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Abstract
The cytosolic sulfotransferases (SULTs) are a multigene family of enzymes that catalyze the
transfer of a sulfonate group from the physiologic sulfate donor, 3′-phosphoadenosine-5′-
phosphosulfate, to a nucleophilic substrate to generate a polar product that is more amenable to
elimination from the body. As catalysts of both xenobiotic and endogenous metabolism, the
SULTs are major points of contact between the external and physiological environments, and
modulation of SULT-catalyzed metabolism can not only affect xenobiotic disposition, but it can
also alter endogenous metabolic processes. Therefore, it is not surprising that SULT expression is
regulated by numerous members of the nuclear receptor (NR) superfamily that function as sensors
of xenobiotics as well as endogenous molecules, such as fatty acids, bile acids, and oxysterols.
These NRs include the peroxisome proliferator-activated receptors, pregnane X receptor,
constitutive androstane receptor, vitamin D receptor, liver X receptors, farnesoid X receptor,
retinoid-related orphan receptors, and estrogen-related receptors. This review summarizes current
information about NR regulation of SULT expression. Because species differences in SULT
subfamily composition and tissue-, sex-, development-, and inducer-dependent regulation are
prominent, these differences will be emphasized throughout the review. In addition, because of the
central role of the SULTs in cellular physiology, the effect of NR-mediated SULT regulation on
physiological and pathophysiological processes will be discussed. Gaps in current knowledge that
require further investigation are also highlighted.
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Introduction
One way that the body responds to its chemical environment is by modulating the
expression of xenobioticmetabolizing enzymes. Multiple enzyme systems that catalyze the
metabolism of thousands of endogenous and xenobiotic molecules may be affected.
Adaptation to dietary components and environmental contaminants may interface with the

© 2013 Informa Healthcare USA, Inc.

Address for Correspondence: Melissa Runge-Morris, Institute of Environmental Health Sciences, Wayne State University, Room 4118
EACPHS, 259 Mack Avenue, Detroit, MI 48201, USA; Fax: (313) 577-0082; m.runge-morris@wayne.edu.

Declaration of interest
The authors report no declarations of interest. The authors alone are responsible for the content and writing of the paper.

NIH Public Access
Author Manuscript
Drug Metab Rev. Author manuscript; available in PMC 2013 November 18.

Published in final edited form as:
Drug Metab Rev. 2013 February ; 45(1): . doi:10.3109/03602532.2012.748794.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biotransformation of endogenous compounds to alter physiological processes ranging from
hepatic metabolism to neural transmission.

Sulfate conjugation (sulfation or sulfonation) was first recognized as an important metabolic
pathway by Bauman in 1876 (Jancova et al., 2010). The cytosolic sulfotransferases (SULTs)
are a multigene family of enzymes that catalyze the transfer of a sulfonate group from the
physiologic sulfate donor, 3′-phosphoadenosine-5′-phosphosulfate (PAPS), to a nucleophilic
O-, N-, or S-substrate to generate a polar endproduct that is more amenable to elimination
from the body (Strott, 2002). The SULTs are among a handful of conjugating enzyme
systems that are expressed from the earliest periods of gestation onward in the developing
human (Strassburg et al., 2002; Duanmu et al., 2006). The SULTs are widely expressed in
hepatic tissue and in metabolically active or hormonally responsive extrahepatic tissues
(Dooley et al., 2000; Gamage et al., 2006). These enzymes display a broad range of
substrate specificities that include pharmaceuticals, procarcinogens, hormones,
neurotransmitters, and intermediates of endogenous metabolism (Jancova et al., 2010). It is
estimated that up to 80% of all human cancers may be related to lifestyle choices, such as
diet, tobacco usage, obesity, and environmental chemical exposures (Gooderham et al.,
2001; Sankpal et al., 2012). Environmental “xenoendocrine” agents, dietary constituents,
and pollutants can co-opt cellular signaling pathways and reprogram gene expression in
favor of carcinogenesis. In addition, unstable sulfate conjugates of procarcinogenic
heterocyclic amines that are generated during the cooking of meat at high temperatures can
produce reactive intermediates that are mutagenic to DNA (Lewis et al., 1998; Banoglu,
2000; Gooderham et al., 2001). These findings suggest that the combined influence of
lifestyle and interindividual differences in SULT gene expression in cancer target tissues
may have serious implications for the genesis of cancer in humans (Gooderham et al., 2001).

An active area of investigation is the regulation of SULT expression by the nuclear receptor
(NR) superfamily of transcription factors, in particular, those receptors that recognize
diverse xenobiotic and endogenous compounds to regulate the transcription of metabolic
genes. This review addresses the developing role of the regulation of human and rodent
SULTs by members of the NR family with the intention of shedding light on the role of
SULT xenobiotic-metabolizing enzymes in normal physiology and in disease mechanisms.

The SULT gene superfamily
There are two principal categories of SULTs: the arylsul-fotransferase (SULT1) and the
hydroxysteroid sulfotransferase (SULT2) gene families (Dooley et al., 2000; Glatt et al.,
2001; Runge-Morris and Kocarek, 2009). There are five SULT1 subfamilies: SULT1A-E.
SULT1A enzymes preferentially metabolize phenolic substrates, including drugs such as
acetaminophen and troglitazone (Nagata and Yamazoe, 2000; Strott, 2002; Gamage et al.,
2006; Runge-Morris and Kocarek, 2009). Humans express four SULT1A enzymes,
including a high-affinity cate-cholamine-conjugating enzyme, SULT1A3/4, that is not
present in rodents (Blanchard, 2005). Rodents express a single SULT1A enzyme that is most
similar in activity to the human SULT1A1 phenol-sulfating enzyme (Falany et al., 1990;
Duffel et al., 1991). Rodent SULT1B catalyzes the sulfation of 3,3′,5-triiodo-L-thyronine
(T3), the active form of thyroid hormone (Rutgers et al., 1991; Runge-Morris and Kocarek,
2009), whereas a variety of SULT1 enzymes (SULTs 1A, 1B1, 1C2, 1C4, and 1E1) are
capable of cata-lyzing iodothyronine sulfation in humans (Peeters et al., 2005). SULT1C
enzymes bioactivate the procarcinogen, N-hydroxy-2-acetylaminofluorene, to DNA-
damaging intermediates (Sakakibara et al., 1998; Runge-Morris and Kocarek, 2009). In
contrast to humans, the hepatic levels of the SULT1C isoforms in rodents are much greater
than they are in humans, resulting in significant species differences in sulfation activities
(Nagata et al., 2005). Estrogen sulfotransferase (SULT1E1) displays a high affinity for
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estrogen (Falany et al., 1995b) and, because sulfonated estrogens do not activate the
estrogen receptor, represents a major estrogen-inactivating enzyme in endocrine target
tissues, such as the breast (Falany et al., 2002b). Rodent and canine species express an
additional SULT1 enzyme termed SULT1D1, which has a role in the sulfation of small
phenolic compounds (Tsoi et al., 2001; Nagata et al., 2005). In humans, SULT1D1 is a
nonexpressed pseudogene at the same gene locus as SULT1E1 and SULT1B1 (Meinl and
Glatt, 2001).

There are only two members of the human SULT2 family that are expressed in tissues.
SULT2A1 is highly expressed in the liver and adrenal cortex, with lower levels of
expression in the intestinal tract (Falany et al., 1989; Her et al., 1996; Rainey et al., 2002;
Runge-Morris and Kocarek, 2009). SULT2B1b is expressed in tissues that do not express
SULT2A1, including skin, brain, prostate, breast, and lung (Geese and Raftogianis, 2001).
Although both human SULT2 enzymes conjugate 3ß-hydroxysteroids, including
pregnenolone and dehydroepian-drosterone (DHEA), SULT2A1 has broader substrate
reactivity, possibly associated with its role in xenobiotic and bile-acid sulfation in the liver.
SULT2B1b has greater selectivity for 3ß-hydroxysteroid sulfation, although it also sulfates a
number of xenobiotics. SULT2B1b does not sulfonate bile acids.

Less well-characterized SULTs include SULTs 3A1, 3A2, 4A1, 5A1, and 6B1, but only
SULTs 4A1 and 6B1 have been detected in humans (Runge-Morris and Kocarek, 2009).
SULT4A1 is highly conserved throughout vertebrates and is localized to neurons of the
central nervous system (CNS) in humans and rats (Liyou et al., 2003). SULT6B1 has been
detected primarily in human testes and kidneys; however, the mouse ortholog is more
widely expressed and demonstrates sulfation activity with thyroxine (Takahashi et al.,
2009). To date, the physiological functions of SULT4A1 and SULT6B1 are not known.

Species differences in SULT expression
Investigation of the regulation of SULT expression by NRs is complicated by both genetic
and regulatory differences between the NRs in humans and laboratory species as well as
between the SULT genes that are expressed. Significant differences in the SULT isoforms
that are expressed exist between humans and the laboratory species that are primarily used
to investigate in vivo regulation of SULT expression by NRs. To understand the role of NRs
in SULT regulation, an appreciation of the species differences that exist between humans
and rodents is required. Several of these differences have been mentioned briefly above. As
another major example, in contrast to humans, which have only one SULT2A family
member, SULT2A1, rodents express multiple SULT2A transcripts (Blanchard, 2005).
Analysis of the mouse genome indicates the presence of seven SULT2A genes clustered on
chromosome 7 (Kocarek et al., 2008). However, the kinetic properties and substrate
reactivities of the individual enzymes have not been characterized. Studies of SULT2A
regulation in mice are complicated by the specificity of the messenger RNA (mRNA)
analysis, the lack of antibodies (Abs) to detect and discriminate the proteins, and the lack of
information about substrates.

