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The cytosolic sulfotransferases (SULTs) are Phase II
detoxifying enzymes that mediate the sulfate conjuga-
tion of numerous xenobiotic molecules. While the
research on the SULTs has lagged behind the research
on Phase I cytochrome P-450 enzymes and other
Phase II conjugating enzymes, it has gained more
momentum in recent years. This review aims to
summarize information obtained in several fronts of
the research on the SULTs, including the range of the
SULTs in different life forms, concerted actions of
the SULTs and other Phase II enzymes, insights into
the structure–function relationships of the SULTs,
regulation of SULT expression and activity, develop-
mental expression of SULTs, as well as the use of a
zebrafish model for studying the developmental phar-
macology/toxicology.
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The research on the cytosolic sulfotransferases
(SULTs) and SULT-mediated sulfation of drugs and
other xenobiotics, as well as a number of key endoge-
nous compounds, has long lagged behind the research
on cytochrome P-450s and other Phase II enzymes
such as UDP-glucuronosyltransferases (UGTs) and cat-
echol-O-methyltransferases (COMTs). In recent years,
however, the research on SULTs has gained consider-
ably more momentum. This review aims to summarize
some recent advances concerning the SULT research.

I. Overview of the SULT-mediated
sulfation

Biological sulfation was first discovered when phenyl
sulfate was isolated from the urine of a patient being

treated with phenol as an antiseptic.1) This finding had
positioned the research on sulfation and sulfotransferase
enzymes within the area of pharmacology/toxicology for
over a century. Indeed, many studies using experimental
animals or human subjects have demonstrated the
metabolism of drugs through sulfation.2,3) The responsi-
ble enzymes, now called the SULTs, in vertebrates
are hence viewed as detoxifying or Phase II drug-
metabolizing enzymes.4–7) These enzymes catalyze the
transfer of the sulfonate group from the active sulfate,
3′-phosphoadenosine 5′-phosphosulfate (PAPS), to sub-
strate compounds containing hydroxyl or amino group
(s).8) Sulfate conjugation may result in the inactivation
of the substrate compounds or increase their water-
solubility, thereby facilitating their removal from the
body.4–7) Many of the SULT enzymes have also been
shown to be involved in the sulfation of key endogenous
compounds such as steroids and catecolamines.9) Fig. 1
shows typical SULT-mediated sulfation reactions.

II. Range of the SULTs in different life
forms

To distinguish them from the Golgi membrane-bound
sulfotransferases that are responsible for the sulfation of
proteins, proteoglycans, and glycolipids,10,11) the SULTs
have been defined as cytosolic enzymes involved in the
sulfation of low molecular weight compounds.4–7)

Enzymes of this nature have been reported to be present
in different life forms spanning both prokaryotes and
eukaryotes. This is not surprising considering that a
major function of these enzymes is the detoxification of
numerous xenobiotic compounds that pose as a constant
threat to intrude cells in all living forms. Evidence for
the existence of sulfotransferases in bacteria first came
from the detection of arylsulfotransferase activity in the
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feces of human and rat.12) It was later demonstrated that
a novel type of arylsulfotransferase capable of mediat-
ing the sulfation of quercetin was present in a human
intestinal bacterium.13) Following these initial findings,
sulfotransferases from a number of bacteria, including
Eubacterium, Klebsiella, Haemophilus, Citrobacter, and
Mycobacteria were reported.14–17) Among eukaryotic
micro-organisms, arylsulfotransferase activities had been
detected in the filamentous fungus Cunninghamella ele-
gans and the white rot fungus Pleurotus ostreatus.18,19)

