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Abstract: Aims: To study the effects of blood glucose regulating compounds on human and rat sulfotransferas-
es (SULTSs) expressions.

Background: Phase-11 enzymes, sulfotransferases catalyze the sulfuryl-group-transfer to endogenous/exoge-
nous compounds. The alteration of expressions of SULTs may have influence on the sulfation of its substrate
and other biomolecules.

Objectives: The influence of the altered biotransformation might alter different biochemical events, drug-drug
interactions and bioaccumulation or excretion pattern of certain drug.

Methods: In this brief study, diabetes-inducing drug streptozotocin (STZ; 10 or 50 mg/kg to male Sprague Daw-
ley rat for 2 weeks) or hyperglycemia controlling drug tolbutamide (TLB 0.1 or 10uM to human hepato-carcino-
ma cells, HepG2 for 10 days) was applied and the SULTSs expressions were verified. Extensive protein-protein
(STa, SULT2A1/DHEAST) interactions were studied by the STRING (Search-Tool-for-the-Retrieval-of-Inter-
acting Genes/Proteins) Bioinformatics-software.
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DOI: Results: Present result suggests that while STZ increased the STa (in rat) (dehydroepiandrosterone catalyzing

10.2174/1389200221666201130123837 UL T; DHEAST in human HepG2), tolbutamide decreased PPST (phenol catalyzing SULT) and DHEAST ac-
tivity in human HepG2 cells. Moderate decreases of MPST (monoamine catalyzing SULT) and EST (estrogen
catalyzing) activities are noticed in this case. STa/DHEAST was found to be highly interactive to SHBG/-
sex-hormone-binding-globulin; PPARo/lipid-metabolism-regulator; FABP1/fatty-acid-binding-protein.

Conclusions: Streptozotocin and tolbutamide, these two glycaemia-modifying drugs demonstrated regulation
of rat and human SULTSs activities. The reciprocal nature of these two drugs on SULTSs expression may be asso-
ciated with their contrasting abilities in influencing glucose-homeostasis. Possible association of certain SULT-
isoform with hepatic fat-regulations may indicate an unfocused link between calorie-metabolism and the
glycemic-state of an individual. Explorations of this work may uncover the role of sulfation metabolism of spe-
cific biomolecule on cellular glycemic regulation.
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1. INTRODUCTION drugs which are used in different types of disorders, metabolic-syn-
drome like cancers, diabetes and vascular diseases [3]. A large num-
ber of individuals consume these drugs for years to decades and
sometime throughout the life. How the sulfation metabolism of the
drug modifies the chemistry of that drug and how that modification
impact on physiological or pathological mechanism is worth verify-
ing [4]. On the other hand, sulfation metabolism of that drug or
even other bio-molecules may have impact on disease mechanisms
and/or its therapeutic pathways [5]. So, the studies drug-mediated
alterations in SULTSs expression may focus insight of the disease

Sulfotransferases (SULTs) are important for their ability to
modify via sulfuryl group transfer to several drugs and bio-
molecules [1]. A large number of prescription drugs undergo Phase
II metabolism and form their different derivatives. Sulfuryl group
transfer to a drug increase the polarity of that drug. Increased polari-
ty results in increased solubility of that drug in blood and other
body fluids. As a result, the substance is circulated with higher rate
in the blood and may be procured by the target cells by their carri-
er, transporter, receptor or channel proteins. But this is also true

that increased polarity/solubility will increase the rate of excretion
and the clearance of the substance. As a result, after a certain time
the availability of that drug declines [1, 2]. During this process
bioactivation of some of those drugs is possible [2]. This fact justi-
fies an extensive research on drug metabolism and especially those
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pathogenesis [6].

Endogenous substances like steroids are the natural physiologi-
cal molecules having general as well as gender specific functions.
Testosterone, dehydroepiandrosterone (DHEA) is male and estro-
gen and progesterone are female specific steroids. These endoge-
nous molecules influence reproductive function. These molecules
are readily catabolized during sulfation metabolism by mainly
DHEAST/SULT2A1 and EST or SULTIEL1 [7]. Some therapeutic
agents are also added by the polar sulfuryl group. In this regard, an-
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ticancer drug doxorubicin is an important example in this category
[8]. Endogenous bio-molecules like monoamines, steroids and bile
acids are also metabolized by sulfation reactions and control the
physiological processes [9, 10]. Our previous report suggests that
anticancer drug tamoxifen, MTx, rhein and emodine can induce rat
sulfotransferases [11]. The ethyl alcohol and some vitamins like A
and folate were also demonstrated to induce sulfotransferase expres-
sion [12, 13]. Several of the endogenous molecules like steroids
and monoamines are related to glucose homeostasis of the body, so
their sulfation might have some direct or indirect roles on the
glycemic state of the body [14]. Our present study may help for the
understanding the disease mechanism related to SULT mediated
sulfation metabolism.

