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Abstract

Celecoxib is known to alter the preferred position of SULT2A1-catalyzed sulfonation of 17β-

estradiol (17β-E2) and other estrogens from the 3- to the 17-position. Understanding the effects of 

celecoxib on estrogen sulfonation is of interest in the context of the investigational use of 

celecoxib to treat breast cancer. This study examined the effects on celecoxib on cytosolic 

sulfotransferases in human and rat liver and on SULT enzymes known to be expressed in liver. 

Celecoxib’s effects on the sulfonation of several steroids catalyzed by human liver cytosol were 

similar but not identical to those observed previously for SULT2A1. Celecoxib was shown to 

inhibit recombinant SULT1A1-catalyzed sulfonation of 10 nM estrone and 4 μM p-nitrophenol 

with IC50 values of 2.6 and 2.1 μM, respectively, but did not inhibit SULT1E1-catalyzed estrone 

sulfonation. In human liver cytosol, the combined effect of celecoxib and known SULT1A1 and 

1E1 inhibitors, quercetin and triclosan, resulted in inhibition of 17β-E2-3-sulfonation such that the 

17-sulfate became the major metabolite: this is of interest because the 17-sulfate is not readily 

hydrolyzed by steroid sulfatase to 17β-E2. Investigation of hepatic cytosolic steroid sulfonation in 

rat revealed that celecoxib did not stimulate 17β-E2 17-sulfonation in male or female rat liver as it 

does with human SULT2A1 and human liver cytosol, demonstrating that rat is not a useful model 

of this effect. In silico studies suggested that the presence of the bulky tryptophan residue in the 

substrate-binding site of the rat SULT2A homolog instead of glycine as in human SULT2A1 may 

explain this species difference.
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1. INTRODUCTION

Sulfotransferases (SULTs) are a complex enzyme family performing important functions, 

including molecular recognition, detoxification, hormone regulation, drug processing, and 

modulation of receptor binding [1, 2]. SULTs have also been implicated in a number of 

disease states including cancer metastasis and hormone-dependent breast tumor growth [3, 

4]. As estrogen sulfates do not interact with estrogen receptors, SULT activity reduces 

estrogen-stimulated cancer cell growth [5]. SULTs are present in many tissues including the 

liver, kidney, brain, mammary glands, adrenal glands, intestine and platelets. In humans, at 

least 12 cytosolic SULT isoforms have been identified and divided into several gene families 

based on their amino acid sequences [6]. The most studied SULT forms are SULT1A1, 1A3, 

1B1, 1E1 and 2A1. Of these, SULT1E1, 1A1 and 2A1 are expressed in human liver and can 

metabolize 17β-estradiol (17β-E2; estra-1,3,5(10)-triene-3,17 β-diol) [7, 8].

Celecoxib, a cyclooxygenase-2 (COX-2) inhibitor, is a nonsteroidal anti-inflammatory drug 

(NSAID) that is used for the relief of pain, fever, swelling, and tenderness caused by 

osteoarthritis and rheumatoid arthritis. Apart from acting as an anti-inflammatory drug, 

celecoxib has also shown effectiveness in prevention and treatment of proliferative diseases. 

For example, celecoxib reduced polyp size and progression to adenomas in patients with 

familial adenomatous polyposis [9]. Inhibition of COX-2 is one mechanism by which 

celecoxib is chemopreventive in patients with familial adenomatous polyposis, however 

other mechanisms may contribute to celecoxib’s efficacy. Celecoxib induced apoptosis in 

breast cancer cells in an in vivo model and inhibited growth of breast epithelial cells [10, 

11]. Combinations of the ether analog of RRR-alpha-tocopherol (vitamin E) with celecoxib 

synergistically inhibited tumor volume compared to individual treatments with either drug in 

nude mice [12]. Studies in rats have found that a combination of the aromatase inhibitor 

exemestane with celecoxib was better at slowing the growth of breast cancer than either drug 

used alone [13]. A human clinical trial reported anti-tumor effects of celecoxib treatment in 

breast cancer patients [14]. It was speculated that COX-2 inhibition may contribute to the 

prevention and/or treatment of breast cancer by celecoxib [13–15] however, the mechanisms 

underlying its antitumor activity are not fully understood.

The ability of celecoxib to switch the dominant product of 17β-E2 sulfonation from 3-

sulfate to 17-sulfate with human recombinant SULT2A1 as well as in human liver cytosol 

[8] suggested that 17β-E2 levels in breast tissue would be reduced by celecoxib, as the 17-

sulfate was resistant to sulfatase hydrolysis [16, 17]. This suggests another mechanism by 

which celecoxib could be beneficial in treating estrogen receptor positive breast cancer.