Among plants, the presence of sulfotransferase was first
reported in spinach leaves.20) Subsequently, a variety of
flavonol sulfotransferases were detected in different
plant species.21) In a model plant organism, Arabidopsis
thaliana, 21 distinct sulfotransferases have been identi-
fied.22) In the animal kingdom, the SULT can be found
in Caenorhabditis elegans, which contains a sole SULT
enzyme reported to be abundantly expressed at the
dauer larvae stage during development.23) A family of
SULTs has been detected in Drosophila melanoga-
ster.24) Three of the four Drosophila SULTs were
shown to be expressed during embryogenesis, with the
fourth one being expressed post-embryonically.25)

Among vertebrates, numerous SULTs have been
reported.26,27) Based on their amino acid sequences, all
SULTs found in vertebrates are proposed to constitute a
gene superfamily.28) In humans, 15 distinct SULTs clas-
sified into 4 SULT gene families are present,28,29)

whereas in mouse, 23 SULTs spread among 7 SULT
gene families are known.28) As described below, 20
SULTs categorized into 6 SULT gene families have
been identified in zebrafish. Fig. 2 shows a dendrogram
comprising all human and mouse SULTs.

III. Concerted actions of the SULTs and
other Phase II enzymes

It is generally known that the metabolism of drugs
and other xenobiotics may proceed through two phases,
with Phase I reactions involving the generation of
functional groups that may subsequently be used in
Phase II reactions.30) In the Phase II drug/xenobiotic
metabolism, different groups of Phase II enzymes have
also been shown to act in a concerted manner. For
example, mono-conjugated metabolites, particularly
methylated metabolites, have been reported to undergo

sulfation reaction. Methylated catecholamines such
as 3-O-methyldopamine and 3-O-methylepinephrine
have been shown to be subjected to the sulfation
mediated by SULT1A3, and methylated catechol
estrogens (methoxyestrogens) have been shown to be
subjected to sulfation by SULT1A1, SULT1A3, and
SULT1E1.31–33) Methylated metabolites of quercetin
have been also reported to be sulfated by the SULT
enzyme(s) in rat liver lysates.34) These results implied a
concerted action of the COMTs and the SULTs in the
metabolism of catechol and polyphenol compounds. A
number of glucuronide-sulfate double-conjugated
metabolites of polyphenols, e.g. catechin and genistein,
have been detected from human urine, implying the
concerted action of UGTs and the SULTs in the meta-
bolism of polyphenols.35–37) The enzymatic sulfation
reaction of O-glucuronide polyphenols, however, has
not yet been reported and remains to be investigated.

IV. Insights into the structure–function
relationships of the SULTs and in silico
studies identifying the substrate of SULTs

The majority of the SULT enzymes are known to be
capable of catalyzing the sulfation of a range of sub-
strate compounds, indicating their flexible active
sites.38–40) Many SULT enzymes share the same sub-
strates with differential kinetics of sulfation, making it
difficult in projecting their physiological substrate spec-
tra and functions. To better understand these latter
aspects, structural analyses of the SULT enzymes have
been undertaken in the past two decades. Starting from
the early 1990s, cDNA encoding SULTs from human
and other species have been cloned and sequenced.27)

Deduced amino acid sequences of different SULTs
provided useful information for not only the classifica-
tion of the SULTs, but also the delineation of con-
served sequences, particularly the so-called “signature
sequences” that are involved in the binding of PAPS, a
co-substrate and sulfonate donor involved in the SULT-
mediated sulfation reaction.8) In 1997, the first crystal
structure of SULT, that of the mouse estrogen sulfo-
transferase, was reported.41) In the following decade,
crystal structures of a good number SULTs from differ-
ent species have been determined and revealed details
about the structures of the PAPS-binding and substrate-
binding sites.38,40,42) Generally speaking, the overall
structures of the SULTs, including the PAPS-binding
regions, dimerization motif, and critical catalytic resi-
dues such as histidine and lysine, are conserved among
SULT members. The substrate-binding sites, particu-
larly the substrate-binding loops, however, showed
considerable variations among SULT enzymes. Intrigu-
ingly, clustering analyses using sequences or structures
in the substrate-binding sites have demonstrated that
the clustering with substrate-binding site was relatively
similar to that with enzymatic activity data rather than
that with entire amino acid sequences used for the clas-
sification of the SULTs.38) This observation indicated
that the enzymatic characteristics may correlate more
with the substrate-binding site, which is formed by
three substrate-binding loops, than the genetic distance,
implying the feasibility of taking the in silico approach

