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Abstract

Sulfotransferase (SULT) catalyzed sulfation is responsible for hormone regulation and xenobiotic detoxification. Induction of
SULTSs by various hormones has been reported. Stress regulation of SULTSs has not been reported, however. Here we report that
rat liver SULTSs can be regulated by physical stress (forced running, EX) and chemical stress (the organophosphorus pesticide para-
thion, PS). Both EX and PS increased rat liver phenol-sulfating SULT1A1 and hydroxysteroid-sulfating SULT2A1 activities. The
increase in SULT1A1 activity did not correlate with protein (Western blot) or mRNA (RT-PCR) results but correlated well with
increased non-protein soluble thiols. This suggests a possible Cys modification mechanism for stress regulation of SULT1AL. In
vitro studies on GSH/GSSG effects on SULT1A1 activity support this conclusion. In contrast, SULT2A1 activity following physical
or chemical stress treatments correlated well with protein and mRNA levels. This suggests a stress regulation mechanism of

SULT2AI1 at the gene transcription level, possibly occurring via hormones.

© 2004 Elsevier Inc. All rights reserved.
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Sulfotransferases (SULTs) are a family of phase 11
drug metabolizing enzymes which catalyze sulfuryl group
transfer from 3’-phosphoadenosine 5’-phosphosulfate
(PAPS) to most hydroxyl containing compounds. Sub-
strates for SULTs include endogenous hormones and
xenobiotics. The biological functions of SULTSs include
hormone regulation/metabolism and xenobiotic detoxifi-
cation. SULTs are regulated primarily by different hor-
mones [1-5]. Xenobiotic induction of SULTs is also
known [1,6-8]. In vitro oxidative regulation of bacterial
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expressed rat aryl sulfotransferase IV ((rat)SULT1A1)
has been reported [9-12]. Our recent results indicated
that this enzyme can be oxidatively regulated by hyper-
oxia in rat lung (unpublished observation). To the best
of our knowledge, the effect of physical stress or chemical
stress on SULTSs is not known.

Physical stress resulting from daily exercise can influ-
ence the intracellular redox status [13—-15] as well as the
homeostasis of steroid hormone metabolism [16-18].
Extensive and/or moderate exercise has been shown
to differentially regulate plasma cortisol, corticoste-
rone, testosterone, estradiol, dehydroepiandrosterone
(DHEA), and DHEA sulfate (DHEAS) levels in military
personnel, female athletes, and elderly individuals [19-
22]. Repeated forced exercise markedly increased plasma
corticosterone levels [23]. Rats forced to exercise experi-
ence significantly elevated bile excretion of GSH and
GSSG indicating the possible alteration in intracellular
thiol homeostasis [19-22,24]. Elevation of GSH and the
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influence of different antioxidant enzymes have been
linked to the increased level of reactive oxygen species
(ROS) in exercised humans [25,26]. This has been sup-
ported and demonstrated in terms of elevated levels of li-
pid peroxides following intensive exercise [27,28]. In
general, chronic exercise up-regulates different metabolic
processes including oxygen-mediated oxidative stress
[29], carbohydrate metabolism [30,31], and pituitary—hy-
pothalamic axis-mediated steroid homeostasis [32,33].

The known chemical stressor, parathion (O,0’-dieth-
yl-O-4-nitrophenyl phosphorothioate, PS), is a proto-
type organophosphorus pesticide that is converted to
its active metabolite paraoxon (PO) upon enzymatic oxi-
dation [34,35]. Worldwide, organophosphorus (OP) re-
sults in numerous poisonings each year [36]. PS has
been reported to be a strong inhibitor of rat microsomal
CYP 450s [34,37]. It has also been shown to inhibit the
hepatic CYP 450s mediated monooxygenase activities in
microsomes of rainbow trout [38]. OPs can also elevate
plasma levels of stress hormones [23,39]. The closely re-
lated insecticide methyl parathion (O,0’-dimethyl-O-4-
nitrophenyl phosphorothioate) also increases plasma
corticosterone levels [39-41]. PS and PO have been re-
ported to interact with the cellular antioxidant defense
systems by conjugating glutathione (GSH) in the pres-
ence of glutathione-S-transferase (GST) resulting in al-
tered thiol status in the cell [36,42,43].