Structural differences, even between orthologous human and rodent SULTs, may have
significant effects on regulation and function. The SULT2B1 family in humans generates
two transcripts that, when expressed in Escherichia coli, give rise to two active enzymes
with overlapping, but different, kinetic properties (Her et al., 1998; Fuda et al., 2002).
However, only the longer SULT2B1b isoform has been detected in any human tissue
examined. SULT2B1b has a greater affinity for cholesterol sulfation than does the expressed
SULT2B1a isoform; this higher affinity is associated with the presence of the unique amino-
terminal peptide (Fuda et al., 2002). SULT2B1b is structurally different from other SULT
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proteins by the presence of both amino- and carboxy-terminal extensions (Fuda et al., 2002).
SULT2B1b is the first SULT to be identified as being partially localized in the nuclei of
some tissues, including the placenta and breast (He and Falany, 2006; Dumas et al., 2008),
and nuclear localization is associated with serine phosphorylation within the unique
carboxy-terminal extension (Salman et al., 2011b). Serine phosphorylation has also been
reported to stabilize SULT2B1b and increase its activity (Salman et al., 2011b).

Although the basic structure of the SULT2B isoforms is maintained between human and
rodents, there are significant differences in the length and structure of both the amino- and
carboxy-terminal ends that may affect regulation, localization, and activity. The unique
carboxy-terminus of rodent SULT2B is approximately 50% shorter than the corresponding
human sequence (Shimizu et al., 2003; Kohjitani et al., 2006), and there have been no
reports of the phosphorylation of the carboxy-peptide or of any effects that the shortened
peptide may impart to enzyme activity or localization. Human SULT2B1b has been difficult
to characterize functionally, because the active native enzyme has not been isolated from
tissues or cells (Falany et al., 2006). SULT2B1b activity can be detected in intact cultured
breast cancer cells and isolated nuclei from placenta or breast cancer cells; however, SULT
activity is lost upon lysis of the cells or nuclei (Falany et al., 2006). Therefore, the kinetic
characterization of human SULT2B1b has been performed using expressed tagged enzyme.

Another major complication in the analysis of SULT regulation in rodents is the complex
nature of the developmental and sex-related expression of the enzymes. In rodents, adult
males have significantly higher levels of phenol SULT activity than do females, whereas
females have higher levels of hydroxysteroid SULT activity. A careful analysis of the age-
and sex-related expression of the murine SULT2A genes indicates different profiles of
hepatic expression (Kocarek et al., 2008). For most of the SULTs, expression of the SULT1
and SULT2A genes in juvenile hepatic tissues is similar between males and females, and the
changes in expression occur after sexual maturity. The association of the changes in SULT
activity with the changes in SULT transcript expression pattern has not been extensively
characterized. In contrast to rodents, sex-related differences in human SULT expression
have not been reported in nongonadal tissues. Therefore, there is a significant sex-associated
difference in the expression of the hepatic rodent SULTs that needs to be considered in the
interpretation of regulatory studies.

Sulfotransferases in endogenous metabolism and regulation by NRs
There is an increasing awareness of the role of sulfation in normal physiology and disease
susceptibility. Sulfation of hormones and endogenous intermediates of metabolism may
actually represent the lion’s share of SULT-catalyzed activity in humans when
detoxification demands are under control. DHEA and its sulfonated metabolite, DHEA
sulfate (DHEAS), are the most abundant circulating steroids in the human bloodstream
(Bertoni et al., 2012). DHEAS, in synergy with nitrous oxide, inhibits platelet activation and
aggregation, a result that would predictably affect atherogenic plaque formation and the
progression of coronary artery disease in humans (Bertoni et al., 2012). The sulfation of
thyroid hormone plays a critical role in energy metabolism. Sulfate conjugation of T3 both
reduces its affinity for thyroid hormone receptors and accelerates its rate of degradation by
type I deiodinase (Spaulding et al., 1992; Visser, 1996). The ectopic expression of
SULT1E1 inhibits estrogen-dependent growth in the estrogen-receptor-positive MCF7
breast cancer cell line and underscores an important role for SULT1E1 in the regulation of
in situ estrogen activity within the breast (Falany et al., 2002b). In the skin, estrogen
operates to preserve epidermal thickness and hydration and also stimulates proliferation
(Kushida et al., 2011). During keratinocyte differentiation, the expression of SULT1E1 is
substantially upregulated and the proproliferative effects of estrogen action are held to a
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minimum (Kushida et al., 2011). Similarly, epidermal cholesterol sulfate produced by
SULT2B1b is an amphipathic sulfolipid that is required at high concentrations in the
terminally differentiated layers of skin, where SULT2B1b expression is also localized
(Higashi et al., 2004). In the brain, neurosteroids DHEA and DHEAS are synthesized and
modulate the activity of gamma-aminobutyric acid-A (GABA-A) receptors, suggesting a
role for sulfonated neuroactive steroids in the pathogenesis of Parkinson’s disease and other
CNS disorders where critical changes in GABAergic neurotransmission have been described
(Luchetti et al., 2010; Gartside et al., 2010). Figure 1 summarizes several of the endogenous
metabolic reactions where SULT catalysis can affect cell signaling.

Functionally, the SULTs are emerging as dual integrators of both xenobiotic and
endogenous metabolizing pathways. Therefore, it stands to reason that lipid- and xenobiotic-
sensing NRs should play a major role in the transcriptional regulation of the cytosolic
SULTs. A special class of “orphan” NR has emerged in recent years that, unlike steroid
receptors, heterodimerize with the retinoid X receptor (RXR) and are activated either by an
RXR ligand, such as 9-cis-retinoic acid, or by xenobiotics or metabolic intermediates that
bind and activate the RXR partner receptor. Other orphan NRs, such as hepatocyte nuclear
factor 4 alpha (HNF4-α) and retinoid-related orphan receptor (ROR), function as
homodimeric or monomeric transcription factors and also figure prominently as regulators
of lipid-metabolism networks (Giguere et al., 1994; Bogan et al., 2000; Lau et al., 2008; Yin
et al., 2011). Modern clinicians are acutely aware of the blurred line between chronic
metabolic disturbances, such as obesity-related diabetes, dyslipidemia, inflammation, and
vascular dysfunction, and the pathogenesis of increasingly common clinical conditions, such
as liver disease, renal insufficiency, atherosclerotic heart disease, and cancer. Figure 2
summarizes much of the information regarding NR regulation of SULT expression that will
be described below.

SULT regulation by peroxisome proliferator-activated receptors (PPARs)
The PPAR/RXR heterodimer transcription factor family regulates gene-expression networks
involved in energy balance, lipid metabolism, and inflammation (Runge-Morris and
Kocarek, 2009). PPAR-α is primarily expressed in liver, kidney, and heart tissues and is
ligand activated by a major energy source, fatty acids (Runge-Morris and Kocarek, 2009;
Robinson and Grieve, 2009), as well as by oxidized fatty-acid intermediates that may serve
as signaling molecules (Shiraki et al., 2005; Runge-Morris and Kocarek, 2009). PPAR-γ is
highly expressed in adipose tissue and has been demonstrated to regulate adipocyte
differentiation (Spiegelman et al., 1997; Runge-Morris and Kocarek, 2009; Robinson and
Grieve, 2009), whereas PPAR-δ/β is ubiquitously expressed and regulates diverse gene-
expression networks ranging from insulin resistance to embryo implantation (Runge-Morris
and Kocarek, 2009; Robinson and Grieve, 2009).

It was previously reported that rats treated with PPAR-α agonists (WY-14,643, gemfibrozil,
or di-n-butylphthalate) demonstrated a pronounced suppression of hepatic SULT1E, which
is normally robustly expressed in male rat liver (Fan et al., 2004). By contrast, Alnoutis and
Klaassen conducted a large study in mice examining the effects of treatment with PPAR-α
activators on hepatic SULT expression (Alnouti and Klaassen, 2008). Male and female 8-
week-old mice were treated intraperitoneally (i.p.) for 4 days with corn-oil vehicle or a
PPAR-α activator, clofibrate, ciprofibrate, or bis(2-ethylhexyl) phthalate (Alnouti and
Klaassen, 2008). Overall, PPAR-α agonist treatment had little effect on male mouse hepatic
SULT expression, but in female mouse liver, clofibrate treatment suppressed the mRNA
levels of several of the SULTs, including the Sult1c, Sult1e, Sult2a, Sult3a, and Sult5a
family members, whereas Sult4a1 mRNA content was increased (Alnouti and Klaassen,
2008). In a later study, Aleksunes and Klaassen (2012) examined effects on xenobiotic-
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metabolizing enzyme and transporter expression in male and female 8-week-old wild-type
(WT) mice and in mice with nullified expression of the aryl hydrocarbon receptor (AhR),
nuclear factor erythroid 2-related factor 2 (Nrf2), constitutive androstane receptor (CAR),
pregnane X receptor (PXR), or PPAR-α. Treatment effects on murine hepatic SULTs and on
the sulfate supply enzyme, PAPS synthase 2 (PAPSS2), were quantified using panels of
branched DNA-signal amplification assays (Aleksunes and Klaassen, 2012). To examine the
regulatory effects of PPAR-α, mice were treated with corn-oil vehicle or 500 mg/kg of
clofibrate i.p. for 4 days (Aleksunes and Klaassen, 2012). Clofibrate treatment effects were
not striking in PPAR-α-null mice (Aleksunes and Klaassen, 2012). In WT mice, clofibrate
treatment increased hepatic PAPSS2 mRNA content by ~1.4-fold in male mice and
suppressed SULT5a1 mRNA levels by 42% in female mice.

Our laboratory reported that human, unlike rat, hepatic SULT2A expression is induced by a
PPAR-α-mediated mechanism (Fang et al., 2005). Treatment of primary cultured human
hepatocytes with ciprofibrate produced a ~2-fold increase in SULT2A1 mRNA, protein, and
enzyme activity, whereas ciprofibrate treatment had no effect on SULT2A expression in
primary cultured rat hepatocytes (Fang et al., 2005). Computational and deletion analyses
performed on SULT2A1 5′-flanking region reporter gene constructs identified two putative
PPAR response elements (PPREs) (Fang et al., 2005). Site-directed mutagenesis,
electrophoretic mobility shift analysis (EMSA), and chromatin immunoprecipitation (ChIP)
revealed that the more-distal PPRE, a direct repeat with one intervening nucleotide (DR1
motif) located at nucleotides −5949 to −5929 relative to the SULT2A1 transcription start
site, was a functional PPRE (Fang et al., 2005). Overall, these results suggest a role for the
lipid-sensing PPAR-α transcription factor in the transcriptional upregulation of human
hepatic SULT2A1 gene transcription, and indicate that there are important species
differences that govern SULT2A gene regulation in response to PPAR-α-activating lipid
intermediates.