The effects of celecoxib on the position and rate of sulfonation of several steroids, shown in 

Figure 1, have been examined with human recombinant SULT2A1 [18]. They are 

dehydroepiandrosterone (DHEA; (3β)-3-hydroxyandrost-5-en-17-one), androstenediol (AD; 

(3β,17β)-androst-5-en-3,17-diol), epitestosterone (Epi-T; (17α)-17-hydroxyandrost-4-en-3-

one), testosterone (T; (17β)-17-hydroxyandrost-4-en-3-one), 17α-estradiol (17α-E2; (17α)-

estra-1,3,5(10)-triene-3,17-diol), estrone (E1; 3-hydroxyestra-1(10),2,4-trien-17-one), 3-

methyl ether of 17β-E2 (3Me-E2), 6-dehydroestradiol (6D-E2; estra-1,3,5(10),6-
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tetraene-3,17-diol), 17β-dihydroequilenin (17β-Eqn; 1,3,5(10)6,8-estrapentaen-3,17 β-diol),

17β-dihydroequilin (17β-Eq; 1,3,5(10)7-estratetraen-3, 17β-diol) and 9-dehydroestradiol 

(9D-E2; (17β)-estra-1,3,5(10),9(11)-tetraene-3,17-diol). With 17β-E2, 6D-E2, 9D-E2 and 

the equine estrogens 17β-Eqn and 17β-Eq that are found in hormone replacement therapy 

preparations such as premarin [19], celecoxib switched the preferred position of sulfonation 

by SULT2A1 from the 3-OH to the 17β-OH. The modulation of SULT2A1 activity observed 

was proposed to be due to a conformational change of the SULT2A1 dimer upon celecoxib 

binding to the PAPS (3′-phosphoadenosine-5′-phosphosulfate) binding site in one of the 

constituent monomers such that the 17β-estrogens bound with the 17β-OH in a favorable 

position for sulfonation. The stimulation of 17-sulfonation occurred regardless of the order 

of addition of celecoxib or PAPS to assays. The effect of celecoxib in human liver cytosol, 

which is an important site of steroid sulfonation, is of interest for understanding the likely in 
vivo effects of celecoxib on metabolism of physiologically important estrogens and the 

equine estrogens commonly used in hormone replacement therapy.

It was previously shown that the ratio of 17β-E2–17-sulfate/17β-E2–3-sulfate was higher for 

human SULT2A1 than for human liver cytosol at a given concentration of celecoxib, and 

this was thought to be due to the contributions of SULT1A1 and SULT1E1 to 17β-E2–3-

sulfate formation in liver [8]. It is known that several xenobiotics including dietary and 

environmental chemicals are better inhibitors of SULT1A1 and SULT1E1 than of SULT2A1 

[20, 21]. We hypothesized that the presence of specific phenol SULT inhibitors as well as 

celecoxib in incubations with human liver cytosol would result in increases in the ratio of 

17-sulfate/3-sulfate. In this study, we investigated the sulfonation of 17β-E2 in the presence 

of both celecoxib and the phenol SULT inhibitors, triclosan or quercetin. Quercetin was 

reported as a potent inhibitor of SULT1A1 [20–23] while triclosan inhibited SULT1E1 and 

1A1 [20, 21, 24, 25]. The structures of inhibitors are shown in Figure 2.

The switching of the major product of 17β-E2 sulfonation by SULT2A1 in the presence of 

celecoxib prompted studies in the widely used model animal, the rat, to investigate if this 

effect is observed in other species. Considering that rat liver is sexually dimorphic for the 

expression of sulfotransferases [26, 27], both female and male rat liver cytosolic 

preparations were tested separately for their activity towards steroid substrates in the 

presence and absence of celecoxib. For the species comparison, we selected substrates that 

showed isomer-selective differences of sulfonation catalyzed by SULT2A1 [18]. These were 

T and Epi-T, 17β-E2 and 17α-E2. DHEA and AD were also selected because both are 

converted to 3β-sulfate by SULT2A1, even though AD also has a 17-OH group.

The goals of this study were to investigate: (1) the effect of celecoxib on human hepatic 

cytosolic sulfonation of non-aromatic steroids and estradiol analogs (2) the combined effect 

of celecoxib and selected phenol sulfotransferase inhibitors on 17β-E2 sulfonation by human 

liver cytosol and (3) how celecoxib affected rat liver cytosolic sulfotransferase activities 

toward steroids.
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2. MATERIALS AND METHODS

2.1. Reagents

The structures of the steroids and inhibitors used in this study are as shown in Figures 1 and 

2. p-Nitro[U-14C]phenol, 118 μCi/μmol (98.4% pure) was obtained from Amersham 

BioSciences UK Ltd. The 14C-p-nitrophenol (pNP) was diluted with unlabeled pNP to a 

specific radioactivity of 20.1 μCi/μmol for use. Quercetin (spectrophotometric grade) was 

obtained from Sigma (St. Louis, MO). Celecoxib was extracted from capsules and isolated 

as described previously and had no detectable impurities [8]. The [35S]-PAPS (1.86 Ci/

mmol) was from PerkinElmer Life Sciences, Inc., (Boston, MA). Unlabeled steroids were 

obtained from Steraloids (Newport, RI). Unlabeled PAPS was purchased from Dr. Sanford 

S. Singer (University of Dayton, OH) and from Sigma-Aldrich (St. Louis, MO) and was 

purified as described previously [28]. The 17β-E2–3-sulfate standard was obtained from 

Sigma-Aldrich (St. Louis, MO). The other steroid sulfate standards were from Steraloids 

(Newport, RI).