Fig. 1. Typical SULT-mediated sulfation reactions.
Notes: Different SULT enzymes may catalyze the transfer of the

sulfonate (�SO�
3 ) group from the donor compound, PAPS, to the

hydroxyl (−OH) or amino (−NH2) group of the substrate compound.
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to predict the substrate compounds for different SULTs.
Although the classic enzymatic assays remain useful
for the identification of substrates, in silico studies are
becoming an increasingly more useful methodology for
identifying novel substrate compounds as well as for
investigating the catalytic mechanisms at the molecular
level. The first in silico substrate-screening study was
performed in 2009, which virtually docked over 50,000
chemical compounds from World Drug Index into
the substrate-binding pockets of SUULT1A3 and
SULT1E1, respectively.43) The compounds with hydro-
xyl groups not correctly oriented at the sulfonate-
transfer site were excluded. Interestingly, the final
output showed that 10 of the top 12 high score com-
pounds for SULT1A3 were dopaminergic compounds
and 4 of the top 12 for SULT1E1 were estrogenic com-
pounds. Although the status of these potential substrate
compounds have not yet been verified, the results
derived from this in silico study appeared compatible
to the substrate specificity of SULT1A3 and SULT1E1
previously reported. It is noted that the structures used
in the docking simulations included both the PAP(S)-
bound structures and the rigid substrate-binding pockets
derived from crystal structure data. It has been pro-
posed that PAP(S) binding may alter the conformation
of the substrate-binding pockets and that the substrate-
binding pockets are flexible in response to the incom-
ing substrates.40,44) A more recent in silico substrate-
screening study utilizing structures without and with
bound PAP(S) and taking into consideration the

dynamics of substrate-binding pockets also yielded
highly accurate predictions of substrate compounds.45)

In short, in silico docking simulation is becoming a
good method for screening candidate substrate com-
pounds, and may be useful for finding substrates for
orphan SULTs such as human SULT4A1.

V. Regulation of SULT expression and
activity

A number of xenobiotics, e.g. polychlorinated biphe-
nyls, drug compounds, and dietary polyphenol, have
been shown to directly inhibit the SULT activity.46,47)

The transcriptional regulation of SULTs has been a sub-
ject for investigation in the past two decades. Several
nuclear receptors, e.g. constitutive androstane receptor,
glucocorticoid receptor, and peroxisome proliferator-
activated receptors, in conjunction with their ligand
compounds, have been demonstrated to be involved in
the regulation of the transcription of SULT genes.48–50)

Xenobiotics such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
and dexamethasone have been reported to affect the
expression of the SULTs through aromatic hydrocarbon
receptor and pregnane X receptor.39,48) More recently,
several studies revealed that a nuclear transcription fac-
tor, E2-related factor 2 (Nrf2), is likely involved in the
regulation of SULT gene expression. Nrf2 is a tran-
scription factor that binds to the antioxidant response
elements (AREs) by responding the oxidative stress

Fig. 2. Classification of the human and mouse SULTs based on their amino acid sequences.
Note: The dendrogram was generated based on the degree of amino acid sequences among the human and mouse SULTs.
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and controls the transcription of a number of Phase
II drug-metabolizing/detoxifying enzymes.51,52) It has
been reported that an antioxidant, caffeic acid, may
upregulate the expression of SULT1A1 dependent on
the phosphorylation of Nrf2 by the activation of p38
mitogen-activated protein kinase (MAPK) pathway.53)