Cholesterol and cholesterol sulfate are important components of dermal lipid homeostasis
and skin-barrier function. As keratinocytes move upward through differentiating layers of
epithelium, they produce increasing amounts of cholesterol-3-sulfate (Lampe et al., 1983).
Cholesterol sulfate is not only a component of the epidermal barrier, but it also functions as
a signaling molecule that promotes keratinocyte differentiation through activation of the
novel protein kinase C (PKC) isoform, PKCη (Kashiwagi et al., 2002). In the stratum
corneum, cholesterol sulfate is hydrolyzed to free cholesterol by steroid sulfatase (Lampe et
al., 1983; Epstein et al., 1984). SULT2B1b catalyzes the sulfation of cholesterol with high
affinity (Lee et al., 2003) and is expressed in differentiating human keratinocytes where the
concentrations of cholesterol-3-sulfate are the highest (Higashi et al., 2004). Given the role
of SULT2B1b in the dermal lipid cycle, it stands to reason that SULT2B1b should be a
target for transcriptional regulation by lipid-sensing transcription factors in the skin.
SULT2B1b mRNA, protein, and enzyme activity increased with calcium-induced
differentiation in keratinocytes (Higashi et al., 2004; Jiang et al., 2005). The levels of PPAR-
γ, liver X receptor (LXR)-α, and LXR-β mRNA increased with calcium-induced
differentiation in cultured human keratinocytes, whereas the amounts of PPAR-α and
PPAR-δ/β did not (Jiang et al., 2005). Treatment of cultured human keratinocytes with
activators of PPAR-α, PPAR-δ/β, PPAR-γ, and LXR significantly increased the expression
of SULT2B1b mRNA and enzyme activity (Jiang et al., 2005). These findings suggest that
in the differentiating epidermis, SULT2B1b transcription becomes temporally transactivated
by PPAR and LXR transcription factors responding to local changes in intradermal lipid
homeostasis.
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SULT regulation by PXR
PXR was first described by Kliewer et al. in 1998 (Kliewer et al., 1998). The discovery of
PXR originated from an expressed sequence tag database search aimed at identifying
complementary DNA (cDNA) sequences that displayed homology to the ligand-binding
domains (LBDs) of known NRs (Kliewer et al., 1998). This partial sequence information
was used to isolate two cDNA clones (PXR.1 and its splice variant, PXR.2) from a mouse
cDNA library (Kliewer et al., 1998). A survey of PXR expression in adult and fetal mouse
tissues demonstrated robust expression of PXR in the liver and intestine, with weaker
expression in the kidney and stomach (Kliewer et al., 1998). The complete PXR
transcription factor is a heterodimer with RXR that binds to a response element consisting of
a repeat (direct, inverted, or everted) of AG(G/T)TCA, recruits coactivators, and
transactivates target genes, such as cytochrome P450 (CYP)3A family members (Kliewer et
al., 1998). To identify potential PXR ligands, PXR LBDs were tested in a chimeric
transactivation assay performed in CV-1 cells (Kliewer et al., 1998). PXR is known as a
“promiscuous but selective” NR that can be ligand activated by a diverse range of
compounds, including steroid hormones such as the C21 steroids, pregnenolone and
progesterone, synthetic glucocorticoids, antiglucocorticoids, bile acids, herbal remedies,
vitamins, and xenobiotics, including pharmaceuticals and environmental chemicals, such as
polychlorinated biphenyls and phthalates (Kliewer et al., 1998; Ngan et al., 2009). The
diversity of PXR ligands is conferred by PXR’s large spherical hydrophobic ligand-binding
pocket that has five “hot spot” regions of amino-acid residues that interact with ligands
(Watkins et al., 2001; Ngan et al., 2009). These hot-spot residues are conserved across
species and also facilitate the structural rearrangements that are required for the receptor’s
ability to accommodate a diverse array of ligands (Ngan et al., 2009).

In an investigation of PXR-null mice, the basal hepatic expression of the PXR target gene,
Cyp3a11, was not changed, but Cyp3a11 induction in response to the prototypical PXR
ligands, pregnenolone-16α-carbonitrile (PCN) and dexamethasone (DEX), was abolished
(Xie et al., 2000). The rodent and human PXRs differ with respect to their ligand-activation
profiles in that rodent, but not human, PXR is activated by PCN and human, but not rodent,
PXR is activated by rifampicin (RIF) (Lehmann et al., 1998). Transgenic (Tg) mice that
were genetically engineered to express constitutively active human PXR in liver displayed
increased hepatic Cyp3a11 expression and were resistant to drug-induced anesthesia as a
consequence of increased drug metabolism (Xie et al., 2000).

The livers of mice treated with PCN to activate PXR were surveyed for the presence of
novel PXR target genes (Willson et al., 2001). In addition to Cyp3a induction, the
expression of murine hepatic Cyp7a, the rate-limiting step in bile-acid synthesis, was
downregulated in response to PXR activation and the bile-acid transporter, organic anion-
transporting polypeptide 2 (OATP2) was upregulated (Willson et al., 2001). The hepatotoxic
secondary bile-acid, lithocholic acid (LCA), and its 3-keto metabolite are responsible for
producing intrahepatic cholestasis, and both of these compounds bind and activate PXR
(Willson et al., 2001; Staudinger et al., 2001). Therefore, as an inherent defense mechanism
against cholestatic liver damage, LCA activates PXR and stimulates its own detoxification
and elimination through the induction of CYP3A-mediated hydroxylation, the inhibition of
further bile-acid synthesis, and the induction of bile-acid-transporter expression that reduces
the hepatic concentration of LCA (Xie et al., 2000). This was demonstrated experimentally
when WT or PXR-null mice were treated i.p. with corn-oil vehicle, PCN, or LCA either
alone or in combination (Staudinger et al., 2001). In this study, mice with preserved or
augmented hepatic PXR expression activated gene-expression programs that were protective
against the hepatotoxic detergent effects of LCA (Staudinger et al., 2001). However, in
another study, when PXR-null or WT mice were treated with LCA, either through dietary
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supplementation or i.p. injection, PXR-null mice, compared to WT, were found to be more
resistant to LCA-induced hepatotoxicity (Owen et al., 2010). In WT mice, hepatic SULT2A
mRNA expression was repressed by LCA feeding, but increased by i.p. injection, a liver-
targeted route of administration that bypasses the gut (Owen et al., 2010). In PXR-null mice,
hepatic SULT2A expression was not induced by either dietary or i.p. LCA, but both basal
and LCA-modulated expression of PAPSS2, one of the major sulfate donor enzymes in the
liver, was ~2-fold higher in PXR-null, relative to WT, mice, suggesting that the increased
expression of this critical sulfate supply enzyme could account for the enhanced ability of
PXR-null mice to detoxify LCA and avert hepatotoxicity (Owen et al., 2010); however, the
levels of PAPS within the liver were not reported on. In aggregate, these results suggest that
murine hepatic drug-metabolizing enzyme expression, which is orchestrated by bile-acid-
sensing orphan NRs, is a protective measure against the hepatotoxic detergent effects of bile
acids (Kitada et al., 2003).

To ascertain whether murine and human “anticholestatic” defense mechanisms are similar,
patients with primary biliary cirrhosis (PBC) were examined for their metabolic adaptive
responses to cholestasis, including their capacity to repress basolateral bile-acid uptake in
the liver, block bile-acid synthesis, and induce bile-acid metabolism and transport (Zollner
et al., 2007). PBC is a progressive metabolic disease typified by the fibrotic destruction of
the intrahepatic bile ducts driven by an immune-mediated activation of hepatic stellate cells
by inflammatory cytokines (Tanaka et al., 2012). Elevated levels of hydroxylated,
sulfonated, and glucuronidated bile acids have been measured in the urine of patients with
PBC (Frohling and Stiehl, 1976; Stiehl et al., 1980; Shoda et al., 1990; Zollner et al., 2007).
In patients with PBC, the mRNA expression of hepatic CYP7A1, the rate-limiting step in
bile-acid synthesis, was markedly diminished, whereas the expression of alternative bile-
acid synthesis pathway enzymes (CYP27A1 and CYP8B1) was not changed (Zollner et al.,
2007). The expression of bile-acid-metabolizing enzymes CYP3A4, SULT2A1, UDP
glucuronosyltransferase (UGT)2B4, and UGT2B7 was either unchanged or moderately
reduced in patients with PBC, but the expression of the basolateral bile-acid export
transporter, multidrug-resistance protein 4 (MRP4) protein, was induced in patients with
PBC (Zollner et al., 2007). The expression of orphan and liver-enriched NRs involved in the
regulation of bile-acid metabolism and transport, such as PXR, farnesoid X receptor (FXR),
CAR, RXR, and HNF4-α, was either unchanged or markedly reduced in livers of patients
with PBC, suggesting that drug-metabolism responses in certain cases of bile-acid overload
may be impaired (Zollner et al., 2007). These results suggest that there are conserved
responses to bile-acid overload that occur across species and indicate that NR-mediated
regulation of bile-acid synthesis, detoxification, and disposition may represent novel
therapeutic targets in the management of patients with cholestatic liver disease.