2.2. Cytosolic preparations

The human liver samples from organ donors were kindly supplied by Dr. F. Peter 

Guengerich (Vanderbilt University, Nashville, TN) under an exempt Institutional Review 

Board protocol. Liver cytosolic preparations were made by standard differential 

centrifugation methods as described previously [29]. A pool of liver cytosol from three 

individuals (two males, ages 20 and 45 years and one female, 27 years of age) was used, 

with the same protein amount from each. Cytosol fractions from three individual 16-week 

old female and male Sprague Dawley rat livers were used for in vitro rat experiments. The 

rats were untreated control rats from other studies as approved by the University of Florida 

Institutional Animal Care and Use Committee.

2.3. Sulfotransferase assays

Human recombinant SULT1A1*1, 1A3, 1B1, 1E1 and 2A1 were prepared and isolated as 

described previously [8, 18]. Assay conditions with all substrates were optimized such that 

the rate of reaction was linear with protein and time, and was saturating for PAPS. In all 

studies, duplicate determinations were made for each condition.

The assay conditions with the steroid substrates were as described previously for SULT2A1 

[18] except that 0.01–0.15 mg pooled human liver cytosol was used for 0.4 μM DHEA, AD, 

Epi-T, T, 17β-E2, 17α-E2, 3Me-E2, 6D-E2, 9D-E2, 17β-Eqn and 17β-Eq and 0.005–0.1 mg 

cytosol from rat livers was used for in vitro rat experiments. The reaction products of steroid 

sulfonation were analyzed by HPLC and LC-MS/MS as described previously [18].

To study the sulfonation of 10 nM E1, 0.012 mg SULT1A1*1 or 0.004 mg SULT1E1 was 

used [18]. Sulfotransferase activity with pNP was measured with 0.007 mg SULT1A1*1 or 

0.03 mg pooled human liver cytosol, 100 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 4 μM 

of 14C-pNP and 20 μM PAPS (added last to start the reaction), in a total volume of 250 μL 

[24]. It has been reported that although pNP can be sulfonated by several SULTs, it is 

selective for SULT1A1 at 4 μM [30]. Stock solutions of celecoxib, quercetin and triclosan 
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were prepared in DMSO, such that the total DMSO concentration in assays did not exceed 

0.5% (v/v).

2.4. Homology modeling and ligand-docking

The most abundant form of hydroxysteroid sulfotransferase in female rat liver [26], ST-60 

(NCBI accession number NP_001020302.1), was used for homology modeling with 

SULT2A1 crystal structure (PDB ID 1J99) and the 3D-model was treated and used for the 

ligand docking experiments as described previously [18]. Briefly, hydrogen atoms and 

Amber7 FF99 charges were added to the model predicted with the help of SWISS-MODEL 

[31, 32] and a staged minimization in Amber7 FF99 force field was performed. Analysis by 

SAVES (The Structure Analysis and Verification Server run by Molecular Biology Institute 

at the University of California, Los Angeles) showed that the 3D structures passed Errat, 

Verify3D and Procheck and had no residues with disallowed Ramachandran conformations.

Flexidock utility in Sybyl-X 2.0 suite was used for the ligand docking experiments with 

17β-E2 and celecoxib as described previously [18]. Our objective was to determine the 

likely effect of celecoxib binding in the substrate binding site of human and rat orthologs of 

hydroxysteroid sulfotransferase on steroid sulfonation. Figures of the docking results were 

generated by Chimera 1.6.2. [33, 34].

2.5. Data analysis

Results for the pool of human liver cytosol and for the expressed enzymes are from the mean 

of duplicate determinations. IC50 values were obtained from non-linear regression analysis 

of the relationship between the percentage of control activity and log inhibitor concentration 

using GraphPad Prism 6 software (Menlo Park, CA). For rat experiments duplicate 

measurements were made with each of the three female and male animals and the data 

presented is the mean ± SD of all six measurements with each substrate.

3. RESULTS

3.1. Effects of celecoxib on the sulfonation of non-aromatic steroids

Among the steroids tested, Epi-T, DHEA and AD were the most sulfonated substrates by 

human liver cytosol at a concentration of 0.4 μM with control activities of 70.6, 50.2 and 

40.9 pmoles/min/mg protein, respectively (Figure 3A and 3B). Epi-T was sulfonated with 

about 17.5 times higher activity than its isomer at C-17 position, T (activity was 4.0 

pmoles/min/mg protein). In the presence of increasing concentrations of celecoxib, the 

sulfonation of the non-aromatic steroids was inhibited with IC50 values of 53.5, 58.5, 67.4 

and 55.5 μM for DHEA, AD, Epi-T and T, respectively. As in the case of recombinant 

SULT2A1 [18], human liver cytosol also catalyzed the formation of just one of the two 

possible sulfates of AD.