In the current study, two contrasting drugs (judging by their im-
pact on glycaemia) were taken, which have impact on glucose
homeostasis. Streptozotocin (STZ) is a pharmacological agent em-
ployed to create a diabetic condition in animal experimental model
and tolbutamide is used to control the hyperglycemic state. These
drugs were tested to study their impact on the expression of rat and
human SULTSs isoforms. Present study and its further extrapolation
may unravel how the SULTSs expression can be correlated to the
contrasting glycemic potentials of these two drugs. This may fur-
ther add any new insight on sulfation-mediated influence of the hy-
perglycemic mechanism.

2. MATERIALS AND METHODS

2.1. Chemicals

Tolbutamide, Streptozotocin, b-naphthol, (14C) b-naphthol
(4.7 mCi/mmol), p-nitro-phenyl sulfate (PNPS), 30-phosphoa-
denosine-50-phosphosulfate (PAPS), and [1,2,6,7-3H(N)] dehy-
droepiandrosterone ([3H]DHEA, 60 Ci/ mmol) were purchased
from Sigma-Aldrich (St. Louis, MO). SDS-polyacrylamide gel elec-
trophoresis reagents were obtained from Bio-Rad (Hercules, CA).
Western blot chemiluminescence reagent kits (Super Signal West
Pico Stable Peroxide and Super Signal West Pico Luminol/ En-
hancer solutions) were purchased from Pierce Chemical (Rockford,
IL). Nitrocellulose membrane (Immobilon-P; Millipore Corpora-
tion, Bedford, MA) used during Western blot procedure was
purchased from Fisher Scientific (Fair Lawn, NJ). Total RNA ex-
traction kit (RNeasy mini protection kit) was supplied by Qiagen
(Valenica, CA). One-step RT-PCR kit was purchased from Prome-
ga (Madison, WI). Antibodies against ASTIV [10] and STa [11]
were provided by Dr. Michael W. Duffel (Division of Medicinal
and Natural Products Chemistry, College of Pharmacy, The Univer-
sity of Towa, Iowa City, IA). Protein assay reagent was purchased
from Bio-Rad. All other reagents and chemicals were of the high-
est analytical grade available.

2.2. Animals and Drug Treatment

Male and female Sprague-Dawley rats (Harlan, Indianapolis,
IN) 10- to 11-weeks old and 200-300 g body weight were used in
this investigation. Rats were housed in a temperature- and humidi-
ty-controlled room and supplied with rodent chow and water for at
least 1 week before use. For all animal experiments, proper permis-
sions were obtained from the Institutional (Oriental Institute of Sci-
ence and Technology, OIST/EC/Animal/2018/012) Internal Re-
view Board [IRB]. We followed all ethical norms and maintained
requisite regulatory affairs. All the procedures were done in accor-
dance with the Helsinki Declaration (2000) and National Institutes
of Health (NIH) guidelines. Rats were divided into 4 groups with 6
in each. STZ solution freshly prepared (in sterile distilled water)
was administered by gavages with 0, 10 or 50 mg/kg/day for 2
weeks. Primarily, STZ was tested in rat to generate a dose response
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curve and toxicity study was conducted to select the applicable
dose. Serum ALP, SGOT, SGPT and oxidative stress marker
malondialdehyde were tested. It is noticed that present STZ dose
did not develop any cytotoxicity but responded well in terms of pre-
sent objectivity. The present dose was applied by several other in-
vestigators [15, 16]. The animals were sacrificed (i.p. pentobarbital
60 mg/kg) [15,16] 24h after the final drug treatment. And those
were fasted overnight before the day of sacrifice. Livers were col-
lected, washed with sterile, ice-cold NaCl (0.9%, w/v) solution,
and kept in dry ice bath. All the tissues were stored at -80°C until
use.

2.3. Cell Culture and Drug Treatment

The HepG2 cells were obtained from the American Type Cul-
ture Collection (Manassas, VA). HepG2 Cells were grown and
maintained in Dulbecco’s Modified Eagles’s Medium Nutrient Mix-
ture F-12 Ham (Sigma) supplemented with L-glutamine and
15SmMHEPES, and 10% fetal bovine serum (FBS). For endogenous
study in Hep G2 cells, cells were seeded in 10-cm plates at a densi-
ty of 5x10°cells per plate. On day 1, tolbutamide was added to the
medium. The medium was refreshed every 2 days with the addition
of new drug. After treatment for the required time, the cells were
harvested [12].