Nrf2 activators, such as butylated hydroxyanisole, olti-
plaz, and ethoxyquin, have also been shown to affect
the expression of many SULT genes, including
SULT1A1, SULT1B1, SULT1C1, SULT1C2, SULT1D1,
SULT1E1, SULT3A1, and SULT5A1 in mice.49) Indeed,
Nrf2-null mice were found to manifest decreased
expression of SULT3A1 and SULT5A1.54) However,
Nrf2-null mice showed no change in the expression of
SULT1A1, SULT1D1, and SULT1E1 regardless of
induction by an Nrf2 activator, oltiplaz.54,55) In con-
trast, oxidative stress, caused by liver ischemia and
reperfusion (I/R), was found to induce the expression
of SULT1E1 through the binding of Nrf2 to ARE.56)

Interestingly, accumulation of Nrf2 upon IR was more
intense in female SULT1E1-/- mice than in wild-type
mice,56) implying that estrogens may regulate the acti-
vation of Nrf2 and that the regulation of SULT1E1
expression by Nrf2 may be subjected to a negative
feedback mechanism. It is worthwhile mentioning that
Nrf2 activators are also known to modify or oxidize
the cysteine residues of proteins, e.g. Keap 1, repress-
ing Nrf2 action, and activate MAPK pathway, possibly
through the generated reactive phenoxy radicals.52,57)

Oxidative stress, therefore, may affect the expression of
those SULT genes unresponsive to Nrf2 action, and
perhaps genes coding for other detoxifying-enzymes as
well. Previous studies have also demonstrated that
Keap 1-knockdown mice displayed decreased acetami-
nophen-sulfating activity in the liver and oxidative
stress treatment in liver cytosols or slices affected the
sulfating activities of SULT1A1 and SULT1E1.58–60)

Cellular antioxidant responses therefore may affect the
regulation of expression and/or activity of the SULTs,
although detailed mechanisms remain to be clarified.
Other cellular responses, e.g. those to nitric oxide (NO)
stress and cytokine stimulations, have also been shown
to regulate the expression or activity of the SULTs. A
study revealed that treatment with NO donors led to
the decrease in estrogen-sulfating activity in MCF-7
human breast cancer cells, possibly due to the inactiva-
tion of SULT1E1.61) The mechanism underlying the
decrease in estrogen-sulfating activity is not fully
understood, but peroxynitrite treatment of SULT1E1
enzyme caused the tyrosine nitration of the SULT1E1
and a decrease in the sulfating activity of nitrated
SULT1E1,61) indicating that nitrative stress may result
in the inhibition of the activity of SULT1E1 through
tyrosine nitration of SULT1E1. Treatment with NO
donors has also been shown to downregulate the
expression of SULT2A1 in HepG2 human hepatoma
cells through the activation of MAPK pathway, leading
to the decrease in hydroxysteroid-sulfating activity.62)

SULT2A1 has also been shown to be downregulated in
response to stimulation of lipopolysaccharide (LPS)
and cytokines such as TNF and IL-1, implying that the
steroid-sulfating activity may be suppressed under
inflammatory conditions.63) Like SULT2A1, SULT2B1a
has been also reported to be downregulated through

NO signaling in response to the stimulation of LPS and
TNF.64) These results implicated that NO signaling
may regulate the steroid-sulfating SULTs, SULT1E1,
SULT2A1, and SULT2B1a, in response to various
stimulations. Like some other drug-metabolizing
enzymes, recent studies have shown the induction of
certain SULTs by their substrates, either directly or
indirectly. For example, the expression of SULT1A3
was found to be induced by its prototype substrate,
dopamine, via ERK pathway in SK-N-MC and
SH-SY5Y human neuroblastoma cells.65) Ethanol has
been shown to induce ethanol-sulfating SULTs,66,67)

SULT1A1 and SULT1E1, in cultured HepG2 human
hepatoma cells.68) Interestingly, 17β-estradiol, a sub-
strate for SULT1A1 and SULT1E1, was demonstrated
to be capable of inducing SULT2A1, implying that the
sulfation of androgens, which are estrogen precursors,
is regulated by 17β-estradiol.69) Taken together, the
above-mentioned findings clearly indicated that the pro-
duction and the functioning of the SULT enzymes are
dynamic events that may undergo changes in response
to cellular conditions.