In the present investigation, we examined the effects
of PS (chemical stress) and EX (physical stress) alone
or in combination on the expression and regulation of
(rat)SULT1A1 and (rat)SULT2A1 in male rat liver.
These findings may contribute to the understanding of
hormone regulation, drug metabolism, drug-drug inter-
actions, and human health under physiological and
pathological conditions.

Materials and methods

Materials. Parathion was purchased from ChemService (West
Chester, PA). 2-Naphthol, ["*C]2-naphthol (4.7 mCi/mmol), p-nitro-
phenyl sulfate (PNPS), 3’-phosphoadenosine 5’-phosphosulfate
(PAPS), and [1,2,6,7-*H(N)]dehydroepiandrosterone ([*HJDHEA,
60 Ci/mmol) were purchased from Sigma-Aldrich (St. Louis, MO).
SDS-polyacrylamide gel electrophoresis reagents were obtained from
Bio-Rad (Hercules, CA). Western blot chemiluminescence reagent kits
(Super Signal West Pico Stable Peroxide and Super Signal West Pico
Luminol/Enhancer solutions) were purchased from Pierce Chemical
(Rockford, IL). Total RNA extraction kit (RNeasy mini protection
kit) was supplied by Qiagen (Valenica, CA). One-step RT-PCR kit was
purchased from Promega (Madison, WI). Antibodies against (rat)-
SULTI1AI1 and (rat)SULT2A1 [7,44] were generously provided by Dr.
Michael W. Duffel (Division of Medicinal and Natural Products
Chemistry, College of Pharmacy, The University of Iowa, lowa City,
IA). Protein assay reagent was purchased from Bio-Rad. All other
reagents and chemicals were of the highest analytical grade available.

Animals and drug treatment. Young male Sprague-Dawley (SD)
rats (5-7 weeks old, Harlan, Indianapolis, IN) were used in this
investigation. Rats were housed in a temperature-controlled
(23 £1°C) room with a 12 h light/12 h dark cycle and supplied with

standard rodent chow and water ad libitum. All rats were acclimated
for at least 1 week prior to use. Two sets of experiments were carried
out. For each set, rats were divided into 4 groups (n = 4 per group). In
one set, 4 treatment groups were designated as control, EX, PS
(1.8 mg/kg), and EX + PS (1.8 mg/kg). In the other set, groups were
designated as control, EX, PS (3.6 mg/kg), and EX + PS (3.6 mg/kg).
The rats in the EX and EX + PS groups were forced to exercise
(physical stress) by running on a 4-lane treadmill (OmniPacer Model
No. LC4/R-MA; AccuScan Instruments, Columbus, OH, USA).
Animals were placed at the back of the treadmill lane which delivered a
mild electric shock (1 mA) and speed was set to 15 m/min with an
incline of 6°. Rats were placed on the treadmill for 90 min each day.
The rats in the PS and EX + PS groups were treated orally with PS as a
homogeneous mixture in peanut oil at either 1.8 or 3.6 mg/kg/day for 7
days. PS was administered daily just prior to initiation of forced
running. The corresponding group of control rats received only the
vehicle. The animals were sacrificed 24 h after the final drug treatment.
Livers were collected, washed with sterile, ice-cold NaCl (0.9%) solu-
tion, and snap-frozen. All samples were stored at —80 °C until use.

Cytosol preparation. Tissues were homogenized in 50 mM Tris
buffer containing 0.25 M sucrose, 0.01 mg/ml trypsin inhibitor, and
10 pg/ml phenylmethylsulfonyl fluoride, pH 7.5. All homogenates were
centrifuged at 100,000g for 1 h at 4 °C [8]. Cytosol aliquots were col-
lected and preserved at —80 °C for enzymatic assay and Western blot.

Enzyme assays. Two different enzyme assay methods were used.
For both PNPS and radioactive assay methods, the linearity and
steady state of 30 min reaction period were confirmed with different
amounts of cytosolic protein and substrate concentration.