The cultures were incubated at 37°C in a humidified incubator
containing 5% CO,, 95% air [13]. After seeding at 0 days, on day
1, TLB (0, 0.1, 1, 10 pM final) was added (solution with ethanol
under warm heating) to the medium in properly marked plates. Hep-
G2 cells were initially tested with different concentration of tolbu-
tamide application to investigate the dose and duration response na-
ture. At the same time, cells were tested for toxicity, oxidative
stress study by checking ALP, SGOT, SGPT and malondialdehyde
assay. We found that in the current study that 15 to 20 pM dose in-
creased the ALP and malondialdehyde level which were the mark-
er of cytotoxicity and oxidative stress, respectively. But at 10 pM
tolbutamide dosage there was almost no cytotoxicity. Control (0)
plates were added to the vehicle. The medium was refreshed every
3 days with the new addition of corresponding drug. On day ten the
cells were harvested. Cytosols were prepared from the cultured
cells. The cell pellet was dissolved and homogenized in 1000pL ly-
sis buffer (150 mM NaCL20 mM Tris, 1 mM EDTA, 1 mM DTT,
0.1 mg/mL trypsin inhibitor, 0.3% Tween-20 (V/V), 1 mM PMSF).
Debris was removed by centrifugation at 13,000 rpm for 10 min,
and the supernatant was used for biochemical and blotting meth-
ods.

2.4. Cytosolic Sample Preparation

Liver homogenates and Hep G2 cells were prepared with
50mM Tris buffer containing 0.25M sucrose, pH 7.5 containing
0.01 mg/ml trypsin inhibitor and 10 pg/ml phenylmethylsulfonyl
fluoride (PMSF). All homogenates were centrifuged at 100,000g
for 1 h at 4°C Cytosol aliquots were collected and preserved at
80°C for enzymatic assay and Western blot [10, 13].

2.5. Enzyme assays

Two different enzyme assay methods were used.

2.5.1. PNPS Assay

S-naphthol sulfation activity from liver cytosol was determined
as previously described [11, 13]. This assay determines phenol sul-
fation activities of different isoforms of phenol sulfating STs. Brief-
ly, sulfation activity was determined in a reaction mixture contain-
ing 50mM Tris buffer, pH 6.2, SmM PNPS, 20 uM PAPS, and
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0.1mM b-naphthol. Rat liver cytosols (50 pg protein) were used as
the enzyme source in a total reaction volume of 250 pl. After 30
min incubation at 37 C in a shaking water bath, the reaction was
stopped by adding 250 pl of 0.25M Tris, pH 8.7 The reaction mix-
tures were read at 401nm in a spectrophotometer [12]. Specific ac-
tivity (SA) was expressed as nanomole per minute per milligram of
protein. The data shown in the figures were the average data sets
collected from 6 different animals.

2.5.2. Radioactive Assay

Dehydroepiandrosterone (DHEA) sulfation activities in liver
cytosols were determined by the radioactive assay method previous-
ly described [11, 12]. Other ingredients and reaction conditions
were same as the PNPS assay mentioned above. To determine
DHEA sulfation activity in liver [3H] DHEA (diluted to 0.4 Ci p/m-
mol; 2 uM final concentration) was used as substrate. For all as-
says, 20 uM PAPS was used. Liver cytosol protein (50 pg) was
used as enzyme source in a total reaction volume of 250 ul. After
30 min incubation at 37°C in a shaking water bath, the reaction was
stopped by adding 250 pl of 0.25M Tris, pH 8.7 Extraction was per-
formed twice by addition of 0.5 ml of water-saturated chloroform.
After the final extraction, 100 pl of aqueous phase was used for
scintillation counting. The data shown in the figures were the aver-
age of 3 independent data sets collected from 3 different animals.
PAPS was eliminated from the controls of both assay methods. As-
says were run in duplicate and the average of the results was used
for enzyme activity calculations.

Estrogen sulfotransferase Enzyme Activity Assay: hSULTI1E1
(EST) activities in Hep G2 cell cytosol (50pg protein from each
protein) sample was determined by the radioactive assay method
[12]. [3H]E2 (0.9 Ci/mmol; 0.15uM final concentration) was used
as substrate for the reaction. For all assays, 20uM PAPS was used
in a total of 250ul reaction mixture containing 50 mM Tris buffer
(pH 6.2). After 30-min of incubation in shaking water bath (37°C),
the reaction was stopped by adding 250ul of 0.25 M Tris (pH 8.7).
Extraction was performed twice by adding 0.5 ml of water-saturat-
ed chloroform each time. After the final extraction, aqueous phase
was used for scintillation counting.