3.2. Effects of celecoxib on the sulfonation of 17β-E2 and its analogues with human liver 
cytosol

In the presence of celecoxib, the total production of 17β-E2 sulfates was stimulated at low 

concentrations of celecoxib (5–40 μM) and reached a plateau between 40 and 80 μM 
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celecoxib (Figure 4A). The product ratio of 3-sulfate/17-sulfate reached 1 at approximately 

20 μM celecoxib with human liver cytosol. At 40 μM celecoxib, there was 13-fold 

stimulation of 17β-E2–17-sulfate formation compared to incubations without celecoxib. 

When human liver cytosol was incubated with 0.4 μM 17α-E2 in the absence of celecoxib, 

the 17-sulfate was the predominant product (activity was 25.8 pmol/min/mg protein), with 

undetectable 3-sulfate activity. In the presence of celecoxib, a 20% inhibition was observed 

for the formation of the 17-sulfate at 80 μM (Figure 4B).

When using 6D-E2 (0.4 μM) as a substrate, in the presence of increased concentrations of 

celecoxib (2.5–80 μM), the 3-sulfate formation was reduced, while the 17-sulfate formation 

was greatly stimulated. As a result, the total product formation was stimulated (Figure 4C). 

The product ratio of 3-sulfate/17-sulfate reached 1 at 5 μM celecoxib with human liver 

cytosol. At 40 μM celecoxib, there was 35-fold stimulation of 17-sulfate formation relative 

to controls with no celecoxib.

The effects of celecoxib of 17β-Eqn sulfonation were similar to those seen with 6D-E2. The 

formation of 17-sulfate was greatly stimulated in the presence of celecoxib, but reached 

saturation at 40 μM celecoxib (Figure 4D). The product ratio of 3-sulfate/17-sulfate reached 

1 at a celecoxib concentration of 5 μM. At 40 μM celecoxib, there was 34-fold stimulation 

of 17-sulfate formation.

When 9D-E2 was the substrate the generation of 17-sulfate was stimulated and that of 3-

sulfate was inhibited, such that the ratio 9D-E2–17-sulfate/9D-E2–3-sulfate reached 1 at 40 

μM celecoxib (Figure 4E). The stimulation of 17-sulfate was not large enough to increase 

the overall formation of sulfonated products.

The effect of celecoxib on 17β-Eq was similar to that on 9D-E2. When 17β-Eq was the 

substrate, although the amount of 17-sulfate product slowly increased in the presence of 

increasing concentrations of celecoxib, there was a greater decrease in 3-sulfate formation 

such that the total amount of sulfate product decreased with the increase in celecoxib 

concentration (Figure 4F). The product ratio of 3-sulfate/17-sulfate reached 1 at 

approximately 72 μM celecoxib with human liver cytosol.

With E1, which has no 17-hydroxy group, as substrate, 80 μM celecoxib inhibited 

sulfonation by 30% (Figure 4G). For the substrate with only a 17-β-hydroxy group, 3-Me-

E2, adding up to 80 μM celecoxib to incubations with human liver cytosol resulted in 

increased sulfonation, with no apparent saturation of this effect over the studied celecoxib 

concentration range (Figure 4H). At 40 μM celecoxib, there was a 3.2-fold stimulation of 

17-sulfate formation compared with controls without celecoxib.

3.3. Celecoxib inhibition and isozyme selectivity

It was of interest to investigate the effects of celecoxib on other sulfotransferases, as the 

major phenol SULTs have been reported to sulfonate estrogens [8]. Among the isozymes 

tested SULT1B1 and 1A3 showed no activity towards 10 nM E1 (data not shown). 

Celecoxib did not inhibit E1 sulfonation by SULT1E1 significantly, but showed fairly potent 

inhibition of E1 sulfonation by SULT1A1 (IC50: 2.6 μM) (Figure 5A).
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Sulfonation of 4 μM pNP was inhibited in human liver cytosol with IC50 of 20 μM. Human 

recombinant SULT1A1 was also sensitive to inhibition by celecoxib with an IC50 of 2.1 μM 

(Figure 5B).