Chronic and acute inflammation affects the course of metabolic disease progression and also
influences NR activation. The acute-phase inflammatory response has been associated with
the suppression of a panel of NRs involved in SULT gene regulation, including CAR, FXR,
RXR, and PXR (Kim et al., 2004). Patients with chronic inflammatory diseases, such as
polymyalgia rheumatica and primary fibromyalgia, display decreased levels of circulating
DHEAS, suggesting that this sign may serve as a valuable biomarker of disease (Nilsson et
al., 1994; Kim et al., 2004). To determine whether there may be a linkage between DHEAS
in the bloodstream and NR-mediated changes in hepatic SULT2A1 expression, mice with
inherently high DHEAS levels were treated with lipopolysac-charide (LPS) to induce an
acute-phase response (Kim et al., 2004). Eight-week-old female mice were injected i.p. with
saline vehicle, 100 μg of LPS, or 40 mg/kg of PCN for 3 days, followed by LPS, and effects
on hepatic Sult2a expression and serum DHEA and DHEAS concentrations were determined
(Kim et al., 2004). Beginning at 4 hours and extending to 24 hours from the time of LPS
administration, hepatic Sult2a1 mRNA and activity levels were suppressed and circulating
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levels of DHEAS were reduced (Kim et al., 2004). LPS administration also suppressed
hepatic PAPSS2 expression and PCN-inducible Sult2a transcription (Kim et al., 2004). The
treatment of cultured Hep3B human hepatoma cells with tumor necrosis factor or
interleukin-1 inflammatory cytokines also decreased the amount of SULT2A1 mRNA,
although the precise mechanism underlying this effect was not characterized. These results
attest to the understudied role of “liver immunology” (Tanaka et al., 2012) and inflammatory
responses as mediators of NR-regulated pathways that govern the transcription of SULTs
and other target drug-metabolizing enzyme genes important to drug-drug interactions and
disease susceptibility in humans.

Two surveys conducted by Alnouti and Klaassen were focused on the role of NRs in the
transcriptional regulation of xenobiotic-metabolizing enzymes, including the SULTs and the
PAPS synthase (PAPSS) sulfate supply enzymes (Alnouti and Klaassen, 2008, 2012). In the
first study, 8-week-old male C57BL/6 mice were treated for 4 days with either vehicle
control or a panel of PXR activators, including 200 mg/kg of PCN, 200 mg/kg of spirono-
lactone, or 75 mg/kg of DEX (Alnouti and Klaassen, 2008). In general, these treatments
produced few consistent changes in hepatic SULT expression in male mice. PCN treatment
did produce a significant increase in Sult1e1 mRNA content, whereas DEX treatment
produced a much larger increase; however, it is possible that this latter effect was not PXR
mediated (Alnouti and Klaassen, 2008). In female mice, only the effects of PCN treatment
were evaluated. PCN treatment increased the hepatic levels of Sult2a1/2a2 and Sult4a1
mRNA and decreased Sult1c2 and Sult5a1 mRNA levels. PXR activator treatments
increased hepatic PAPSS2 mRNA levels in both male and female mice (Alnouti and
Klaassen, 2008). In the second study, WT and PXR-null mice were utilized to test the
specificity of PXR activation on SULT and PAPSS2 expression (Aleksunes and Klaassen,
2012). In this study, hepatic levels of Sult2a2, Sult3a, and PAPSS2 mRNA were
significantly higher in the livers of female PXR-null mice than they were in female WT
mice (Aleksunes and Klaassen, 2012). Treatment with PCN increased hepatic Sult2a2 and
PAPSS2 expression in female WT mice (Aleksunes and Klaassen, 2012).

In 2004, Echchgadda et al. investigated the role of PXR in the transactivation of murine
hepatic gene transcription. Male C57 black mice were injected i.p. with dimethyl sulfoxide
or PCN and sacrificed 24 hours later (Echchgadda et al., 2004a). Quantitative reverse-
transcriptase polymerase chain reaction (RT-PCR) revealed that Sult2a1 mRNA content was
4-fold higher in PCN-treated mice than in controls (Echchgadda et al., 2004a). Transient
transfections of murine Sult2a1 reporter constructs in HepG2 cells, complemented by DNase
I footprinting and EMSA analyses, indicated that PXR transactivates murine hepatic Sult2a1
gene transcription at an IR0 (inverted repeat with zero intervening nucleotides) motif located
in the proximal 5′-flanking region of the Sult2a1 gene (Echchgadda et al., 2004a). Murine
hepatic Sult2a has long been known as an “androgen-repressible” gene that demonstrates
increases in mRNA expression with the decline of hepatic androgen receptor levels in the
livers of aging male mice (Echchgadda et al., 2004a). In Echchgadda et al.’s study, the
expression of neither murine hepatic PXR nor RXR mRNA changed as male mice aged
from 8 to 24 months, suggesting that the PXR transcription factor does not play a significant
role in the age-related expression of this gene (Echchgadda et al., 2004a).

Unlike rodent SULT2A genes, human SULT2A1 does not contain an IR0 motif that acts as
a cis-acting control node for PXR-mediated transcription. Echchgadda et al. treated the
human intestinal cell line (Caco-2 cells) with activators of either PXR or CAR and found
that SULT2A1 was induced by ~1.7-fold and by 3.5-fold in response to PXR and CAR
activation, respectively (Echchgadda et al., 2007). DNase I footprinting and ChIP analyses
revealed the presence of a composite cis-acting response element in the 5′-flanking region of
the human SULT2A1 gene that contained an IR2 (inverted repeat with 2 intervening bases)

Runge-Morris et al. Page 9

Drug Metab Rev. Author manuscript; available in PMC 2013 November 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and an adjacent DR4 (direct repeat with four intervening bases) motif that bound to both
CAR and PXR and also included a proximal HNF4-α-binding site (Echchgadda et al.,
2007). Cotransfection of Caco-2 cells with SULT2A1 reporters and expression constructs
for PXR, CAR, and HNF4-α produced marked increases in PXR- or CAR-inducible
SULT2A1 transcription, suggesting an interaction between the PXR, CAR, and HNF4-α
NRs in the regulation of inducible SULT2A1 gene transcription in intestinal cells
(Echchgadda et al., 2007).

In primary cultured human hepatocytes, regulation of SULT2A1 gene transcription in
response to PXR activation proved to be complex. Primary cultures of human hepatocytes
isolated from 23 different liver donors were treated with RIF to activate PXR (Fang et al.,
2007). In all cases, CYP3A4, a gene that is known to be transactivated by PXR,
demonstrated increased mRNA levels in response to RIF treatment, although the magnitude
of induction varied considerably among individual donors (Fang et al., 2007). By contrast,
SULT2A1 mRNA expression in response to RIF treatment ranged from modest induction to
no change or frank suppression, in comparison to vehicle-treated controls (Fang et al.,
2007). Two RIF-responsive regions were identified in the 5′-flanking region of the human
SULT2A1 gene, one proximal and one distal, and both of these cis-acting elements bound
avidly to HNF4-α, but not to PXR/RXR (Fang et al., 2007). Cotransfection of HepG2 cells
with additional PXR increased RIF-inducible CYP3A4 reporter gene expression (positive
control), but suppressed SULT2A1 reporter gene transcription (Fang et al., 2007). The
results suggest that the HNF4-α NR plays a positive regulatory role in the control of
SULT2A1 transcription under basal conditions, but in the presence of RIF activation of
PXR, the positive influence of HNF4-α on SULT2A1 transcription is disrupted, either
through a physical interaction between the two transcription factors or a repositioning of
essential coactivators, and a net suppressive effect on human hepatic SULT2A1
transcription is produced (Fang et al., 2007).

PXR activation by RIF also produces a suppressive effect on human hepatic SULT1E1
transcription through a mechanism that involves HNF4-α (Kodama et al., 2011). SULT1E1
catalyzes the sulfation and inactivation of estrogens and has been shown to play a role in
hepatic energy homeostasis (Kodama et al., 2011). In the 1990s, the treatment of female
mice carrying the Avy mutation with DEX was observed to produce hyperin-sulinemia,
hyperglycemia, induced Sult1e1 expression, and a shift in hepatic sex-hormone balance
toward an androgenized liver environment (Gill et al., 1994). Similarly, hepatic Sult1e1 was
induced and Sult2a was reciprocally repressed in the livers of diabetes-susceptible C57BL/
KsJ mice with a recessive obesity mutation in the diabetes gene (db), a condition that creates
an androgenized hepatic microenvironment and obesity-related diabetes (Leiter and
Chapman, 1994). More recently, the Tg expression of SULT1E1 in murine adipose tissue
has been demonstrated to regulate fat and glucose energy balance (Khor et al., 2010;
Kodama et al., 2011). PXR activation by RIF represses human hepatic SULT1E1
transcription through a mechanism that does not involve the direct binding of the PXR
transcription factor to the SULT1E1 5′-flankng region (Kodama et al., 2011). Deletion
analyses revealed the presence of a 100-nucleotide RIF-responsive region in the SULT1E1
5′-flanking region that is localized to a distal enhancer element (−1000/−901) containing
overlapping DR1 and DR2 motifs and two forkhead factor recognition sites (Kodama et al.,
2011). As with SULT2A1 (Fang et al., 2007), the RIF-responsive regions in the SULT1E1
gene bind primarily to HNF4-α (Kodama et al., 2011). In the transcriptional regulation of
human hepatic SULT1E1, HNF4-α functionally loops the distal 100-nucleotide enhancer
region toward the proximal promoter region of SULT1E1 to activate SULT1E1 transcription
(Kodama et al., 2011). Ligand binding of RIF to PXR disrupts the looped structure of the
SULT1E1 promoter region, histone 3 is deacetylated, and SULT1E1 gene transcription is
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repressed, thus tipping the hepatocellular androgen/ estrogen balance toward greater
estrogenicity (Kodama et al., 2011).