2.6. Western Blot Analysis

Cytosol protein from liver (10 pg) was used in a 10% polyacry-
lamide gel in an electrophoresis system (Novex, San Diego, CA).
After running at 200 V, the protein bands were transferred
overnight at 40V onto a nitrocellulose membrane. For rat liver cyto-
sols, membranes were incubated with either rabbit anti-rat AST-IV
or rabbit anti-rat STa (1:5000) in TBST (50mM Tris, pH 7.5,
150mM NaCl, and 0.05% (v/v) Tween 20) containing 5% (w/v)
dried milk for 2 h on a shaker at room temperature. After incuba-
tion, all membranes were washed with TBST for 4x15 min and in-
cubated in secondary antibody (horseradish peroxidase- conjugated
Immuno-Pure goat anti-rabbit IgG; H+ L) at 1:5000 dilutions in the
same buffer for 2 h. The membranes were washed with TBST for
4x15 min and then with phosphate-buffered saline (PBS) 3x5 min.
Fluorescent bands were developed with 1ml of substrate containing
the same volume of each Super Signal West Pico Luminol En-
hancer solution and Super Signal West Pico Stable Peroxidase solu-
tion at room temperature for 5 min. The X-ray films were exposed
to the membrane and then developed. Films were scanned and the
densitometry analysis was performed in a Gel Documentation and
Analysis System from Advanced American Biotechnology and
with AAB software (Fullerton, CA) [11-13].
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2.7. Extraction of Total RNA and RT-PCR

Total RNA was extracted from liver using RNeasy mini protec-
tion kit from Qiagen according to supplier’s guidelines. The con-
centration and purity of the extracted RNA were checked spec-
trophotometrically by measuring 260/280 absorption ratios. The
primer pair for AST-IV was designed in our laboratory using the
Gene Fisher primer designing and Multi-alignment software. Using
the forward primer (FP) 50-GTGTCCTATGGGTCGTGGTA-30
and reverse primer (RP) 50-TTCTGGGCTACAGTGAAGGTA-30
(GenBank Accession No.: X52883), the 299-bp AST-IV cDNA
was synthesized [11,13]. The 264-bp STa cDNA was synthesized
using the primer pair FP 50-TCCTCAAAGGATATGTTCCG-30
and RP 50-CAGTTCCTTCTCCATGAGAT-30 (GenBank Acces-
sion No.: M33329) [11,13]. The nucleotide sequences X52883 and
M33329 (GenBank Accession No.) were used as reference se-
quence for the synthesis of AST-IV and STa cDNA, respectively.
The specificity of all primers was tested using the BLAST of the
National Center for Biotechnology Information Open Reading
Frame software. cDNA synthesis from 1 pg of liver total RNA was
performed in a 50ul reaction mixture. The concentrations of the dif-
ferent ingredients were used following supplier’s protocol. For con-
trol, 500-bp cDNA of rat b-actin was synthesized from the same
amount of RNA from respective tissues. The primer pair (FP 50-
GATGTACGTAGCCATCCA-30 and RP 50-GTGCCAACCA-
GACAGCA-30) for the synthesis of rat f-actin cDNA was de-
signed in our laboratory using the same software mentioned above
[11,13].

2.8. Possible Interactions of SULT2A1, Steroid Sulfotrans-
ferase with other Proteins

STRING (Search Tool for the Retrieval of Interacting Ge-
nes/Proteins) is a biological database and web resource that is em-
ployed for the prediction of protein-protein interactions [17,18]. In
a certain metabolic environment the interactive proteome body is
analyzed in relation to their functional networking by this software.
String is a pre computed database derived from experimental data,
literature mining, analysis of co-expressed genes etc. String applies
a unique scoring method based on the different types of associa-
tions against a common reference set and produces a single confi-
dence score per prediction [19]. Evidence based interactive or inter-
related pattern has been deduced by this online resource/analytical
software (http://string-db.org/).

2.9. Experimental

Student’s t test was performed to calculate the statistical signifi-
cance with the difference between means control and drug treated
rats. Data presented in the figures denote means + SEM of the re-
sults collected separately from six different animals or three differ-
ent experimental cells of human Hep G2.

3. RESULTS

By the year 2040, there will be 642 million people worldwide
suffering from diabetes mellitus [20]. Long-term therapy with a
number or drugs may temporarily control glycemic status but that
may result in different vascular disorders and other physiological
complications [21]. At the time of diabetic onset, expressions of
several drug-metabolizing enzymes (i.e. cytochrome P450 (CYP
450) and sulfotransferase (SULTSs) are significantly altered [21].
So regulations of the enzymes are important in relation to the dis-
ease pathology and usage of the specific drugs.