3.4. Celecoxib-effect on 17β-E2 sulfonation by human liver cytosol in the presence of 
isozyme selective inhibitors

Selective inhibitors of phenol SULTs, quercetin and triclosan were incubated with human 

liver cytosol, 30 μM celecoxib and 50 nM 17β-E2. The concentration of celecoxib selected 

was previously shown to generate readily quantifiable amounts of both 17β-E2-17 sulfate 

and 3-sulfate. Quercetin and triclosan both inhibited 17β-E2–3-sulfate formation with IC50 

values of 4 and 1 μM, respectively (Figure 6A and 6B). Quercetin did not significantly affect 

the formation of 17β-E2–17-sulfate in the range of concentrations studied, however triclosan 

concentrations greater than 30 μM caused a slight decrease in 17β-E2–17-sulfate formation.

3.5. Celecoxib modulation – Human Rat Comparison

Liver cytosol from the rat, a common model animal, was tested for its capacity to sulfonate 

selected steroids and for the effect of celecoxib. As expected, sexual dimorphism was 

evident in the pattern of sulfonation of the steroids tested.

DHEA and AD were the most active substrates for female rat liver cytosol with control 

activities of 75.4 and 90.5 pmoles/min/mg protein, respectively (Table 1). They were 

followed by Epi-T and T which were less active than DHEA and AD (control activities are 

21.5 and 25.0 pmoles/min/mg protein, respectively). In male rats, only DHEA and AD were 

sulfonated to any significant extent with control activities of 26.1 and 18.9 pmoles/min/mg 

protein, respectively. In the presence of 100 μM celecoxib the activities derived from both 

female and male rat were inhibited towards these non-aromatic steroids by 44–68% (Table 

1). With human liver cytosol, the order of activities for the non-aromatic steroids was Epi-

T≈DHEA≈AD > T, and addition of 80 μM celecoxib to incubations inhibited activity by 72–

67% (Table 1).

With 50 nM 17β-E2 as substrate, female rat liver cytosol generated predominantly the 17-

sulfate (activity = 28.5 pmoles/min/mg protein), and the 3-sulfate (activity = 6.2 

pmole/min/mg protein) was the minor product. This is in contrast to the human and male rat 

liver cytosol fractions, which had 3-sulfate as their major products (Table 1). In the presence 

of 80 and 100 μM celecoxib, the 3-sulfate generation by human and male rat liver cytosols 

was inhibited by 63% and 70%, respectively. Celecoxib was much less inhibitory for female 

rat liver cytosol (14% inhibition of 17-sulfate generation and 28% inhibition of 3-sulfate 

formation with 100 μM celecoxib). The most pronounced difference between the species 

was that the stimulation of 17-sulfate production by celecoxib observed with human liver 

was not seen for either of the rat sexes, instead celecoxib inhibited 17-sulfate formation. 

Another difference was that with 0.4 μM 17α-E2 as the substrate, human liver cytosol and 

female rat liver cytosol formed only 17-sulfate. However, with male rat liver cytosol 17α-E2 

predominantly formed the 3-sulfate along with a barely detectable amount of 17-sulfate. 

Celecoxib (80–100 μM) inhibited the sulfonation of 17α-E2 in both human and rat liver 

cytosol (Table 1).
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3.6. In silico studies

Celecoxib could dock in the PAPS binding site in addition to the substrate binding site of all 

SULTs tested i.e. human SULT1A1, 1E1, 2A1 and rat ST-60. The mechanistic implications 

of this binding to the PAPS site could be inhibition of enzyme activity, depending on the 

ease and conformation of substrate binding.

Ligand docking studies conducted on the homology model of ST-60, the most abundant 

form of hydroxysteroid sulfotransferase in female rat liver, showed that the favorable 

binding mode of 17β-E2 had the 17-hydroxy group of the ligand in hydrogen bonding 

distance to His-98, the catalytic residue required for sulfotransferase activity (Figure 7A). 

The model did not accommodate any satisfactory bindings of celecoxib as the volume of the 

ST-60 binding pocket is reduced compared to SULT2A1 because the side chain of Trp-17, 

which replaces Gly-17 in ST-60, reduced the volume of the binding pocket.

4. DISCUSSION

Interaction of celecoxib with human liver cytosol resulted in modulation of the sulfonation 

of 17β-E2, DHEA and other physiologically important steroid and sterol substrates. This 

observation is consistent with our previous finding that celecoxib affected SULT2A1 

enzyme activity towards these compounds [18], and the known expression pattern of 

SULT2A1 in human liver [7]. Celecoxib has been shown to stimulate 17-sulfate formation 

and inhibit 3-sulfate formation of 17β-E2 and its analogues, with SULT2A1 [18]. The 

structural requirements for this phenomenon appeared to be as follows: a 17β-hydroxy group 

and a free 3-phenolic hydroxy group, or an aromatic ring-A are essential; conjugated double 

bonds in ring-B decreased the formation of 3-sulfate, but stimulated the formation of 17-

sulfate and increased the ratio of 17-sulfate to 3-sulfate. When human liver cytosol was used 

instead of SULT2A1, broadly similar effects of celecoxib on the sulfonation of 17β-E2 and 

its analogues were observed with some differences. These studies showed that for 17β-E2, 