VI. Developmental expressions of SULTs

Many of the Phase II drug-metabolizing/detoxifying
enzymes are not strongly expressed in early life as they
are in adulthood. The SULT enzymes are, however,
unique in that they are strongly expressed early in life.
Significant sulfating activities toward p-nitrophenol,
β-naphthol, dopamine, and estrogens were detected in a
variety of human fetal specimens prepared from the
adrenals, gut, kidney, liver, and lung.70–72) In contrast,
UGTs were found to be poorly expressed in fetal and
early neonatal liver.73,74) Furthermore, comparative
analyses of sulfation and glucuronidation activities
between fetal and adult liver samples revealed that the
fetal sulfation activities toward β-naphthol and ritodor-
ine were stronger than those of glucuronidation,
whereas adult sulfation activities were weaker than
those of glucuronidation.75,76) Compared with other
Phase II enzymes, the SULTs therefore are thought to
play a more prominent role in the protection against
xenobiotics as well as in the regulation of hormone
functions during fetal, neonatal, and infant develop-
ment. A number of ontogenic studies have been per-
formed by investigating the sulfating activities of major
SULT enzymes, including SULT1A1, SULT1A3,
SULT1E1, and SULT2A1, using their prototype sub-
strates such as p-nitrophenol, dopamine, estradiol, and
dehydroepiandrosterone (DHEA).77–82) All these studies
revealed high levels of expression of the SULT
enzymes during the prenatal period, indicating the
importance of these enzymes in fetus. Another SULT1
isoform, SULT1B1, has been shown to be extensively
expressed in fetal intestine and continued to be
expressed in adult intestine. In contrast to its low
expression level in fetal liver, the expression of
SULT1B1 was shown to be dramatically increased in
adult liver.80) Since SULT1B1 has been shown to be
capable of catalyzing the sulfation of thyroid hor-
mones,83) it may play a role in their homeostasis. Of
special interest are members of the SULT1C subfamily.
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While it remains to be fully investigated, a few studies
have revealed the expression of SULT1C2 in fetal liver,
kidney, and intestine.84) Moreover, the intestinal expres-
sion of SULT1C2 in the fetus was found to be much
stronger than that in adult.80,84) SULT1C4 expression
was detected in fetal kidney, lung, and heart, as well as
in adult ovary and spinal cord, implying its specific
expression in fetal and maternal tissues.85) Members of
the SULT1C subfamily may, therefore, appear to play
an important role in the protection against the exposure
to xenobiotics during the fetal period. Of the two
human SULT2B members, SULT2B1a was detected in
fetal, but not adult, brain, whereas SULT2B1b was
detected in adult, but not fetal, brain.86,87) SULT4A1,
the sole member of the SULT4 subfamily,88,89) has
been shown to be exclusively expressed in brain and
other neuronal tissues, and has been linked to
Schizophrenia.90,91) Although its ontogenic expression
has not been fully characterized, the SULT4A1 mRNA
expression has been confirmed in the fetal brain and
the level of expression is in fact higher than that in
adult brain.88,89) The ontogenic expression of the
human SULTs and associated functional implications
remained to be fully understood. In vivo studies using
animal models are needed in order to elucidate the
physiological functions of the SULTs in fetal life.