In the present investigation, treatment with STZ for 2 weeks
significantly suppressed aryl sulfotransferase (AST-IV, p<0.05 at
higher dose) activity, increased hydroxy-steroid sulfotransferase (S-
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Ta) enzyme activity (p<0.05 and 0.01) (Fig. 1) paralleling with pro-
tein expression as demonstrated in Western blot results (Fig. 2).
(Fig. 3) of RTPCR results basically demonstrate a variable gene ex-
pression pattern of ASTIV but more consistent expression (both at
protein and gene levels) of STa or DHEAST/SULT2AL is present-
ed in rat liver tissues. Our present bioinformatics studies with
STRING show that DHEAST is highly interactive and a major of
the proteins are related to fat metabolism. SHBG and PPARa are
this kind of proteins. Fat metabolism is associated with the major
utilization of the carbon skeleton present in the nutrient molecules.
And there is a closer association of carbohydrate and fat
metabolism. In contrast, TLB treatment at 10 uM of its dosage sig-
nificantly suppressed human phenol ST (PPST) activity. The dehy-
droepiandrosterone sulfotransferase (DHEAST) activity decreased
with 1uM and 10 uM of TLB treatment in human cells (hepatic car-
cinoma HepG2 cells). The corresponding substrates (2-napthol and
DHEA) sulfation activity supports the protein expression results al-
so. Whether the sulfation metabolism of any bio-molecules is
linked to the glucose homeostasis is of great importance for the un-
derstanding of the events in hyperglycemia. In this regard,
metabolism of glucose homeostasis-interfering drugs and these
drugs-induced changes in the expressions of phase II metabolizing
enzymes i.e. SULTs are absolutely important. A brief report on
SULTS regulations by STZ and TLB is presented in this study.
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Fig. (1). Effects of Streptozotocin on the activities and expression of rat
AST-IV and STa. Statistical analysis shows Students’s t test and level of
significance of differences of treated group versus control group; a p<0.05,
b p<0.01, ¢ p<0.001. The AST-IV activity decreased slightly (»<0.05) at
higher dose of STZ (a).The STa activity significantly and gradually in-
creased at the enzyme activity level (ap<0.05 to bp<0.01). (4 higher resolu-
tion / colour version of this figure is available in the electronic copy of the
article).
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Fig. (2). Effects of Streptozotocin on the expressions (Western Blot) of rat
AST-IV and STa proteins. And their band density data are also presented as
a bar-diagram. Statistical analysis shows Students’s t test and level of signif-
icance of differences of treated group versus control group; a p<0.05, b
p<0.01. (4 higher resolution / colour version of this figure is available in
the electronic copy of the article).
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4. DISCUSSION

Some previous report suggests that cytochrome P450 (CYP)
tolbutamide 4-hydroxylation (CYP2C9) is regulated by some sol-
vents like acetonitrile, dimethyl sulfoxide (DMSO), and methanol
(MeOH) in human hepatocytes suggesting some modification
events of tolbutamide [22,23]. This is important for this drug to in-
crease its bioavailability. Intracellular lower availability of glucose
and the hyperglycemic state is not tissue or organ specific. So, the
higher bioavailability of any anti-diabetic drug significantly increas-
es its efficacy [24]. In case of laboratory experiment, selection of
organic solvents is of practical importance because variations of
the solvent may change the activities of CYP2C9 by 40%, and
CYP2E1 by 11% in human hepatocytes [24]. Present STRING
[bioinformatics] data suggests that SULT2A1 is interacting with
different isoform of cytochrome p450 group of enzymes, and
CYP1ALl is important which has overlapping substrate sharing with
different degrees of specificity (Fig. 3). This suggests strong corre-
lations between different phases of drug metabolizing enzymes.
Different isoforms of cytochrome P450 enzymes like CYP1A1 and
CYPI1BI are linked to SULT2A1 which is a steroid metabolizing
sulfotransferase (Fig. 3). Moreover, the association between
SULTSs expression and diabetic/energy regulations is indicative
from the results of SULT2A1 relations with PPARa (ligand activat-
ed transcription regulator of fat metabolism) and FABP1 (fatty-a-
cid binding protein, helps lipoprotein-mediated cholesterol uptake
in hepatocytes) (Fig. 3). SULT2B1b expression has been shown to
regulate lipid metabolism by modulating liver X receptor a, acetyl-
CoA carboxylase-1, and fatty acid synthase [25].
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Fig. (3). The mRNA expression (RT-PCR level) with the gene specific
primers of ASTIV and STa agrees with the Western blot and enzyme activi-
ty results. RT-PCR band density analysis is also presented. Statistical analy-
sis shows Students’s t test and level of significances of differences of treat-
ed group versus control group; (ap<0.05 to bp<0.01). Right panel of the pic-
ture demonstrates the STRING-generated interactive proteome where
SULT2A1 is found to be involved in energy metabolism. Nuclear receptor
co-activator 1, 2, 3; lipid metabolism regulator, Peroxisome proliferator-ac-
tivated receptor PPARa, Fatty acid-binding protein, liver Retinoic acid re-
ceptor RXR-alpha; Receptor for retinoic acid. Retinoic acid receptors bind
as heterodimers to their target response elements in response to their li-
gands, all-trans or 9-cis retinoic acid, and regulate gene expression in vari-
ous biological processes. All these interactions suggest calorie metabolism
and sugar homeostasis. (4 higher resolution / colour version of this figure
is available in the electronic copy of the article).
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It is pointed out that the changes in steroid levels in response to
Peroxisome-proliferators (PP) exposure are caused due to altera-
tions in the levels of P450 enzymes that hydroxylate testosterone
and estrogen. This suggests that lipid-transport regulators can also
regulate important steroid levels both male and female [26]. Fur-
ther, the PPAR-a agonist and insulin like growth factor (IGF-1)
may regulate SULT1E1 (estrogen-sulfating and inactivating) mR-
NA expression and influence the levels of active estrogens in en-
dothelial cells and smooth muscle cells. These are the main target
of vascular pathologies in diabetic complications [27]. Estrogen
has been shown to have an inter-relation with insulin action [28].
So, SULT-regulating drugs like STZ and tolbutamide may have
some implications in the maintenance of the glycemic state of an in-
dividual. Further studies are necessary in this regard.