6D-E2, 17β-Eq 17β-Eqn and 9D-E2, addition of celecoxib to incubations resulted in 

switching of the dominant position of sulfonation. Examination of the ratio of 17-sulfate to 

3-sulfate at increasing concentrations of celecoxib for these five steroids (measured at 0.4 

μM substrate) revealed that 17β-Eqn was most sensitive to the effect on 17-sulfonation, 

followed in order by 6D-E2, 17β-E2, 17β-Eq and 9D-E2. As in the case of SULT2A1, 

stimulation of the formation of 17-sulfate of 3Me-E2 did not saturate in the range of 

celecoxib concentrations tested (0–80 μM) with pooled human liver cytosol. For 17β-Eq, 

celecoxib did not change 3-sulfate formation between 1.25 and 20 μM celecoxib with 

SULT2A1, but with liver cytosol, the rate of 3-sulfate formation was slightly decreased. This 

may be due to inhibition of SULT1A1-catalyzed 3-sulfonation of 17β-Eq by celecoxib in 

human liver cytosol. Our previous study showed that the 17-sulfate of 17α-E2 was the only 

sulfated product with SULT2A1 [18]. Similarly, when human liver cytosol was used in this 

study, 17-sulfate was the predominant product with 38-fold less 3-sulfate, and the addition 

of celecoxib did not affect the product profile. It is known that the 3-sulfate of 17β-E2 is the 

major product formed by human liver cytosol and that the phenol SULTs 1E1 and 1A1 are 

the major active enzymes forming this metabolite at low 17β-E2 concentrations [8]. The low 

rates of formation of 17α-E2–3-sulfate with human liver cytosol suggest that 17α-E2 is not 
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a good substrate for SULT1E1 or SULT1A1. Thus, the change of configuration of the 17-

hydroxy group alters the binding of 17α-E2 to SULT1E1, 1A1 or 2A1 in such a way that 

celecoxib has little effect on activity.

Celecoxib was a weak inhibitor of E1 sulfonation with human liver cytosol, with an IC50 

value greater than 80 μM (Figure 4). The three enzymes expected to contribute to E1 

sulfonation in liver, SULT1E1, SULT1A1 and SULT2A1, were affected differently by 

celecoxib. As reported in a previous paper, celecoxib did not affect the sulfonation of E1 

with SULT2A1 [18]. As shown in Figure 5A, celecoxib inhibited E1-sulfonation with 

SULT1A1 with an IC50 value of 2.6 μM and had no effect on SULT1E1. These results 

suggest that celecoxib acts as a selective inhibitor of SULT1A1. It has been reported that 

pNP at 4 μM is a diagnostic substrate of SULT1A1 [30, 35]. Our results showed that 

celecoxib inhibited pNP sulfonation with recombinant SULT1A1 at a potency similar to that 

found with E1. Since celecoxib only weakly inhibited E1 sulfonation in human liver cytosol 

(Figure 4G), these results suggest that SULT1A1 plays a relatively minor role in E1 

sulfonation, at least at the 10 nM substrate concentration studied.

When using expressed SULT2A1, it was shown that the 17β-E2–17-sulfate/17β-E2–3-

sulfate ratio could reach 15 at 160 μM celecoxib, while the highest ratio was around 1 when 

using human liver cytosol [8]. It was proposed [8] that this is because SULT1E1 and 

SULT1A1, which form only the 3-sulfate, contribute to the sulfonation of 50 nM 17β-E2 in 

human liver cytosol. The phenol-type SULT1E1 and SULT1A1 rather than SULT2A1 are 

readily inhibited by xenobiotics [20, 21]. Quercetin, one of the most abundant flavonoids in 

vegetables, fruit and wine, is a more potent inhibitor of SULT1A1 than SULT1E1 with IC50 

values ranging from pM to nM when using different substrates [20, 21]. It was reported that 

quercetin inhibited the sulfonation of 17β-E2 by rat SULT1A1 (17β-E2 concentration was 

25 μM) and human SULT1E1 (17β-E2 concentration was 20 nM), with IC50 values of 0.29 

μM and 1.4 μM, respectively [36]. Triclosan showed more potent inhibition of SULT1E1 

with 1 nM 17β-E2 as the substrate (IC50 = 27 nM, unpublished) than that of SULT1A1 with 

4 μM pNP as the substrate (IC50 = 3.6 μM) [24]. The potent inhibition of 3-sulfate formation 

by triclosan in the presence of celecoxib (with IC50 value of 1 μM) and less potent inhibition 

by quercetin (IC50 value of 4 μM) further suggests that the isozymes that contribute to 

formation of 17β-E2-3-sulfate were mainly SULT1E1 and SULT2A1, with some 

contribution from SULT1A1.