SULT regulation by CAR
In 1994, Baes et al. identified MB67 as a human orphan NR that constitutively
transactivated a subset of retinoic acid response elements (RAREs) as a heterodimer with
RXR when transfected into cell lines (Baes et al., 1994). A closely related murine receptor
was then identified and named mCAR in recognition of its ability to cause constitutive
activation of RAREs, and MB67 was renamed hCAR (Choi et al., 1997). After 3α-hydroxy,
5α-reduced androstanes, such as 5α-androstan-3α-ol and 5α-androst-16-ene-3α-ol, were
subsequently found to inhibit the constitutive activity of CAR, the acronym was
redesignated to stand for constitutive androstane receptor (Forman et al., 1998). CAR’s role
as a “xenosensor” and an important regulator of xenobiotic-metabolizing enzyme
transcription was first demonstrated by Honkakoski et al., who found that hepatic nuclear
extracts from phenobarbital (PB)-treated mice showed enriched binding of RXR and CAR to
an affinity probe corresponding to a DR4 motif within the PB-responsive enhancer module
of the Cyp2b10 gene (Honkakoski et al., 1998). These investigators subsequently showed
that mCAR could mediate the induction of CYP2B6 by PB and PB-type inducers in HepG2
cells if the constitutive activity of CAR was first repressed by androstane treatment
(Sueyoshi et al., 1999). The CAR transcription factor transactivates not only target genes
involved in xenobiotic detoxification, such as CYP2B, but also genes involved in the
detoxification of endogenous metabolites, such as bilirubin and bile acids, and genes
involved in apoptosis and endocrine, glucose, and lipid metabolism (Kachaylo et al., 2011).
Unlike other NRs where ligand binding prompts the recruitment of coactivators, the CAR
LBD’s activation function-2 is in a constitutively active position (Kachaylo et al., 2011).
Treatment with either a CAR ligand agonist or a nonligand activator, such as PB, causes
cytoplasmic CAR to undergo dephosphorylation, disengage from a complex of chaperone
proteins, and translocate into the nucleus, where it heterodimerizes with RXR and binds to
cis-acting response elements in CAR target genes (Kachaylo et al., 2011).

In the study by Alnouti and Klaassen that has been described above, to evaluate the effect of
CAR activation on mouse hepatic SULT expression, 8-week-old male C57BL/6 mice were
treated for 4 days with either vehicle control or a panel of CAR activators, including 300 μg/
kg of 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), 200 mg/kg of diallyl
sulfide (DAS), or 100 mg/kg of PB (Alnouti and Klaassen, 2008). Female mice were treated
with TCPOBOP only. In general, the CAR activators were found to induce the mRNA
expression of several hepatic SULTs and PAPSS2, an effect that was more prominent in
female, relative to male, mice (Alnouti and Klaassen, 2008). The specificity of inducer
treatments represented a concern in this study, because treatment with DAS induced murine
hepatic Sult3a1 expression in male mice, but treatment with the other CAR activators failed
to alter Sult3a1 expression (Alnouti and Klaassen, 2008). Treatment of female mice with
TCPOBOP increased the expression of several hepatic SULTs, including Sult1c2, Sult1d1,
Sult1e1, Sult2a1/2a2, Sult2b1, Sult3a1, and Sult4a1 (Alnouti and Klaassen, 2008). Murine
hepatic PAPSS2 mRNA content was increased by TCPOBOP treatment in female, but not in
male, mice (Alnouti and Klaassen, 2008), suggesting that gender differences contribute to
CAR-mediated regulation of hepatic SULTs and the sulfate supply enzyme, PAPSS2, in
mice (Alnouti and Klaassen, 2008). In a second study, WT and CAR-null mice were utilized
to test the specificity of CAR activation on SULT and PAPSS2 expression (Aleksunes and
Klaassen, 2012). Treatment with TCPOBOP increased the expression of PAPSS2 and all
SULTs examined, including Sult1e1, Sult2a2, Sult3a1, and Sult5a1 (Aleksunes and
Klaassen, 2012).
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In 2004, Assem et al. reported that CAR is required for the coordinate regulation of hepatic
SULT2A and the ABC transporter, MRP4 (Assem et al., 2004). Hepatic SULT2A in rodents
has long been known to be “androgen repressible” at the level of transcription (Song et al.,
1998), and MRP4 knockout (KO) mice were observed to have reduced SULT2A expression
in the liver, presumably resulting from the build-up of androgenic steroids that would
normally have been transported out of the liver by MRP4 (Assem et al., 2004). In hepatic
failure, intrahepatic cholestasis, or FXR KO mice that display intrahepatic cholestasis
resulting from bile duct ligation, toxic bile acids accumulate and expression of hepatic
MRP4 is markedly induced (Assem et al., 2004). In support of the hypothesis that mouse
hepatic MRP4 and SULT2A are coordinately induced by CAR as a defensive measure to
prevent the build-up of toxic bile acids, Assem et al. showed that both MRP4 and Sult2a
expression are induced in the livers of mice treated with TCPOBOP, an effect that is ablated
in CAR-null mice (Assem et al., 2004). The stable expression of CAR in Hepa1c1c7 mouse
hepatoma cells increased the expression of MRP4 and Sult2a (Assem et al., 2004),
suggesting that these gene products work together to sulfonate bile acids, making them more
polar, and actively export them out of the liver to avoid the detergent effects associated with
bile-acid toxicity. In another study, Tg mice expressing a constitutively active CAR (VP-
CAR) in the liver were resistant to the hepatotoxic effects of LCA and had increased hepatic
Sult2a and PAPSS2 expression (Saini et al., 2004). There are seven murine SULT2A genes
(Kocarek et al., 2008). In EMSA analyses, the CAR transcription factor bound to an IR0
motif located in the proximal promoter region of a gene the investigators termed Sult2a9
(Saini et al., 2004); this gene appears to be equivalent to the gene that has been named
Sult2a3 by the National Center for Biotechnology Information.

Several xenobiotic CAR modulators have been reported to regulate SULT expression in
animal models with downstream effects on hormone metabolism. For example,
xanthohumol, a flavonoid from the hop plant, suppressed CAR expression in rat liver and
was associated with the repression of CAR target genes involved in thyroid hormone
metabolism, including SULT1A1, UGT1A1, and CYP2B15 (Radovic et al., 2010). Sulfation
accelerates thyroid hormone deiodination and inactivation (Rutgers et al., 1991), and when
liver tumor promoter-susceptible mice were treated with PB, hepatic Sult2a1 mRNA content
was increased by 260-fold and serum free thyroxine levels were significantly decreased
(Pakharukova et al., 2010). In 2011, Sueyoshi et al. investigated the effects of DAS, a
constituent of garlic extract that has been observed to induce xenobiotic-metabolizing
enzymes much the same as PB (Sueyoshi et al., 2011). DAS-treated WT mice demonstrated
striking increases in hepatic SULT1E1 mRNA, protein, and activity, and these effects were
all but eliminated in CAR-null mice (Sueyoshi et al., 2011). In this study, prototypical CAR
targets genes, such as CYP2b10 and CYP3a11, were also induced by DAS in WT, but not
CAR-null, mice (Sueyoshi et al., 2011). The time course for DAS-inducible SULT1E1
expression was more gradual, spanning over 48 hours, compared to that observed for
CYP2b10, which displayed robust induction within 6 hours of DAS treatment (Sueyoshi et
al., 2011). Ironically, in this study, serum estrogen levels, as a systemic measure of
SULT1E1 estrogen-inactivating effects, were slightly elevated in DAS-treated, relative to
control, mice and estrone sulfate levels were unchanged (Sueyoshi et al., 2011). These
results suggested that despite a large induction of the estrogen-inactivating enzyme,
SULT1E1, in mouse liver after DAS treatment, the effect on circulating estrogen levels was
minimal, indicating that SULT1E1 may target alternative endogenous substrates in liver
(Sueyoshi et al., 2011). Changes in the circulating levels of estrogens were also not observed
in Sult1e1 KO mice (Qian et al., 2001).

The plasticizer, di-n-butyl phthalate (DBP), activates both PXR and CAR in in vitro
transcription assays and, in vivo, causes reproductive abnormalities, increased liver weight,
and liver lesions in rodent models (Wyde et al., 2005). In pregnant rats treated with high
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doses of DBP (50-500 mg/kg), hepatic SULT1E1 mRNA content was increased by ~2- to 3-
fold in the dams, but not the fetuses (Wyde et al., 2005). CAR has also been implicated in
the inducible regulation of murine hepatic Sult1a1 that occurs in response to oral gavage
treatment with the toxic halogenated chemical byproduct, octachlorostyrene (OCS), a
compound with structural similarities to AhR ligands (Yanagiba et al., 2009). OCS treatment
induced murine hepatic SULT1E1 mRNA expression in AhR-null mice and, in EMSA
analysis, increased CAR binding to a prototypical PB response element, suggesting that
OCS is a xenobiotic CAR activator (Yanagiba et al., 2009). Overall, there is evidence, in
rodent systems, that the xenosensor CAR is a modulator of SULT gene expression, but more
in-depth analyses are required to define the role of CAR as a regulator of SULT gene
transcription in humans.

The role of CAR in cellular energy metabolism has revealed the integrated role of SULTs
and other xeno-biotic-metabolizing enzymes in the control of energy balance and signaling
pathways leading to obesity. CAR-null mice are resistant to weight loss prompted by calorie
restriction (Ding et al., 2006). In mice, fasting increases cyclic adenosine monophosphate
and also induces the expression of CAR, NR PPAR-γ coactivator 1 alpha (PCG1-α), and
CAR target genes, including Cyp2b10, Ugt1a1, Sult2a1, and the Oatp2 transporter (Ding et
al., 2006). HNF4-α directly transactivates CAR transcription, and in CAR reporter gene
assays, cotransfection of PGC1-α and HNF4-α produced an augmented effect on CAR
transcription (Ding et al., 2006). Fasted mice demonstrated increased Sult2a1 expression in
the liver, but this effect was blunted in the livers of HNF4-α-null mice, indicating an
essential interaction between CAR and HNF4-α in the induction of Sult2a1 (Ding et al.,
2006). By contrast, the mRNA expression of CAR and PXR, but not RXR, was reduced in
CD-1 mice fed a high-fat diet (60% kcal fat), relative to low-fat-diet-fed mice (10% kcal
fat), and hepatic Sult1a1 expression was reduced in the high-fat-diet-fed mice, which also
displayed a general suppression of CAR target genes (Ghose et al., 2011). Overall, these
studies on energy metabolism in rodent models suggest that CAR regulates SULT enzymes
that catalyze steps in energy homeostasis through their effects on thyroid hormone
metabolism and lipid balance.