PNPS assay. 2-Naphthol sulfation activity from liver cytosols was
determined as previously described [45,46]. This assay determines
phenol sulfation activities of different isoforms of phenol sulfating
SULTSs. Briefly, sulfation activity was determined in a reaction mixture
containing 50 mM Tris buffer (SmM PNPS, 20 uM PAPS, and
0.1 mM 2-naphthol, pH 6.2). Rat liver cytosols (50 ug protein) were
used as the enzyme source in a total reaction volume of 250 pl. After
30 min incubation at 37 °C in a shaking water bath, the reaction was
stopped by adding 250 ul of 0.25 M Tris, pH 8.7. The reaction mix-
tures were read at 401 nm in a spectrophotometer. Specific activity
(SA) was expressed as nmol/min/mg of protein.

Radioactive assay. DHEA sulfation activities in liver cytosols were
determined by the radioactive assay method previously described
[7,8,47]. The reaction conditions were same as the PNPS assay men-
tioned above. To determine DHEA sulfation activity in liver cytosols,
PHIDHEA (diluted to 0.4 Ci/mmol; 2 pM final concentration) was
used as substrate. For all assays, 20 pM PAPS was used. Liver cytosol
protein (50 pg) was used as the enzyme source in a total reaction
volume of 250 pl. After 30 min incubation at 37 °C in a shaking water
bath, the reaction was stopped by adding 250 pl of 0.25 M Tris, pH
8.7. Extraction was performed twice by addition of 0.5 ml of water-
saturated chloroform. After the final extraction, 100 ul of the aqueous
phase was used for scintillation counting. PAPS was eliminated from
the controls of both assay methods. Assays were run in duplicate and
the average of the results was used for enzyme activity calculations.
The data are expressed as means * SEM from 4 rats.

Western blot analysis. Cytosol proteins from liver (10 pug) were
separated on a 12% (w/v) polyacrylamide gel in an electrophoresis
system (Novex, San Diego, CA) [44]. After running at 200 V, the
protein bands were transferred overnight at 40 V onto a nitrocellulose
membrane. All membranes were blocked in TBST (50 mM Tris, pH
7.5, 150 mM NaCl, and 0.05% (v/v) Tween 20) containing 5% (w/v)
dried milk for 1 h on a shaker at room temperature. Membranes were
incubated with either rabbit anti-(rat)SULTIAI or rabbit anti-(rat)-
SULT2AT1 (1:5000) in TBST containing 5% (w/v) dry milk for 2h on a
shaker at room temperature. After incubation, membranes were wa-
shed with TBST for 4 x 15 min and incubated with secondary antibody
(horseradish peroxidase-conjugated Immuno-Pure goat anti-rabbit
IgG; H+ L) at 1:5000 dilutions in the same buffer for 2h. The
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membranes were washed with TBST for 4 x 15 min and then with Tris-
buffered saline (TBS) 3 x 5 min. Fluorescent bands were developed
with 1 ml of substrate containing the same volume of each Super
Signal West Pico Luminol Enhancer solution and Super Signal West
Pico Stable Peroxidase solution at room temperature for 5 min. The X-
ray films were exposed to the membrane and then developed. Films
were scanned and the densitometry analysis was performed with AAB
software in a Gel Documentation and Analysis System from Advanced
American Biotechnology (Fullerton, CA).

Extraction of total RNA and RT-PCR. Total RNA was extracted
from liver tissues (~20 mg) using RNeasy mini protection kit from
Qiagen according to the supplier’s guidelines [8]. The concentration
and purity of the extracted RNA were checked spectrophotometrically
by measuring 260/280 absorption ratios. The primer pair for (rat)-
SULT1A1 was designed in our laboratory using the Gene Fisher pri-
mer designing and Multialignment software. Using the forward primer
(FP) 5-GTGTCCTATGGGTCGTGGTA-3'/reverse primer (RP) 5'-
TTCTGGGCTACAGTGAAGGTA-3" (GenBank Accession No.
X52883), the 299 bp (rat)SULT1A1 cDNA was synthesized. The
264 bp (rat)SULT2A1 cDNA was synthesized using the primer pair FP
5'-TCCTCAAAGGATATGTTCCG-3'/RP 5'-CAGTTCCTTCTCC
ATGAGAT-3' (GenBank Accession No. M33329) [48]. The specificity
of all primers was tested using the BLAST from the National Center
for Biotechnology Information Open Reading Frame software. cDNA
synthesis from total 1 pg of liver RNA was performed in a 50 pl
reaction mixture. Concentrations of the different ingredients used
followed the supplier’s guidelines. For internal control, 500 bp cDNA
of rat B-actin was synthesized from the same amount of RNA from
respective sources. The primer pair FP 5-GATGTACGTAGCCA
TCCA-3'/RP 5-GTGCCAACCAGACAGCA-3' for the synthesis of
rat B-actin cDNA was designed in our laboratory using the software
mentioned above.