Comparison of phase I and phase II enzyme activities in the
sub-cellular fractions of cultured cells of several higher-primates
(humans, cynomolgus monkeys, rhesus monkeys) suggests that UD-
P-glucuronosyl transferase, acetaminophen sulfotransferase, and
tolbutamide 4-hydroxylase activities are greater in rhesus monkeys
than that of human [29]. Those activities were found to be signifi-
cantly less in the lower mammals (i.e. dog). Inversely, lower activi-
ty of tolbutamide methylhydroxylase was observed in intestine of
human and monkey but not in dog intestines and human Caco-2
cells. Higher intestinal glucuronyl-transferase, N-acetyltransferase,
sulfotransferase, and glutathione S-transferase were noticed in hu-
man [30]. This suggests that tolbutamide specific drug metaboliz-
ing enzymes including sulfotransferase are available in the system.
Moreover, expression of drug metabolizing enzymes is species spe-
cific depending on their specific pattern of sugar metabolism. This
data may have some great practical value to clarify why human ex-
perience more incidences of metabolic disorder related to calo-
rie-homeostasis issues.

There is no report on the direct sulfation reaction with strepto-
zotocin and tolbutamide. Tolbutamide is a sulfonylurea (presence
of =SO’ group). Sulfation mediated biotransformation of these
drugs is not a normal biochemical phenomenon. But, from our cur-
rent study (and some previous studies in case of streptozotocin) it
is clear that both drugs can variably induce different isoforms of rat
and human SULTSs [31, 32]. These drug-induced SULTs expres-
sions might have significant role in the sulfation of some endoge-
nous molecules (like bioamines, steroids and bile acids) or exoge-
nous molecules like other prescription drugs. Increased sulfation of
endogenous and exogenous molecules may have some physiologi-
cal implications [31,32]. STZ induction of glucocorticoid (cortisol)
sulfotransferase, hepatic bile acid sulfotransferase has been report-
ed. Not only sulfation associated changes but also post-sulfation
modification of heparan sulfate has been impaired by the STZ-in-
duced inactivation of glucosaminyl N-deacetylase in rat hepato-
cytes [33].

Report revealed that activity of hepatic UDP-glucuronyltrans-
ferase and B-glucuronidase were significantly suppressed by the
pretreatment of STZ. Reversal of the STZ-inhibitory effect of only
UDP-glucuronyltransferase was demonstrated by the application of
insulin [34]. This suggests some association between oppositely act-
ing STZ-insulin. Similarly, regulations of SULTs by STZ and tolbu-
tamide as noticed in the current study may have some physiologi-
cal significance [35]. Further studies are necessary in this regard.

It may be suggested that metabolism of endogenous molecules
by the process of sulfation and other reactions have some relevance
in the initiation and pathogenesis of certain diseases. In an extrapo-
lation of this thought it can be said that, drugs used against these
diseases should be focused for their possible role on SULTSs expres-
sions. Liver is the major metabolic destination in the body which
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expresses all isoforms of SULTs to participate any type of sulfation
metabolism. On the other hand, role of liver in glucose metabolism
has been evident. Glucose induced nitric oxide synthase (NOS) ex-
pression in liver and NO production regulate insulin sensitivity fol-
lowing its synthesis in the hepatocytes [36]. Our earlier report
suggests that estrogen has a great role on insulin mechanism and
glucose tolerance factors [37]. Estrogen is important biomolecules
having a range of physiological activities starting from the early
embryogenesis, morphogenesis and organogenesis. In adolescent
period and in adult female it influences several morphological and
reproductive functions and even in the male, this hormone has spe-
cific biological effects. Report reveals that E2 attenuates diabetic
complications in kidney disorder and even it protects kidney elec-
trolytes-transporter and related proteins in normal individuals [38].