SULT regulation by the vitamin D receptor (VDR)
The VDR/RXR transcription factor regulates calcium homeostasis in the kidney, bone, and
intestine and is also expressed in the liver (Echchgadda et al., 2004b). VDR is activated by
its prototypic ligand, 1α,25-dihydroxyvitamin D3 (VitD3), the biologically active form of
vitamin D. However, vitamin D analogs (Fan et al., 2009) and the hepatotoxic secondary
bile-acid LCA (Makishima et al., 2002; Echchgadda et al., 2004b) have also been described
as VDR ligands. Echchgadda et al. reported that VitD3-treated HepG2 cells cotransfected
with VDR and RXR had increased SULT2A1 mRNA and protein levels, thus suggesting a
role for VDR in the transactivation of human hepatic SULT2A1 (Echchgadda et al., 2004b).
To examine the potential for species differences in gene regulation, reporter constructs for
human, mouse, and rat SULT2A genes were transfected into HepG2 or Caco-2 cells that
were supplemented with exogenous VDR and treated with VitD3 (Echchgadda et al.,
2004b). These treatments were associated with the induction of SULT2A reporter gene
expression across species lines, and the effect appeared to be dependent upon the presence
of cotransfected VDR (Echchgadda et al., 2004b). Further DNaseI footprinting and EMSA
analyses revealed that VDR/RXR binds to the same IR0 motif in murine and rat SULT2A
that also binds to PXR and FXR (Echchgadda et al., 2004b). Overall, because the VDR,
FXR, and PXR NRs can all undergo activation by bile-acid intermediates, these studies
suggest an integrated role for bile-acid-sensing NR pathways in the transcriptional
regulation of SULT2A. In a later study, Song et al. reported that VitD3-inducible human
SULT2A1 transcription is activated by VDR/RXR through a mechanism involving a
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“composite” transcription factor complex (Song et al., 2006). This mechanism involves the
binding of VDR/RXR to an IR2 motif located at nucleotides -184 to -171 of the SULT2A1
5′-flanking sequence and also requires the binding of CAAT/enhancer-binding protein to a
site nine nucleotides downstream of the IR2 (Song et al., 2006). These investigators showed
that VitD3-inducible SULT2A1 reporter gene transcription could occur in HepG2 cells and
also demonstrated, by ChIP, that VDR and RXR were recruited to VitD3-responsive regions
in SULT2A1 in Caco-2 cells (Song et al., 2006). The Caco-2 cell line differentiates in cell
culture to enterocytes and is used as a model for the study of xenobiotic-metabolizing
enzymes and transporters in the intestine (Song et al., 2006). Because the metabolic
conversion of the precursor to active VitD3 occurs both in the liver and intestine, the Caco-2
cell line was used by Fan et al. to characterize VitD3 target genes in human intestinal cells
(Fan et al., 2009). After treatment of Caco-2 cells with VDR ligands, microarray analysis, in
combination with real-time RT-PCR and western blotting, indicated that expression of
CYP3A4 and the P-glycoprotein, MRP2, and MRP4 transporters was significantly increased
after VitD3 treatment, but that expression of SULT1E1, SULT2A1, and the MRP3
transporter was unchanged (Fan et al., 2009). It is possible that differences in cell-culture
conditions affecting the differentiation status of Caco-2 cells may account for the observed
differences between the two studies (Song et al., 2006; Fan et al., 2009).

SULT regulation by LXR
Regulation of SULT expression by LXR activation has primarily focused on the SULTs that
catalyze hydroxysteroid and estrogen sulfation. These SULTs include human SULT2A1 and
SULT2B1b, as well as SULT1E1, which is the high-affinity ß-estradiol-conjugating SULT
(Falany et al., 1995b; Zhang et al., 1998). LXR-mediated regulation of the steroid-selective
SULTs requires that the tissue-selective expression of the SULTs in humans as well as their
substrate selectivities and kinetic properties be understood to appreciate the function of the
regulation. Cross-species comparisons of LXR-mediated SULT regulation need to be
interpreted with regard to differences in isoform multiplicity, tissue-selective expression,
unique isoforms, and basal expression.

LXR-mediated regulation of the SULT2A and SULT2B enzymes is closely associated with
the possible role of these SULTs in the metabolism of LXR regulators, primarily oxysterols.
Multiple oxysterols are known to activate the LXRs and are considered to be the
physiological ligands for the LXRs (Gill et al., 2008). Most of the oxysterols that are LXR
ligands are also substrates for the SULT2A and SULT2B enzymes (Fuda et al., 2007; Cook
et al., 2009; Bai et al., 2012). There is a better understanding of the properties and activities
of the human SULT enzymes than for the rodent SULTs. Detailed studies of oxysterol
sulfation by the multiple rodent isoforms have not been reported on.

Human SULT2B1b has been termed the cholesterol SULT because of its greater affinity for
cholesterol sulfation, as compared with SULT2B1a (Fuda et al., 2002). However,
SULT2B1a protein expression has not been identified in any of the human tissues examined,
although SULT2B1a mRNA is detectable in several tissues and active enzyme can be
generated by heterologous expression in E. coli (Her et al., 1998; Fuda et al., 2002).
Although human SULT2A1 is also capable of sulfating cholesterol, only SULT2B1b is
expressed in human skin and keratinocytes (Higashi et al., 2004), which generate high levels
of cholesterol sulfate. Cholesterol sulfate has a major role in regulating several keratinocyte
functions, including corneocyte desquamation (Strott and Higashi, 2003). In addition,
cholesterol sulfate is hydrolyzed by steroid sulfatase in the stratum corneum, where it has a
role in the generation of the cutaneous permeability barrier (Higashi et al., 2004; Jiang et al.,
2005). SULT2A1 expression is limited to hepatocytes, the reticular layer of the adrenal, and
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the gastrointestinal tract—tissues that do not express SULT2B1b (Falany et al., 1995a;
Tashiro et al., 2000; Falany et al., 2006; Riches et al., 2009).

SULT2B1b expression is regulated by LXR and PPAR activation in human keratinocytes
(Jiang et al., 2005). Activation of both cultured differentiated and undifferentiated human
keratinocytes with selective LXR and PPAR agonists showed induction of SULT2B1b
mRNA and cholesterol SULT activity (Jiang et al., 2005), although cholesterol sulfation
activity was lower than expected from the message levels. The lower levels of activity are
probably associated with the inability to isolate SULT2B1b from tissues or cells in an active
form (Falany et al., 2006; He and Falany, 2006). Selective activation of LXR with 22(R)-
hydroxycholesterol and PPAR-γ with ciglitazone had an additive effect on SULT2B1b
mRNA expression (Jiang et al., 2005). Although LXR activation plays a role in SULT2B1b
expression in keratinocytes, the physiological ligand(s) of LXR in the keratinocytes have not
been established. Also, both LXR-α and LXR-β are activated by oxysterols (Gill et al.,
2008), and both LXRs are expressed in human keratinocytes in a manner that increases with
differentiation, which leaves the question of the relative roles of LXR-α and LXR-β in
SULT2B1b induction open for investigation. Although both SULT2A1 and SULT2B1b can
sulfate cholesterol, SULT2B1b has a more-limited reactivity with other hydroxysteroids and
xenobiotics than SULT2A1. Regulation of SULT2B1b expression by LXR in keratinocytes
provides a more specific role in the generation of cholesterol sulfate in a tissue where it is
involved with the generation and maintenance of epidermal integrity.

Naturally occurring oxysterols, especially those with an oxygenated side chain, act as LXR
ligands and meet the criteria for physiological LXR ligands (Gill et al., 2008). Cholesterol is
apparently not an LXR ligand allowing for the generation of a number of oxygenated
metabolites that are important in regulating cholesterol levels in different tissues. The
“oxysterol hypothesis” proposes that oxysterol regulation of LXR activation is an important
factor in coordinating many of the aspects of reverse cholesterol transport (Gill et al., 2008).
Several of the oxysterols, including 22(R)- and 25-hydroxycholesterol, have been
investigated as regulators of LXR (Janowski et al., 1999; Wong et al., 2008). In addition,
intermediates in cholesterol metabolism, such as zymosterol and desmosterol, are reported to
be LXR regulators (Yang et al., 2006). This suggests an integrated role for LXR activation
in different tissues that may involve the SULTs.

Several oxysterols have been implicated in the regulation of human SULT2 expression in
different tissues. Both human SULT2A1 and SULT2B1b are also capable of sulfating many
of the oxysterols (Fuda et al., 2007; Cook et al., 2009), as well as cholesterol (Aksoy et al.,
1993a; Fuda et al., 2002). In most tissues, the kinetics for oxysterol sulfation by both SULT
enzymes are considerably more favorable than for cholesterol sulfation. Although sulfation
of oxysterols has been regarded as an inactivation mechanism, similar to estrogen sulfates
not being able to bind to estrogen receptors, there are currently several reports that oxysterol
sulfates are physiologically active molecules. Cook et al. (Cook et al., 2009) demonstrated
that 24(S)-hydroxycholesterol-sulfate was a higher affinity inhibitor of LXR-α in a
coactivator recruitment assay than the unconjugated oxysterol was as an LXR agonist. Bai et
al. (2012) reported that 5-cholesten-3β-25-diol-3-sulfate suppresses LXR/sterol regulatory
element-binding protein (SREBP)-1c signaling with properties opposite to those
demonstrated by the unsulfated oxysterol. In cultured human aortic endothelial cells, 25-
hydroxycholesterol and 25-hydroxycholesterol-sulfate regulated aspects of lipid metabolism
in opposing directions, suggesting that regulation of SULT2B1b expression by LXR
activation may be involved (Xu et al., 2010). Studies of interaction of oxysterols and
oxysterol sulfates in the regulation of LXR activity is an area in need of investigation;
however, the initial data are suggestive of oxysterols and oxysterol sulfates having opposing
roles in the activation of LXRα. Combined with the ability of LXR to induce SULT1E1 and
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SULT2B1b in different tissues and cell types, the possible development of an interactive
pattern of SULT and substrate regulation is developing.