VII. Zebrafish as a model for SULT research

Zebrafish have been widely used as an animal model
for developmental biology research.92,93) In recent
years, zebrafish have also found their place in pharma-
cology/toxicology research.94,95) Our laboratories have
recently embarked on the use of zebrafish as a model
for investigating some fundamental aspects of the
SULTs.96,97) The benefits of using zebrafish to explore
the physiological role of the SULTs, especially in
embryogenesis and organogenesis, will be discussed.
To date, 20 distinct zebrafish SULTs, including 9
SULT1s, 3 SULT2s, 5 SULT3s, 1 SULT4, 1 SULT5,
and 1 SULT6, have been cloned, expressed, purified,
and characterized.98–109) All these zebrafish SULTs,
similar to human and other mammalian SULTs, contain
the so-called “signature sequences” (YPK(A/S)GTxW
in the N-terminal region and RKGxxGDW(V/K)NxFT
in the C-terminal region) characteristic of the SULT
enzymes.27) Of the nine zebrafish SULT1 enzymes,
SULT1 ST1 through ST4 as well as SULT1 ST7
through ST9 were capable of sulfating a variety of
low-molecular weight xenobiotic compounds and there-
fore appeared to be involved in the general detoxifica-
tion processes.99,102,105,106,108,109) Interestingly, SULT1
ST5 and ST6 displayed strict substrate specificity,
respectively, for thyroid hormones and estrogens.98,100)

These two enzymes, therefore, appear to be the zebra-
fish counterparts of the human thyroid hormone-
sulfating SULT1B1 and estrogen-sulfating SULT1E1.
Indeed, zebrafish SULT1 ST5 and ST6 exhibited the
highest % homology values at the amino acid sequence
level to human SULT1B1 and SULT1E1, respectively,
among all 11 known human SULTs.83,110) The three
zebrafish SULT2 STs, which appear to correspond to
the three human SULT2 enzymes, exhibited differential

sulfating activities toward various hydroxysteroids, with
optimal activities for SULT2 ST1, ST2, and ST3 being
toward pregnenolone, DHEA, and corticosterone,
respectively.103,107) The five zebrafish SULT3 enzymes
showed sulfating activities toward a number of endoge-
nous compounds including 17β-estradiol, DHEA and
pregnenolone, and xenobiotic compounds such as
bisphenol A, 2-naphthol, and 2-naphthylamine.103) The
enzymatic properties of both zebrafish SULT4 and
SULT5, however, remain to be fully characterized. It is
noted that zebrafish SULT4 shares an 89% amino acid
sequence identity with the human SULT4A1.88,89)

SULT4-knocked down zebrafish has recently been gen-
erated and shown to be associated with altered expres-
sion of 135 genes including phototransduction genes,
circadian rhythm-related genes, and CREB signaling
genes, whereas no morphological phenotypes were
observed.111) It was subsequently reported that SULT4
frameshift mutant zebrafish manifested slightly less
active locomotor behaviors during the daytime.112) Zeb-
rafish SULT6, on the other hand, has been shown to
exhibit differential sulfating activities toward various
endogenous and xenobiotic compounds tested as sub-
strates.104) It is to be noted that a human SULT6B1 has
also been identified in human genome.29) It therefore
appears that the zebrafish possesses many homologous
SULT enzymes that are present in humans.
As mentioned above, previous studies have revealed