Men with type 2 diabetes mellitus are prone to develop carotid
atherosclerosis (CA) and serum estradiol concentration has been
shown to be inversely correlated to the progression of diabetic CA
[39]. High glucose is stress inducing and can develop oxidative
stress resulting in the increase of its marker malondialdehyde. Estra-
diol has been shown to increase GLUT-4 response and insulin sen-
sitivity in type-2 diabetes. Moreover resveratrol, a non-flavonoid
antioxidant polyphenol and structurally/functionally similar to es-
trogen can protect from diabetes by same biochemical pathways of
increasing insulin receptor substrate 1 [IRS-1]. But it decreases the
expression of p-ERK expression in skeletal muscle and myocardial
tissue [40]. This obvious protection against STZ-induced diabetes
in overectomized mice is attributed by the antioxidant activities of
resveratrol on islet function promotes muscle glucose uptake [40].
In several of our previous report we have shown the protective role
of estradiol in diabetes and diabetic complications in cardiovascu-
lar pathology [37]. So, the level of estradiol has been important
which can be regulated by the expressions and activities of estro-
gen sulfotransferase (EST or SULT1E1). Estrogen sulfotransferase
(SULTI1EL) catalyzes the E2 sulfation and due to its inactivation
E2 level may increase in the liver tissue [41]. In summary, liver
can self-regulate its insulin function by its own E2. Upon
SULTI1E1-mediated sulfation, E2S is prevented for the binding to
estrogen receptor (ER). In summary, drug mediated possible inter-
ference in SULT1E! regulation may have impact on glucose home-
ostasis.

Other SULT isoform, specifically, SULT1A1 and SULT1A3
activities were lower in disease (fatty liver) states relative to non
fatty tissues. Alcoholic cirrhotic liver tissues further contained low-
er SULT1A1 and 1A3 activities [6]. This suggests that liver is one
of the major sites for glucose homeostasis and that may influenced
by the sulfation metabolism of some molecules. Present bioinfor-
matics data in (Fig. 3) validate our point that the alteration of
DHEAST/SULT2AT1 has a wider interactive role in the regulations
of fat metabolism factors like fatty acid binding proteinl, FABP1
and PPARo; which are the important regulators of the fat
metabolism in liver. So, liver fat metabolism would be influenced
in either condition of activation or deactivation of DHEAST. Re-
port reveals that several disease conditions may induce SULT1E1
expressions [42]. SULTIELI can affect the outcome of the disease,
the enzymes sulfotransferase and/or sulfatases (STS) can be poten-
tial therapeutic targets in certain diseases [43]. The SULTI1E1 ex-
pression has been shown detectable in the subcutaneous adipose tis-
sue in obese women and men. And that enzyme is markedly in-
duced in the livers of rodent models of obesity and type-2 diabetes
[44]. In the current study, alterations in the regulations of steroid
sulfotransferase (Fig. 1 to 5) might have some influence on lipid
metabolism. And that may be the stored fat in liver or in adipo-
cytes. Drastic increase of blood cholesterol and other lipid levels in
chronic diabetic patients may justify the fact of altered sulfa-
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tion-metabolism of liver fat. Adipogenesis has also been shown to
be differentially regulated by SULT1E1 in human adipocytes [43].
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The possible interferences of altered enzymatic activity and
transporter action might affect the disposition of frequently pre-
scribed glucose-lowering medicines [21]. It is reported that, metfor-
min, is excreted through renal clearance. And the rosiglitazone is
metabolized by the hepatic cytochrome P4502C. In contrast, gliben-
clamide is metabolized by the hepatic CYP3A, canagliflozin is me-
tabolized mainly by UDP-glucuronosyltransferases (UGT) and
troglitazone is metabolized by certain isoform of sulfotransferase
and UGT [45]. This suggests that different SULTs are responsible
for the sulfation of different bio-molecules which are related to hep-
atic glucose metabolism and hyperglycemia condition. Report re-
veals that reversal of STZ-induced diabetes with insulin significant-
ly reduced the level of STa mRNA suppression associated with
STZ treatment. Moreover, negative transcriptional regulation may
be responsible for the changes in STa gene expression that results
in the development of STZ-induced diabetes [46]. As we discussed
on liver function, it may be relevant to mention that bile acid (BA)
hydroxylation (Cyp3all) and BA sulfation (SULT2A1) takes place
with higher rate in the liver of normal mice compared to that of
HFD (high fat diet fed) mice. The BA homeostasis in diabetes is
not only related to the metabolic syndrome but also result in cogni-
tive dysfunction in the mouse [47]. Metformin may help to im-
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prove the glucose and lipid metabolism by influencing the level of
serum total bile acids. A combination of high-fat diet HFD and met-
formin could be effective in the treatment of T2DM [48].

