytosol, suggesting the effect of celecoxib on human SULT2A1
may be species dependent.
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Fig 1.
Structure of celecoxib and OH-PCBs used in this study
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Fig 2.
Results for rates of E2 sulfonation in catfish liver cytosol. Substrate inhibition of the formation
of E2-3-S is shown in (A). The formation of E2-17-S is shown in (B). Data shown are the mean
values from studies with three catfish, and error bars indicate standard deviation. The kinetic
parameters are summarized in Table 1.
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Fig 3.
Inhibition of E2 sulfonation with catfish liver cytosol by OH-PCBs. The sulfotransferase
activity is given as percentage of control activity. Data given are the mean ± S.D. of experiments
with three fish.
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Fig 4.
Inhibition of E2 sulfonation with catfish liver cytosol by celecoxib. The sulfotransferase
activity is given as percentage of control activity with 0.8 μM E2. Data given are the mean ±
S.D. of experiments with three fish.
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Table 1
Apparent kinetic parameters for E2 sulfonation by catfish liver cytosol.

E2 sulfate Km(μM) Ki(μM) Vmaxpmol/min/mg
protein)

Vmax/Km(μl/min/
mg protein)

R2

E2-3-S 0.40 ± 0.10 1.08 ± 0.09 91 ± 4.6 238 ± 75 0.95 ± 0.02
E2-17-S 1.07 ± 0.23 - 25.7 ± 4.4 24.3 ± 2.0 0.99 ± 0.00

Values shown are mean ± S.D., n=3 individuals.
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Table 2
In vitro inhibition of E2 (1 nM) sulfotransferase activity by the tested OH-PCBs using catfish liver cytosol

IC50 (nM)

Compound Catfish liver cytosol SULT1E1a

4′-OH-CB35 252.9 ± 30.4 4.3–7.8
4′-OH-CB79 93.7 ± 20.2 0.21–0.61
4′-OH-CB106 552.4 ± 66.3 100–120

a
Data were taken from Kester et al. (2000). The enzyme used was human SULT1E1 with 1 nM E2.
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Table 3
Ratio of E2-3-S to E2-17-S in catfish liver cytosol, SULT2A1 and human liver cytosol.

Ratio (E2-3-S/E2-17-S)

E2 (μM) Catfish liver cytosol SULT2A1a Human liver Cytosola

0.05 8.3 ± 2.3 14.3 17
0.1 8.1 ± 2.5 14.8 -
0.2 7.6 ± 2.3 16.1 -
0.4 6.3 ± 1.4 15.1 -
0.6 5.3 ± 1.2 - -
0.8 4.5 ± 0.9 14.2 -

a
Data were taken from Wang and James (2005).
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