the SULTs as predominant conjugation enzymes during
early development, particularly the fetal and neonatal
stages.70–72,75,76) Primarily due to the inconvenience
and limitations involved in using mammalian animal
models, zebrafish may serve as a useful model for sys-
tematically exploring the expression patterns and
in vivo involvement of the SULTs during embryogene-
sis onto larval development. In view of the regulation
of key endogenous compounds through the sulfation
during the development, it is an interesting issue
whether the expression of SULTs may correlate with
the development of the endocrine or nervous system.
The developmental expression of the zebrafish SULTs
have been investigated using RT-PCR. Different SULTs
exhibited distinct patterns of expression at different
stages during embryogenesis as well as larval develop-
ment.98–103,113,114) Fig. 3 shows the expression patterns
of several SULTs during the zebrafish development. Of
the four monoamine-sulfating SULTs, SULT1 ST1,
SULT1 ST2, SULT1 ST3, and SULT1 ST6, the expres-
sion of SULT1 ST1 started during the pharyngula per-
iod and the expression of the other three did not start
until 3 days into the larval stage. In both cases, the
expression continued to increase until maturation. It
has been reported that during zebrafish development,
aminergic neurons first appear at diencephalon and
locus coeruleus in the pharyngula period (24 hpf).
Innervation to posterior tuberculum and spinal cord
occurs by the hatching period (2–3 dpf), and the devel-
opment of the aminergic neuron system completes
shortly after the hatching time.115) Based on their
developmental expression patterns, only SULT1 ST1
may, therefore, play an role in the regulation of
monoamines at the beginning of aminergic system
development and other three SULTs may get involved
later toward the completion of the aminergic system.
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SULT1 ST5, a thyroid hormone-sulfating SULT, was
found to appear at the beginning of the hatching period
and gradually increase on to maturity.100) The thyroid
hormones are essential for embryonic and larval devel-
opment.116,117) Interestingly, fish eggs have been shown
to contain high concentrations of thyroid hormones,
which are probably of maternal origin, which decrease
during the embryogenesis.116) The thyroid gland is
formed during the hatching period and may start pro-
ducing the thyroid hormones thereafter.117) Sulfation of
thyroid hormones, as mediated by SULT1 ST5, may
therefore regulate the action of thyroid hormones that
are produced by the developing larva. Among the
hydroxysteroid-sulfating SULTs, SULT3 ST1 and
SULT3 ST5 have been shown to be expressed in unfer-
tilized egg and upon fertilization, throughout the entire
developmental process.103,113) Major hydroxysteroid-
sulfating SULTs, SULT3 ST2, SULT3 ST3, and SULT3
ST4 have been shown to exhibit similar ontogenic
expression patterns, first appearing during the blastula
to neurula/segmentation period, decreasing temporarily,
and re-emerging dramatically in the post-hatching
embryos (at 72 hpf) where most organ rudiments are
rapidly developing and fairly complete.103,113,114)

CYP1A1, a first-step and rate-limiting enzyme in the
biosynthesis of steroids, has been shown to be present
from the time of unfertilized egg through the gastrula
period and gradually descend on to maturity. CYP1A1
appears to be essential for embryogenesis, especially
in epiboly process during blastula and gastrula

periods.118,119) SULT3 ST1 and SULT3 ST5, which
exhibited lower activities toward hydroxysteroids, may
be involved in the homeostasis of basal level of embry-
onic steroids and major hydroxysteroid-sulfating SULTs
may regulate the action of steroids during epiboly
process. The expression pattern of SULT1 ST6, an
estrogen-sulfating SULT, is in accordance with the
appearance of aromatase, which is responsible for the
conversion of androgens to estrogens. Both enzymes
were detected in unfertilized eggs, dramatically
decreased post fertilization, and re-emerged during the
hatching periods.120) Sulfation of estrogens may be
related to the organogenesis, including the development
of nervous system, eye, and muscle.121,122) Considering
the role of the SULTs in the detoxification and disposal
of xenobiotics, it is important to explore to what extent
the xenobiotic-sulfating SULTs may contribute toward
the chemical defense of the developing zebrafish
embryos/larvae. Interestingly, a recent report showed
that different zebrafish SULTs displayed differential
sulfating activities toward a panel of drugs tested as
substrates.123) Moreover, a metabolic labeling study
showed that cultured zebrafish liver cells displayed a
similar pattern of sulfation of several tested drugs as
that of HepG2 human hepatoma cells, implying that
human and zebrafish liver cells share considerable simi-
larities with regard to their constituent drug-sulfating
SULT enzymes. It therefore appears that the mechanism
of drug metabolism through sulfation, to a considerable
extent, is conserved between the zebrafish and humans.
Overall, the information concerning the enzymatic