Many xenobiotics, including environmental and dietary chemicals, are potent inhibitors of 

phenol SULTs [20, 21]. Preferential inhibition of 3-sulfate formation and stimulation of 17-

sulfate formation suggested that the 17-sulfate/3-sulfate ratio would be increased in the 

presence of both phenol SULT inhibitors and celecoxib, and our results shown in Figure 6 

confirm this. As the 17-sulfate is poorly converted to 17β-E2 by sulfatase, compared to 17β-

E2–3-sulfate [16, 17], this interaction could be beneficial as it could lead to reduced 17β-E2 

being available to target organs, such as the breast.

This work revealed considerable differences between rat and human in steroid sulfonation. 

The homology model of ST-60, which is the most abundant form of hydroxysteroid SULT in 

the female rat [26] is similar in amino acid composition and the overall structure of the 
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binding site to the human SULT2A1 (Figure 7A). The amino acids His-99, Trp-77, Tyr-160, 

Trp-72, Pro-43, Phe-18, Pro-14 in SULT2A1 have identical counterparts in the structure of 

ST-60. The important differences are: Gly-17 of SULT2A1 is replaced by Trp-16, Met-16 by 

Phe-15 and the Tyr-238 by Leu-235. The difference of consequence for the species 

difference between female rat and human seems to be the replacement of Gly-17 in 

SULT2A1 by Trp-16 in ST-60, as the hydrophobic side chain of this tryptophan is inverted 

into the binding pocket, thereby truncating it. This truncation prohibits the binding of 17β-

E2 with the 3-OH group within 3 Å of histidine 99, as found in SULT2A1, and allows only 

the orientation that has the 17-hydroxy group in the catalytic position. Trp-16 in ST-60 

seems to be doing what celecoxib docking does to the binding site of SULT2A1, i.e. 

orienting the 17-OH group for sulfonation (Figure 7B).

5. CONCLUDING REMARKS

Over the past half-century, a growing belief among women and their physicians held that 

estrogen replacement therapy in postmenopausal women would prevent many of the 

manifestations of aging, including coronary heart disease (CHD), osteoporosis, and a decline 

in cognitive and sexual function. Premarin had been the most-prescribed drug in the United 

States to treat menopausal hot flashes, night sweats and vaginal dryness. Premarin contains 

17β-E2, 17α-E2, 17β-Eq, 17β-Eqn along with other estrogens, mainly as in their sulfonated 

form [37]. However, multiple lines of evidence support an increased risk of breast cancer 

with estrogen use, including cell culture studies, [38], animal models, [39] and 

epidemiological studies [40–42]. In the Heart and Estrogen/progestin Replacement Study 

(HERS) and the Women’s Health Initiative studies, the risk of breast cancer in 

postmenopausal women was increased about 25% in those taking estrogen plus progestin 

[43–45]. Co-administration of celecoxib may reduce the risk of breast cancer incidence in 

postmenopausal women based on the following speculations: 1) E1–sulfate is the major 

component in Premarin, and it is metabolized to E1 and 17β-E2 [46]. It is well accepted that 

17β-E2 is one of the most important factors in the growth and evolution of hormone-

dependent breast tumors. E1, after conversion to 17β-E2, increases the amount of 

progesterone receptors and pS2 protein, as well as E1-inducible protein cathepsin D in 

hormone-dependent breast cancer cells (MCF-7) [47–51]. In breast tumors, in vivo and in 

vitro studies show that the preferential conversion is the reduction of E1 to 17β-E2 [52, 53]. 

With the presence of celecoxib, the major 17β-E2 sulfate product was switched from 3-

sulfate to 17-sulfate, which is not readily hydrolyzed by sulfatase in breast cells, and 

therefore, the 17β-E2 levels will be reduced. 2) Celecoxib switches the sulfate products of 

17β-Eq and 17β-Eqn from 3-sulfates to 17-sulfates. Similar to 17β-E2–17-sulfate, these 17-

sulfates do not cause any biological response on estrogen and progesterone receptors [47, 

48]. 3) Equilin and equilenin are transformed to 17β-Eq and 17β-Eqn in breast cancer cells 

[54] and normal postmenopausal women as well as in men [55]. Celecoxib may help reduce 

the 17β-E2 levels and inactivate the equine estrogens in breast cells by switching the 3-

sulfates to 17-sulfates, thus possibly lowering the incidence of breast cancer.

In summary, this paper presents our findings that celecoxib interacts with several SULTs. 