Determination of non-protein soluble thiol. Total non-protein solu-
ble thiol (NPSH) in liver cytosol was determined by the standard
DTNB (Ellman’s reagent, 5,5'-dithiobis-2-nitrobenzoic acid) method
[49] with a slight modification. Liver tissues were homogenized with
50 mM Tris-buffer, pH 7.5, containing 250 mM sucrose, and 5 mM
EDTA. Homogenates were centrifuged at 100,000g for 1 h. Equal
volume of 5% (w/v) 5-sulfosalicylic acid was used to precipitate all
proteins from the tissue cytosols. After mild vortexing and centrifu-
gation at 4000g, 80 pul of transparent sample supernatant was added to
720 ul of 0.1 M potassium phosphate buffer containing 5 pM DTNB.
The absorbance was measured after 5 min at 412 nm in a UV-spec-
trophotometer. The steady state of the reaction kinetics was checked
up to 7min. A standard curve was generated using GSH and indi-
vidual sample values were determined from this standard curve.

Statistical analysis. Student’s ¢ test was performed for the statistical
significance between control and treated samples. Data presented in
the figures denote means £ SEM of the data collected separately from
four individual animals.

Results
Cholinergic toxicity

With the PS dosages used (i.e., 1.8 or 3.6 mg/kg/day),
no overt signs of cholinergic toxicity (excessive secre-
tions, muscle fasciculations, and tremors) were noted.

Effect of physical and chemical stress on 2-naphthol
sulfation activity

2-Naphthol sulfation activity increased in rat liver
cytosols following physical (EX) and chemical (PS)
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Fig. 1. Effect of forced exercise and parathion on 2-naphthol sulfation
activity in rat liver. Enzyme activity was determined by the PNPS assay
method using 50 pg of liver cytosolic protein. Values in the figure
represent means = SEM. #p < 0.05; "p < 0.01; and *p < 0.001.

stress (Fig. 1). EX increased the activity significantly
(~2-fold, p<0.05) in both sets of experiments. PS
treatment at 1.8 mg/kg increased activity 50% whereas
that at 3.6 mg/kg increased activity ~2-fold (p < 0.01).
An additive effect was observed with the combined
treatment group at 1.8 mg/kg PS. The pattern and fold
of increase (~3-fold, p <0.001) was similar in both
EX + PS (1.8 mg/kg) and EX + PS (3.6 mg/kg) groups.
Though the higher dose of PS treatment had a greater
effect on sulfation activity, this dose along with EX
showed no significant difference compared with the cor-
responding combined treatment group with the lower
PS dose.

Effect of physical and chemical stress on DHEA sulfation
activity

EX related physical stress significantly increased (~3-
fold, p < 0.05) the DHEA sulfation activity in rat liver.
PS treatment at 3.6 mg/kg also increased the activity
(~2-fold, p <0.001) (Fig. 2). The combined treatment
of EX and PS increased the activity by 3- and 4.5-fold
(» <0.01) in EX + PS 1.8 mg/kg or EX + PS 3.6 mg/kg
group, respectively. Additive effects of either stressor
on DHEA sulfation activity were observed.

Western blot analysis of (rat)SULTIAI and (rat)-
SULT2AI protein following stress treatment

The Western blot results of (rat)SULT1A1 (major
protein for 2-naphthol sulfation in rat [50]) and (rat)-
SULT2A1 (major protein for DHEA sulfation
[51,52]) and their densitometry analysis data are pre-
sented in Fig. 3. The densitometry data on (rat)SUL-
T1A1 protein suggest that this protein amount did
not change following treatment with either physical
or chemical stress alone or in combination (Fig. 3A).
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Fig. 2. Effect of forced exercise and parathion on DHEA sulfation
activity in rat liver. Enzyme activity was determined by the
radioactive assay method using 50 pg of liver cytosolic protein.
Values in the figure stand for means * SEM. #p <0.05; *p <0.01;
and *p <0.001.
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Fig. 3. Representative Western blot and densitometric analysis of
(rat)SULT1A1l (A) and (rat)SULT2A1 (B) Ten micrograms of
cytosolic total protein was run in 12% bis-acrylamide gel. Two sets
of experiments were performed. Samples from 1 to 11 represent the
first set and 12 to 22 the second set. Lane description for both
(rat)SULT1A1 (A) and (rat)SULT2A1 (B): 1-2 control, 3-5 EX, 6-8
PS: 1.8 mg/kg, 9-11 EX + PS: 1.8 mg/kg. The densitometry data are
plotted as the normalized values which denote means £ SEM.
#p <0.05; *p <0.01.