characteristics and developmental expression of zebra-
fish SULTs may provide useful clues for designing
in vivo studies to clarify the physiological and/or phar-
macological roles of the SULTs using gene targeting
strategies such as knock-down, knock-out, and trans-
genic manipulations. For example, since some SULT
enzymes are highly expressed in the early developmen-
tal stages, the research using zebrafish embryos/larvae
may reveal the role of sulfation, mediated by those
SULTs, in the regulation of key endogenous compounds
during embryogenesis and organogenesis. Further stud-
ies using knock-down, knock-out, and transgenic zebra-
fish will clarify the impact of inhibiting or potentiating
a specific SULT on the endocrine disorders/diseases and
provide information that may aid in the treatment of
these endocrine disorders/diseases. Another application
of using zebrafish is related to the developmental phar-
macology, which may provide clues for the rational
design of drugs that may be metabolized through sulfa-
tion, thereby alleviating potential adverse effects of
obstetric and/or pediatric medications. The orthology
and the enzymatic properties of the orthologous SULTs
will need to be carefully scrutinized in order to connect
the study using zebrafish to humans. In this regard,
there may be some insurmountable difficulties. For
example, SULT1A3 is the monoamine-sulfating SULT
in humans and no orthologous SULT has been identified
in zebrafish. Nevertheless, in zebrafish, there may be
functionally related enzymes, such as SULT1S T1,
SULT1 ST2, and SULT1 ST3, which have been shown
to be capable of mediating the sulfation of monoamines.
For the sulfation of thyroid hormones, SULT1 ST5 is
likely the responsible sulfating enzyme in zebrafish,

Fig. 3. Developmental stage-dependent expression of representative
zebrafish SULTs.
Notes: Lanes 1 through 15 correspond to unfertilized zebrafish

eggs, 0-, 1-, 3-, 6-, 12-, 24-, 48-, and 72-h zebrafish embryos, 1-, 2-,
3-, and 4-week-old zebrafish larvae, and 3-month-old male and
female zebrafish.
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whereas in humans, SULT1A1 is accepted to be respon-
sible for the sulfation instead of SULT1B1, the ortholo-
gous human SULT to zebrafish SULT1 ST5. On the
other hand, zebrafish SULT1 ST6 and human SULT1E1
appear to be orthologous SULTs; the two share common
enzymatic characteristics toward endogenous estrogens,
although their expression patterns remain to be verified.
Detailed comparative analyses of the expression pattern
between zebrafish and human SULTs as well as func-
tional characterizations therefore are needed. It should
be pointed that zebrafish embryos/larvae are freely liv-
ing in environments and no placenta is involved. This
fact may pose a significant difference between zebrafish
and humans, but nevertheless may provide an advantage
to understand the biological function of the SULTs in
embryo independent of the influence from maternal
SULTs.

VIII. Concluding remarks and future
directions

Although the sulfation of xenobiotics was first dis-
covered back in the nineteenth century, the research on
the responsible enzymes has been slow until the 1980s.
The past three decades have witnessed significant pro-
gress made in the elucidation of the diversity of the
SULT enzymes and their enzymatic characteristics, the
phylogenetic relationships between the SULTs, the
structural biology of the SULTs, the developmental
expression of the SULTs, the mechanisms underlying
the regulation of the SULT gene expression and the sul-
fating activity of the SULTs, as well as the develop-
ment of the zebrafish as a model for use in SULT
research. While continued efforts need to be made in
all these latter aspects of the SULT research, additional
fronts, particularly the implications of the polymor-
phisms of the SULT genes and the systems biology
regarding the physiological involvement of the SULTs
—not only in detoxification of xenobiotics but also in
the homeostasis of key endogenous compounds such as
thyroid/steroid hormones and catecholamine neurotrans-
mitter/hormones—will need to be addressed.
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