Metabolic regulations of sulfuryl group elimination have been
noticed in streptozotocin induced diabetic rats. In this case, billiary
excretion of p-nitrophenyl sulphate [32] may be explained as some
adaptation by sulfation metabolism. It is noticed as the STZ induc-
tion of SULTSs expression in the current study. This is also support-
ed by the fact of STZ-induced bile-sulfation enhancement in experi-
mental rat model [31]. Regulations of energy homeostasis are the
feature of diabetic condition. Report reveals that long term diabetic
condition (T2DM) result in hypercholesterolemia [49]. Cholesterol
and oxysterols sulfation and elimination (cholesterol sulfate and
oxysterol sulfates) may be increased by the enhancement of the
cholesterol sulfotransferase (SULT2B1b) activity. This is accom-
plished by the hepatocyte nuclear factor 400 (HNF40) mediated
gene regulations [50]. Hepatic gluconeogenesis, a key regulator of
energy metabolism may be controlled by HNF4a-SULT2B1b axis
[50].

Metabolic dysfunction in adipocytes is also related to the pro-
inflammatory state and the TNF-a expression. Moreover, increased
SULTI1EI response impairs E2 function and that in turn results in
TNF-a responsive inhibition of insulin signaling. This has been dif-
ferentially demonstrated by the male and female obese mouse mod-
el with pancreatic islets [51]. Metabolic role of small molecule like
leptin has been shown to influence in the mediation of constitutive
androstane receptor (CAR) in type 2 diabetes. Activation of CAR
significantly reduces serum glucose levels [52].

Present bioinformatics data indicate a correlation between the
functions of phase I (CYP) and phase 11 SULT2A1 enzymes. Po-
larization of some drugs requires the orchestrated functions of both
phase I and II enzymes. For their own metabolism, most of the
drugs require the action of nuclear orphan receptors in association
with retinoid xenobiotic receptors (RXR) to induce phase I and II
gene expressions. Current STRING data also demonstrate the
SULT2A1 and RXRa relationship in association with CAR and
VDR. This has been shown in our previous study [53, 54]. Induc-
tion of steroid metabolizing enzymes by glucose manipulating
drugs also has been shown to be involved with fatty acid binding
proteins and lipid metabolism regulator PPARa. These findings
suggest the role of SULT2A1 regulations on nuclear receptor medi-
ated nutrient metabolism and energy handling in the body.

Another study supports that coumarins could be promising can-
didates against type-2 diabetes by restoring glomerular and islet
structure through antioxidative mechanisms [55]. Some points need
here with more clarifications. The physiology and molecular biolo-
gy of the rodent pancreas are found to differ from those of humans.
They have varied properties in their acinar cell physiology regard-
ing exocytosis or signaling pathways. The ductal functions are also
little different in human with comparison to the rodent pancreas
[56]. Report suggests that mice are the most studied animal that re-
sembles human pancreatic tissues. The histo-architecture of the en-
docrine islets and their composition has some differences. Arterial,
venous, and lymphatic vessels innervations are also little different
from species to species [57]. From biochemical point of views
there are some differences; pyruvate carboxylase and ATP citrate
lyase were significantly lower in human which suggests that hu-
man islets depend less on pyruvate carboxylation than rodents. On
contrary, human islets possessed high levels of succinyl-CoA:3-ke-
toacid-CoA transferase, which are the regulator of acetoacetate for-
mation. This suggests that human utilizes acetoacetate more than
pyruvate carboxylase and citrate to form cytosolic acyl-CoA for
calorie production [58].
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So, from the current study in rat model and HepG2 cells results
should be compared and extrapolated taking into account the struc-
tural/functional differences in these two species. Further studies are
necessary in this regard.

CONCLUSION

In summary, though the drugs used in the present investigation
have opposite physiological functions (STZ as diabetes inducer and
TLB as anti-diabetic), each exhibited some similar trend with ST
expressions with the exception that TLB decreased PPST and
DHAST in the human cells. Two drug/compounds have been ex-
amined in this study to discuss on drug-induced glycemic state-
change. So, other drugs used for the same purpose have been dis-
cussed to extrapolate their possible role in SULTSs expression and
regulations of glycemic-state. Diabetogenesis is the result of com-
plex interaction among altered hormones, metabolic and growth
factors and their consequent signaling pattern. The specific roles of
SULTSs in the process of diabetogenesis need further investigation.
Presently we are studying the effects of several other diabetogenic
or anti-diabetic drugs on SULT expression and their related mech-
anisms in rat tissues and cultured human cells. This will help to
evaluate the sulfation-metabolism of any molecule in the disease
pathogenesis events.

CURRENT AND FUTURE DEVELOPMENT

The current study elucidates the link between glucose homeos-
tasis regulations and SULTs expressions. Glucose homeostasis has
been modulated by some drugs and SULTSs expressions and activi-
ties have been verified in human and rat tissues. The present study
will be helpful for the understanding of the mechanism of diabetes
in relation to the possible link of sulfation metabolism. New results
from future investigation on SULTs expressions and possible sulfa-
tion metabolism of any biomolecules in diabetic condition may be
exploited for therapeutic interventions.
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