This was true for all treatment groups. The increase in
2-naphthol sulfation activity, described earlier, does
not correlate with the (rat)SULT1A1 Western blot re-
sults. Unlike (rat)SULT1AI1, the densitometry analysis
data of (rat)SULT2A1 protein showed an increase in
all treatment groups. The increase in protein level in
EX treatment group was found to be significant
(p <0.05). The effect was found to be significant and
additive in the combined treatment groups (both at
EX + PS 1.8 mg/kg (p <0.01) and EX + PS 3.6 mg/kg
(p <0.05)). This is consistent with the enzyme activity
results mentioned above.

RT-PCR results on (rat)SULTIAI and (rat)SULT2AI
mRNA expression following stress treatment

RT-PCR results show that (rat)SULT1A1 mRNA
expression did not change following treatments either
alone or in combination (Fig. 4). This result correlates
well with the (rat)SULT1A1 Western blot results but does
not agree with the 2-naphthol sulfation activity results. In
contrast, (rat)SULT2A1 mRNA results show that either
stress treatment increased the expression significantly
over the control group and the combined treatment group
increased the expression even more than the individual
treatment groups. (rat)SULT2A1 RT-PCR results are
in basic agreement with the corresponding Western blot
and enzyme activity results (Fig. 4).

Non-protein  soluble thiol changes following stress
treatment

Non-protein soluble thiol (NPSH) increased in the li-
ver tissues following treatment with individual stressors
or in combination (Fig. 5). Treatment with EX or PS
alone increased the concentration ~2-fold and com-
bined treatment with EX + PS 1.8 mg/kg or EX + PS
3.6 mg/kg group increased the concentration ~3-fold
(» <0.01 and p < 0.001, respectively).

GSH and GSSG in vitro effect on rat liver cytosol
2-naphthol and DHEA sulfation activity

Rat liver cytosol (in 50 mM Tris, 0.25 M sucrose, pH
7.5) was treated with GSH (0, 1, 2, 4, and 8 mM) or
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Fig. 4. Representative RT-PCR results of (rat)SULT1A1 and (rat)-
SULT2A1 mRNA expression. cDNA was synthesized from 1 pg of total
RNA in the presence of a gene-specific primer. The total reaction volume
was 50 pl. Ten microliters of product was run in each lane of a 2% agarose
gel. Lane descriptions: 1-2, control; 3-4, EX; 5-6, PS:3.6 mg/kg; and
7-9, EX + PS: 3.6 mg/kg. Data are normalized with the corresponding
B-actin densities and expressed relative to control. Thirty cycle reactions
were performed during this RT-PCR experiment. Values in the figure
represent means * SEM. #p < 0.05; *p < 0.01.
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Fig. 5. Effect of forced exercise and parathion on non-protein soluble
thiol in rat liver. Total protein in the cytosol fraction was precipitated
using sulfosalicylic acid. DTNB was used to react with the free thiol
group creating a color reaction read at 412 nm in a UV spectropho-
tometer. GSH with different concentrations was used to generate a
standard curve. Values in the figure represent means + SEM.
#p <0.05; *p <0.01; *p < 0.001.

GSSG (0, 0.1, 0.2, 0.4, and 0.8 mM) at room tempera-
ture for 1 h. The treated cytosols were used for determi-
nation of 2-naphthol or DHEA sulfation activities.
Results shown in Fig. 6 demonstrate that 2-naphthol
sulfation (SULTI1A1) activity is increased with added
GSH and decreased with added GSSG. DHEA sulfation
(SULT2A1) activity was not significantly affected with
the addition of GSH or GSSG.
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Fig. 6. GSH and GSSG in vitro effect on rat liver cytosol 2-naphthol
and DHEA sulfation activities. Rat liver cytosol (in 50 mM Tris,
0.25 M sucrose, pH 7.5) was treated with GSH (0, 1, 2, 4, and 8 mM)
or GSSG (0, 0.1, 0.2, 0.4, and 0.8 mM) at room temperature for 1 h.
The treated cytosol (50 pg) was used for PNPS assay (0.1 mM 2-
naphthol as substrate) or radioactivity assay (2puM [PHIDHEA as
substrate) in triplicate. Mean £ SEM of specific activity was plotted
versus GSH or GSSG concentrations.