Synthesis of 24(S)-hydroxycholesterol is the only known mechanism for the removal of
cholesterol from human brain, and LXR activation has a role in increasing 24(S)-
hydroxycholesterol transport. Activation of LXR in primary rat oligodendrocytes with
T0901317 resulted in the induction of several LXR-target genes, including ABCA1,
ABCG1, and apolipoprotein E (Nelissen et al., 2012); however, the expression of
SULT2B1b was not reported on. Recently, SULT2B1b has been detected in both fetal and
adult human brain, suggesting a possible role for 24(S)-hydroxycholesterol sulfation in
cholesterol metabolism in the brain (Salman et al., 2011a). Therefore, LXR regulation of
SULT2B1b activity in brain tissues could have a significant role in metabolism and
excretion of cholesterol from the brain as well as the modulation of neurosteroids, such as
dehydroepiandrosterone and pregnenolone and their sulfates (Gibbs et al., 2006; Zheng,
2009).

The SULT2A family in rodents is sexually dimorphic with significantly higher expression of
the SULT2A isoforms in females, as compared to males (Kocarek et al., 2008; Waxman and
Holloway, 2009). This sexual dimorphism presents at puberty and occurs in concert with an
increase in SULT1A and SULT1C expression in males. Lee et al. (2008) have reported that
LXR activation inhibits androgen-dependent prostate regeneration in male mice in a
SULT2A-dependent manner. However, the expression of SULT2A in the prostate is not
well established. Expression of murine Sult2a9 was not detected in mouse prostate tissues,
nor did LXR activation induce its expression. LXR activation did induce Sult2a9 expression
in the liver, suggesting that hepatic sulfation of androgen may be responsible for the
decreased androgenic activity (Lee et al., 2008). In general, testosterone sulfation is
associated with SULT2A isoforms; however, the ability to conjugate the 17-position of the
D-ring is not as efficient as conjugation at the 3α- and 3ß-hydroxyl positions (Falany et al.,
1994). In contrast, expressed SULT2B1b has little or no activity toward androgens (Geese
and Raftogianis, 2001; Meloche and Falany, 2001). LXR activation also resulted in the
repression of steroid sulfatase (sulfatase C) expression in mouse prostate, suggesting an
additional mechanism for androgen inactivation in conjunction with increased androgen
sulfation (Lee et al., 2008).

Human SULT2A1 is the only SULT that is capable of sulfating testosterone on the D-ring
hydroxyl, allowing for a role in androgen sulfation. LXR activation is associated with
SULT2A1 induction in primary human hepatocytes (Uppal et al., 2007). Lee et al. (Lee et
al., 2008) reported that LXR activation increased SULT2A1 mRNA content in human
LNCaP prostate cancer cells. However, SULT2A1 protein or activity is not detectable in
LNCaP cells (He and Falany, 2007). In contrast, SULT2B1b is readily detectable in healthy
prostate epithelium, benign prostatic hyperplasia, and prostatic adenocarcinoma, as well as
LNCaP cells (He and Falany, 2007). LXR activation resulted in a modest increase in
SULT2B1b message levels in LNCaP cells, as compared to strong induction in keratinocytes
(Jiang et al., 2005). The role of LXR in the regulation of SULT expression is still not well
understood. Human SULT1E1 is also present in normal and prostate cancer tissues, allowing
for the possibility of its regulation by LXR activation (Nakamura et al., 2006; Suzuki et al.,
2011). LXR may have multiple roles in the regulation of androgenic activity in the prostate,
so a more-careful analysis of SULT expression and regulation in human prostate needs to be
considered.

Although several human SULTs can sulfate estrogens, SULT1E1 is responsible for the
sulfation and inactivation of E2 at physiological concentrations (Falany et al., 1995b; Zhang
et al., 1998). SULT1E1 has a Km for E2 sulfation of 4 nM and regulates estrogen receptor
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alpha (ER-α) activation by E2 in endometrial cells down to low picomolar concentrations
(Kotov et al., 1999). Induction of SULT1E1 activity provides a high-affinity mechanism for
the intracellular inactivation of E2 (Zhang et al., 1998). SULT1E1 is highly and specifically
overexpressed in the liver of strains of obese and diabetic mice (Leiter and Chapman, 1994).
In cystic fibrosis, transmembrane conductance regulator KO (CFTR−/−) mice, SULT1E1
activity is significantly increased in the livers of female CFTR−/− mice and half of male
CFTR−/− mice (Falany et al., 2002a). Hepatic SULT1E1 activity may be induced up to 100-
fold in mice; however, the levels and mechanism of induction in humans are not well
described.

Gong et al. (2007) reported that LXR activation in mice resulted in the liver-specific
transcriptional induction of SULT1E1 that inhibited estrogen-dependent uterine epithelial
proliferation. In addition, these investigators demonstrated that LXR activation inhibited the
growth of human MCF-7 breast cancer xenografts in nude mice (Gong et al., 2007). These
responses were not observed in SULT1E1 KO mice after treatment with LXR agonists.
SULT1E1 expression in human breast cancer cell lines and breast cancers is very low or
absent, compared to the levels in healthy breast epithelial cells and tissues (Suzuki et al.,
2011). SULT1E1 expression is not detectable in human MCF-7 cells (Falany and Falany,
1996; Falany et al., 2002b); LXR activation inhibited MCF-7 proliferation, although it was
not reported whether SULT1E1 expression was increased (Gong et al., 2007). MCF-7 cells
do express significant levels of SULT2B1b, which is inducible by LXR activation in other
tissues (Higashi et al., 2004; Dumas et al., 2008).

LXR activation has been implicated in the down regulation of growth-hormone stimulation
of insulin-like growth factor 1 (IGF-1) expression in human HepG2 hepatocytes by the
induction of SULT1E1 (Falany et al., 2009). E2 is required for optimal growth-hormone
stimulation of signal transducer and activator of transcription (STAT)5b phosphorylation
and IGF-1 transcription (Li et al., 2009). LXR activation of the HepG2 cells induced
SULT1E1, but not SULT1A1, expression, resulting in a decreased level of growth-hormone-
stimulated STAT5b phosphorylation (He et al., 2008). In Buffalo rat liver (BRL) cells, LXR
activation also downregulated growth-hormone-stimulated STAT5b activation (Zadjali et
al., 2011). In BRL cells, LXR activation decreased STAT5b protein levels through a
SREBP1-mediated mechanism; however, in human HepG2 cells, a decrease in STAT5b
levels was not detected after LXR activation (Li et al., 2009).

SULT regulation by the FXR
The involvement of FXR in the regulation of SULT expression has been investigated
because of its linkage to the sulfation of bile acids. FXR is one of the major bile-acid sensors
involved in the regulation of bile-acid levels in the intrahepatic circulation (Cui et al., 2012;
Matsubara et al., 2012). Conjugation of bile acids with a sulfonate group increases the water
solubility of the bile acids and decreases their toxicity that is closely associated with their
hydrophobicity (Alnouti, 2009). Initial studies identified high levels of sulfated bile acids in
the serum of patients with obstructive jaundice and acute hepatitis, but significantly lower
levels in patients with chronic hepatitis and cirrhosis (Makino et al., 1974, 1975). Bile-acid
sulfates are generally low in patients with a normal intrahepatic circulation of bile acids. In
healthy individuals administered primary and secondary bile acids, the highest rate of
sulfation was observed with lithocholate, with the subsequent transport of lithocholate 3-
sulfate into the bile (Alnouti, 2009). However, in hepatic conditions that disrupt the
intrahepatic circulation, sulfation is viewed as one mechanism for increasing bile-acid
solubility, and secretion into the circulation across the sinusoidal surface of the hepatocyte is
enhanced so that bile-acid sulfates can be excreted by the kidneys (Kitada et al., 2003).
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Bile-acid sulfation was initially associated with what is currently considered the SULT2
family in rats (Barnes et al., 1989). Utilizing pure human liver SULT2A1 or “DHEA-
sulfotransferase,” Radominska et al. (1990) demonstrated that DHEA-sulfotransferase was
responsible for bile-acid sulfation in the human liver. SULT2A1 was capable of sulfating all
of the bile acids as well as the taurine- and glycine-conjugated bile acids that were tested.
Lithocholate and its amidated metabolites were the most rapidly sulfated bile acids.
Lithocholate is a monohydroxylated derivative of CDCA and the most hydrophobic and
toxic member of the bile acids. In the human liver, the basal levels of SULT2A1 expression
are relatively high (Aksoy et al., 1993b; Falany et al., 1995a) and it is the only SULT
enzyme with a high affinity for bile acid and bile-amidate sulfation (Radominska et al.,
1990).

Initial characterization of SULT2A regulation indicated that CDCA was a potent
transcriptional inducer, mediated through the binding of FXR/RXR heterodimers (Song et
al., 2001). Promoter-reporter studies in HepG2 and Caco-2 cells indicated that FXR
stimulated rat SULT2A transcription by binding to the same IR0 motif that has been
described above under PXR (Song et al., 2001). Induction was detected utilizing insertion of
sequential promoter fragments as well as multiple copies of the IR0 motif in reporter
transfection assays in HepG2 and Caco-2 cells. In contrast to the reporter-assay-based
induction of rat SULT2A, Miyata et al. (2006b) demonstrated that treatment of HepG2 cells
with FXR agonists, CDCA, or GW4064 resulted in a repression of human SULT2A1
expression.