Celecoxib changed the dominant position of sulfonation of 17β-E2 and its analogues 

including 6D-E2, 17β-Eqn,17β-Eq and 9D-E2, but not 17α-E2 with human liver cytosol, 
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due to the presence of SULT2A1. Celecoxib was also able to stimulate the overall 

sulfonation of 3Me-E2, 17β-E2, 6D-E2, 17β-Eqn, 17β-Eq and 9D-E2. SULT inhibitors such 

as quercetin and triclosan suppressed the formation of 17β-E2–3-sulfate, while the 

formation of 17-sulfate was stimulated in the presence of celecoxib at low concentrations of 

SULT inhibitors. Celecoxib acts as a selective inhibitor of SULT1A1 with E1 and pNP as 

substrates. Neither male nor female rats are good models for studying the effect of celecoxib 

on human 17β-E2 sulfonation, however the structural comparison between human 

SULT2A1 and its analog in female rat liver shows that celecoxib in SULT2A1 may be 

assuming the role of Trp-16 in the rat enzyme in directing sulfonation of 17β-E2 to the 17-

position.
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ABBREVIATIONS

17β-E2 17β-estradiol

17S 17-sulfate

17α-E2 17-α-estradiol

3Me-E2 3-methyl ether of estradiol

3S 3-sulfate

6D-E2 6-dehydroestradiol

9D-E2 9-dehydroestradiol

AD 5-androsten-3β,17β-diol

COX-2 cyclooxygenase-2

DHEA dehydroepiandrosterone

DMSO dimethyl sulfoxide

Epi-T epitestosterone

17β-Eq 17β-dihydroequilin

17β-Eqn 17β-dihydroequilenin

IC50 concentration required to achieve 50% inhibition

PAPS 3′-phosphoadenosine-5′-phosphosulfate

PDB protein data bank
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HIGHLIGHTS

• Celecoxib inhibits SULT1A1 activity but not that of SULT1E1

• Celecoxib affects sulfonation of physiologically important steroids in human 

liver

• 17-sulfonation of equine estrogens is stimulated by celecoxib in human liver

• Effects of celecoxib on steroid sulfonation in rat liver differ from human liver
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Figure 1. 
Chemical structures of steroids tested for the effect of celecoxib on their sulfonation by 

human liver cytosol. The structural differences with 17β-E2 are highlighted in red.

Ambadapadi et al. Page 17

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Structure of 17β-E2 with carbon atoms numbered and rings named according to steroid 

nomenclature. Structure of celecoxib and the SULT inhibitors triclosan and quercetin are 

also shown.
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Figure 3. 
Effect of celecoxib on the sulfonation of DHEA, AD, Epi-T, T 17α-E2 and E1. (A) DHEA–

sulfate (●) and AD–sulfate (○). (B) Epi-T–sulfate (●) and T–sulfate (○). All the substrates 

at 0.4 μM concentration were incubated with the amount of pooled human liver cytosol 

required to convert 20–40 % of them to their respective sulfate products. The analysis of the 

products was conducted as described in the Materials and methods section.
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Figure 4. 
Celecoxib affects the position of sulfonation of estradiol analogs in human liver cytosol. 

Graphs show the effects of celecoxib on the sulfonation of A) 17β-E2; B) 17α-E2; C) 6D-

E2; D) 17β-Eqn; E) 9D-E2 F) 17β-Eq G) E1 and H) 3Me-E2 with human liver cytosol 

showing 3-sulfates (●), 17-sulfates (○) and total rate of sulfonation (▼). Sulfotransferase 

activity was assayed with varying concentrations of celecoxib in the presence of 0.4 μM of 

each substrate and 2 μM 35S-PAPS with human liver cytosol.
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Figure 5. 
Celecoxin inhibits the activity of SULT1A1 but not SULT1E1. Effects of celecoxib on the 

sulfonation of A) 10 nM E1 by SULT1A1 (▼), SULT1E1 (▲) and B) 4 μM pNP by 

SULT1A1 (▼) and human liver cytosol (●). Sulfotransferase activity was assayed with 

varying concentrations of celecoxib in the presence of 10 nM 3H-E1 and 20 μM PAPS with 

SULT1A1 (control activity: 2.7 pmol/min/mg protein) and SULT1E1 (control activity: 38.4 

pmol/min/mg protein), and of 4 μM 14C-pNP and 20 μM PAPS with human liver cytosol 
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(control activity: 5.4 nmol/min/mg protein) and SULT1A1 (control activity: 8.2 

nmol/min/mg protein).
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Figure 6. 
Inhibition of 17β-E2–3-sulfate formation by selective inhibitors of SULT1A1 and SULT1E1 

in pooled human liver cytosol in the presence of celecoxib. (A) Quercetin (B) Triclosan. 

17β-E2–3-sulfate is shown in grey and 17β-E2–17-sulfate is shown in black columns. The 

substrate concentration was 50 nM and the reaction mixtures were prepared as described in 

the Materials and methods section.
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Figure 7. 
Comparison of human SULT2A1 and its female rat analog, ST-60. (A) Binding site of ST-60 

homology model docked with 17β-E2. (B) SULT2A1 binding site with docked celecoxib 

(blue stick model) and 17β-E2. The 17β-E2 models in both parts of the figure are shown as 

cyan sticks and the catalytic histidine residues shown as green sticks. Trp16 of ST-60, the 

amino acid possibly responsible for 17-sulfonation of 17β-E2 in ST-60 is shown as purple 

stick model.
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