Discussion

Phase I and phase II drug metabolizing enzymes are
responsible for the detoxification of xenobiotics found
in food, drugs, and environmental media. SULTs belong
to the phase II drug metabolizing enzymes. SULT cata-
lyzed sulfation is an important pathway in endogenous
hormone regulation and in the metabolism of exogenous
hydroxyl-containing xenobiotics. Regulation of SULTs
by different hormones has been well studied. Regulation
of SULTs by stressors has not been reported, however.
Physical or chemical stress as an exogenous or endoge-
nous source may significantly interfere with physiologic
metabolic processes by changing neuroendocrine regula-
tion, hormone regulation, and/or by increasing oxidative
stress through alteration of intracellular redox status.
Our results demonstrate that both EX and PS can regu-
late SULT activities in male rat liver.

An increase in (rat)SULT1A1 activity correlated with
the increase in cellular NPSH but not with protein or
mRNA expression levels. This clearly indicates that the
effect of physical and chemical stress on (rat)SULT1AI
occurs through protein modification rather than at the
level of gene regulation. Our recent studies (unpublished
observation) on in vivo hyperoxic effects in rat lung
SULTI1ALI suggested that this enzyme can be oxidatively
regulated through Cys chemical modification. Our data
on stress regulation of this enzyme agree with the Cys
modification mechanism. Our results on NPSH changes
corresponding to physical and chemical stress agree with
literature reports [26,53].

In contrast to (rat)SULT1A1, the increase in (rat)-
SULT2ALI activity correlated with the increase in protein
and mRNA expression as demonstrated by the Western
blot and RT-PCR results. This indicates that stress regu-
lation of (rat)SULT2AL1 is at the gene transcription level.
It is well known that physical and chemical stressors reg-
ulate hormone levels [17,23,26,53,54]. SULTs, which cat-
alyze the sulfation of many hormones, are well known to
be regulated through different hormones [2,55,56]. Physi-
cal and chemical stress-induced regulation of rat hydroxy-
steroid SULT2A1 gene expression may therefore be
mediated through hormone level changes.

Our in vitro experiments on GSH or GSSG effects on
rat liver cytosol 2-naphthol and DHEA sulfation activ-
ities further confirmed the above conclusions. GSH/
GSSG affected SULT1AL activity but not SULT2A1
activity (Fig. 6). This demonstrates that Cys residue
chemical modification near the active site can signifi-
cantly alter SULT1A1 activity but not SULT2AT1 activ-
ity. Computer modeling structures (constructed using
Swiss-Model program, data not shown) of (rat)SUL-
T1A1 and (rat)SULT2A1 agree with this conclusion.
The three Cys residues (Cys26, Cys54, and Cys198) in
SULT2A1 are distant (>13 A) from the active site
(PAPS or substrate) and buried in the internal structure.
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They are unlikely to be chemically modified by GSSG.
The chemical modification of these Cys residues is also
unlikely to inactivate the enzyme. For (rat)SULTI1AI,
there are five Cys residues in the structure. Cys66,
Cys232, Cys283, and Cys289 are located more than
11 A from PAPS or substrate in the active site. On the
other hand, Cys82 is in direct contact with substrate
(3 A). It is exposed on the substrate binding site surface.
Cys82 should be easily chemically modified by GSSG (to
form a disulfide bond). This modification would prevent
the binding of substrate or releasing of product there-
fore inactivating the enzyme.

Exposure to different forms of stress is a common
occurrence in daily life. Stress can regulate the activity
of SULTs and thus modulate the metabolism of endog-
enous and exogenous compounds. Stress regulation of
SULTSs has not been previously reported. These studies
are significant in understanding stress effects on hor-
mone sulfation metabolism, drug and toxicant detoxifi-
cation, and drug—drug interactions.
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