The in vivo repression of bile-acid sulfation and SULT2A1 expression associated with FXR
activation was also observed in mice. Kitada et al. (2003) reported that in mice fed 1%
lithocholate in the diet, Sult2a protein and bile-acid sulfation activity were higher in livers of
FXR-null mice than WT mice. Markers of LCA toxicity, including transaminase levels,
were also inversely correlated to SULT2A expression, indicating that increased LCA
sulfation had a protective role. From the FXR-null mouse studies, FXR expression
apparently had a repressive role on basal SULT2A expression. Subsequent studies by
Miyata et al. (2006a) using WT and FXR-null mice supported that CDCA activation of FXR
resulted in the repression of SULT2A expression. Because several of the NRs reported to
regulate SULT2A expression may bind to the same IR0 motif in rodent SULT2A promoters,
treatment of intact cells and animals with pharmacologic doses of FXR agonists may be
inhibiting the binding of other NRs that are involved with the induction or regulation of
SULT2A expression.

It is increasingly recognized that a complicated inter-play of NRs is involved in the
regulation of bile-acid levels in normal and pathological conditions. The response to rising
bile-acid levels involves numerous metabolic and transport systems, including SULTs. In
patients with stage III or IV PBC, a prototypic chronic cholestatic liver disease, the high rate
of bile-acid sulfate excretion was not associated with changes in SULT2A1 expression
(Zollner et al., 2007). The lack of altered SULT2A1 expression may be the result of a loss of
responsiveness in late-stage disease to FXR or other NR regulation. In addition, most of the
patients in this study received standard ursodeoxy-cholate treatment to maintain biliary
function without any observed effects on FXR activation (Zollner et al., 2007).

SULT regulation by RORs
The ROR transcription factors bind as monomers to AT-rich ROR response elements
(ROREs) in the 5′-flanking regions of target genes (Giguere et al., 1994). There is evidence
that these NRs are ligand activated by intermediates in cholesterol and retinoid metabolism,
such as cholesterol, cholesterol sulfate, 7-oxygenated sterols, and retinoids (Kallen et al.,

Runge-Morris et al. Page 18

Drug Metab Rev. Author manuscript; available in PMC 2013 November 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2002; Stehlin-Gaon et al., 2003; Kallen et al., 2004; Wang et al., 2010). Differential splicing
and alternative promoter usage enables a diversity of expression of ROR-α, ROR-β, and
ROR-γ isoforms in tissues (Jetten et al., 2001). Because ROR-α and ROR-γ are frequently
coexpressed in metabolically active tissues, such as the liver, kidney, and brown fat, their
functional roles were examined in single- and double-ROR-α/ROR-γ KO mouse models
(Jetten et al., 2001; Kang et al., 2007). Both ROR-α and ROR-γ were abundantly expressed
in the livers of WT AKR/J control mice and displayed fluctuations in expression that were
consistent with the periodicity of circadian rhythm (Kang et al., 2007). ROR-α/ROR-γ
double-KO mice displayed significant reductions in blood triglyceride and cholesterol
levels, relative to WT mice (Kang et al., 2007). Microarray analysis revealed striking
increases in the expression of Sult1e1 (16.9-fold) and Sult2a1 (43.5-fold) in the livers of
ROR-α/ROR-γ double-KO mice, relative to WT controls (Kang et al., 2007). Double-ROR-
α/ROR-γ KO mice also displayed disturbances in the expression of a range of hepatic target
genes involved in lipid, bile-acid, steroid, and xenobiotic metabolism, including Cyp7a1,
Cyp8b1,Cyp27a1, Cyp7b1 (bile-acid metabolism), Cyp4a10/14 (fatty-acid metabolism), and
Cyp2b10 (xenobiotic metabolism) (Kang et al., 2007). These results suggest that ROR-α and
ROR-γ play an important role in regulating metabolism and that they suppress murine
hepatic Sult1e1 and Sult2a1 transcription under basal conditions.

SULT regulation by the Estrogen-Related Receptors (ERRs)
The orphan NRs known as ERRs (ERR-α, ERR-β, and ERR-γ) share sequence similarities
with the estrogen receptor and can bind to extended NR half-sites as monomers (Johnston et
al., 1997) or homodimers (Vanacker et al., 1999). The role of ERR transcription factors in
the regulation of xenobiotic-metabolizing enzymes is just emerging. The existing data
suggest that under basal conditions, ERRs assume the conformation of a transcriptionally
active NR (Greschik et al., 2002). Natural estrogens do not activate ERRs, and only
synthetic ligands have been identified to date (Coward et al., 2001; Tremblay et al., 2001;
Willy et al., 2004). ERR-α is expressed in both fetal and adult adrenal tissue and its
expression in the adrenal cortex colocalizes with that of SULT2A1, a major steroidogenic
enzyme in the adrenal gland (Seely et al., 2005). Transient cotransfections of SULT2A1
reporter constructs with ERR-α expression plasmid were performed in CV-1 cells (Seely et
al., 2005). These studies demonstrated a marked induction of SULT2A1 reporter gene
transcription in response to ERR-α stimulation (Seely et al., 2005). Serial deletions revealed
the presence of three ERR-α-responsive sites in the 5′-flanking region of SULT2A1 located
at nucleotides −1191, −85, and −65, relative to the core promoter region (Seely et al., 2005).
Site-directed mutagenesis of each site impaired ERR-α-inducible SULT2A1 transcription,
but the sites located at −85 and −65 had the greatest effect (Seely et al., 2005). These sites
were demonstrated by EMSA to bind proteins in adult adrenal nuclear extracts, and complex
formation was retarded by the addition of ERR-α Ab (Seely et al., 2005). Because
steroidogenic transcription factor 1 (SF1) was previously shown to regulate SULT2A1
transcription in the adrenal gland, the effects of ERR-α and SF1 cotransfection were also
examined in a series of cotransfection studies conducted in CV-1 cells (Seely et al., 2005).
The results indicated that both SF1 and ERR-α induced SULT2A1 reporter gene expression
to a comparable extent and that cotransfection neither augmented nor impaired SULT2A1
inducibility, suggesting that ERR-α and SF1 likely regulate SULT2A1 through independent
mechanisms, but may share the same cis-acting response elements (Seely et al., 2005). In
HepG2 cells, the cotransfection of increasing amounts of ERR-α expression plasmid has
been reported to produce dosedependent decreases in SULT2A1 reporter expression, and
cis-acting regions in the SULT2A1 5′-flanking region mediating this effect have been
identified (Huang et al., 2011). However, the biological significance of ERR-α in the liver
and other tissues where ERR-α levels are measurably lower than those demonstrated in
adrenal and heart issues, for example, is not clear and will require further investigation.
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Conclusion
SULTs have important functions in the metabolism of many drugs and xenobiotics,
primarily in the inactivation of their pharmacological effects by conjugation with the
charged sulfonate group. Many of the SULT enzymes also have important roles in the
metabolism of endogenous compounds, including steroids, oxysterols, and bile acids. The
initial characterization of the “orphan” NRs established their important functions as
xenosensors to modulate or adapt metabolism to the exposure of environmental compounds.
Subsequent characterization of these NRs described equally important roles in the regulation
of myriad endogenous processes. The NR regulation of the SULTs is primarily associated
with endogenous physiological activities of the SULTs, in contrast to their xenobiotic/drug-
conjugation activities.

NR regulation of the SULTs focuses mainly on three enzymes (SULT1E1, SULT2A1, and
SULT2B1b), which are responsible for estrogen, hydroxysteroid, oxysterol, and cholesterol
sulfation. The SULT1 enzymes (SULTs 1A, 1B, 1C, and 1D) associated with phenolic
compound conjugation are not generally responsive to regulation by the NRs. The role of
SULT2A1 in decreasing bile-acid/ amidate toxicity in situations of disrupted bile synthesis
and/or enterohepatic circulation has been extensively studied. Several NRs regulate
SULT2A1 expression and, in several instances, apparently by the same promoter elements.
The complex regulation of SULT2A1 expression in the human liver may act to dampen the
overall regulation of its expression in vivo, an interesting, important direction for future
research. The interpretation of NR regulation of the SULT2A family in rodents has been
significantly hampered by the multiplicity of isoforms, sex-dependent expression, and lack
of understanding of the activity, substrate selectivity, and regulation of the individual
isoforms.

Evolving areas of nuclear regulation of SULT expression involve extrahepatic tissues, where
the involvement of different NRs is becoming apparent. ERR-α appears to have a major role
in the regulation of SULT2A1 expression in human adrenal tissue, where it is involved with
the synthesis of high levels of DHEAS. SULT2B1b regulation, by PPAR-α and/or LXR, in
human keratinocytes is linked to the regulation of cholesterol sulfate formation in the skin.
Oxysterol regulation of SULT2B1b expression and function in tissues, such as prostate and
aortic endothelial cells, is in need of investigation.

SULT1E1 is responsible for high-affinity sulfation of estradiol at physiological
concentrations. Sult1e1 expression has been observed to be highly induced (>100-fold) in
mouse liver in genetic conditions, such as ob/ob or db/db mice or CFTR−/− mice. PXR,
CAR, LXR, and ROR have been implicated in the regulation of Sult1e1 expression in mice;
however, the large variability of SULT1E1 expression has not been reported on in humans.
LXR induction of SULT1E1 expression was implicated in the regulation of growth-hormone
signaling in human HepG2 cells.

To date, NR regulation of the SULTs appears to focus on the steroid/sterol-conjugating
enzymes. The effects of NR/SULT regulation and function in rodents may provide insights
into regulation in humans; however, direct comparisons should be made cautiously.
Investigation of the role of the individual NRs in the expression and regulation of the SULTs
in extrahepatic tissues is in need of investigation.
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Figure 1.
Examples of how SULT-catalyzed sulfation of endogenous molecules can affect cell-
signaling processes. Green block arrows indicate activation, whereas red block arrows
indicate inhibition.
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Figure 2
. Summary of regulation of SULT expression by NRs. The SULT genes and biological
systems are indicated. For the murine SULTs, in many cases, there are sex differences in
expression.
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