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ABSTRACT

The aim of this study was to investigate (-) epicatechin regulation of rSULTZ2A1 expression in
female rat liver, adrenal gland, ovary, and heart. Western blotting and reverse
transcription-polymerase chain reaction (RT-PCR) determined protein and mRNA levels,
respectively. (-) epicatechin treatment (7 days) significantly inhibited rSULT2A1 protein and mRNA
expression in rat ovary and heart but significantly induced that in adrenal gland. No significant,
changes in rSULT2A1 expression were observed in female rat liver. These results suggest that
(-) epicatechin may increase the sulfation of DHEA in the DHEA producing adrenal gland, which
will increase the transport and stability of DHEA. While in the target tissues such as heart and
ovary, decreased SULTZA1 expression caused by (-) epicatechin will increase the de-sulfation of
DHEAS to DHEA to increase the biclogical activity of DHEA. This may explain the mechanisms
for the beneficial effects of () epicatechin in heart and ovary. (-) Epicatechin does not affect the
detoxification roles of SULT2AT1 in liver.
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INTRODUCTION

Cytosolic sulfotransferases (SULTSs) are one of the major families of phase II drug-metabolizing
enzymes. They catalyze the sulfation of hydroxyl-containing compounds, including endogenous
and exogenous molecules ranging from hormones, monecamine neurotransmitters and peptides to
drugs and =xenocbiotics (Glatt and Meinl, 2004; Gamage et al., 2006; Lindsay et al., 2008;
Runge-Morris and Kocarek, 2009). Hydroxysteroid SULTs are a subfamily of SULTs that play
important roles in the regulation of the biological functions of hydroxysteroids and detoxification
of xenobiotics (Fang et al., 2007, Gulcan ef al., 2008). A major 1soform of hydroxysteroid SULTs in
rats 1s rSULT2A1 (STa), which 1s involved in the sulfation of the hydroxysteroids
dehydroepiandrosterone (DHEA), androsterone and cortisol (Apak and Duffel, 2004;
Sinclair ef al., 2006; Gulean et al., 2008, Huang ef «l., 2010). DHEA is a steroid hormone
synthesized from cholestercl and secreted by the adrenal glands and is a precursor of all major sex
hormones: estrogen, progesterone and testosterone (Leowattana, 2001). DHEA is called the mother
hormone, because it is the source that fuels the body’s metabolic pathways (Regelson et af., 1994).
DHEA is sulfated into DHEA sulfate (the inactive form of DHEA) by hydroxysteroid SULTs. DHEA

349



. Pharmacol. Toxicol., 6 (4): 549-360, 2011

sulfate 1s considered as a buffer and reservair. Sulfated DHEA can circulate in the blood and reach
steroidogenic tissues such as ovary and heart, where it is converted to biclogically active DHEA by
steroid sulfatases. The major SULT isoform responsible for sulfating DHEA 1s vSULT2A1; thus,
rSULTZ2A1 plays important roles in regulating DHEA-DHEA sulfate balance,

Naturally occurring flavonoids represent a main class of secondary metabolites in plants. They
are widely distributed in plants, vegetables, fruits and in beverages such as tea, coffee and wine
(Ks-5afi et al., 2007; La and Jiang, 2007; Li ef al., 2007; Roman, 2007). Flavonoids are also major
functional components of many herbal drug preparations that have been used for thousands of
years. These compounds are important health-enhancing food components and dietary
supplements. Flavonocids have been referred to as nature’s biclogical response modifiers, because
of strong experimental evidence supporting their inherent ability to modify the body's reaction to
allergens, viruses and carcinogens.

Various phytochemical compounds in foods and beverages have been widely investigated in
recent years., Cocoa contains high amounts of flavoncids, specifically the flavanol (-)epicatechin
(KC) (Fig. 1) (Roura et al., 2005). According to recent studies, Panama's Kuna Indian living on
islands had significantly lower rates of heart disease, stroke and cancer than Kuna Indians living
on the mainland (Hollenberg et al., 1997; McCullough et al., 2006). It was believed that this is
because the Kuna Indian living on islands are heavy cocea consumers while Kuna Indians living
on the mainland do not consume cocoa. The high amount of EC in the cocoa is believed to
contribute to this benefit effect. EC has also been reported to exhibit a wide range of biological
activities. For example, KC increases the production of endothelial nitric oxide synthase (eNOS)-
dependent nitric oxide (INO) and endothelium-derived vasodilators and improves endothelial
function (Steffen et al., 2005; Schroeter et al., 2008). In addition, EC inhibits arginase activity,
thereby improving endothelium-dependent vasorelaxation (Schnorr ef al., 2008). EC also mimics
insulin effectors in restoring acetylcholine esterase activity to normal levels in diabetic erythrocytes
(Rizvi and Zaid, 2001) and has antioxidant effects against lipid peroxidation (Terao et al., 1994).

Dietary flavonoids can affect the bioavailability of endogenous hormones by acting as
substrates and/or inhibitors of human SULTs. EC is the most abundant flavonoid found in eocoa.
Sulfation is the major metabolic pathway targeted by EC in the human liver and intestine
(Vaidyanathan and Walle, 2002; Ung and Nagar, 2007). In addition, EC has been shown to inhibit
SULT activities in liver cytosol (Harris et al., 2004; Nishimuta et al., 2007). To date, it 1s still

OH

X

H / 0 /

OH

AN

OH
OH

Fig. 1. Chemical structure of (-)epicatechin (cis--2-[3,4-Dihydroxphenyl]-3-4-dihydro-2H-1-
benzopyran-3,5,7-triol)
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unknown whether KC affects SULT gene expression. Studies on cytosolic SULTs have mostly
focused on detoxification tissues such as liver and intestine. Few studies have been done on SULTs
in other tissues such as heart, ovary and endocrine glands like the adrenal gland. In the present
study, we studied how EC treatment affects the gene expression of the hydroxystercid SULT
rSULT2A1 in female rat liver, adrenal gland, ovary and heart. To the best of our knowledge, this
is the first study to examine EC-mediated gene regulation of rSULTZ2A1 in stercidogenic tissues.

MATERIALS AND METHODS

{-)Epicatechin {cis-2- [3, 4-Dihydroxyphenyl] -3, 4-dihydro-2H-1-benzopyran-3, 5, 7-triol} was
purchased from MP Biochemicals, Inc. SDS-polyacrylamide gel electrophoresis reagents and protein
assay reagent were obtained from Bio-Rad (Hercules, CA). Adenosine 3’-phosphate,
5'-phosphosulfate (PAPS) was from Sigma Chemical Company. Western blot chemiluminescence
reagent kits (Super BSignal West Pico Stable Peroxide and Super Signal West Pico
Luminol/Enhancer sclutions) were purchased from Fierce Chemical (Rockford, IL). Nitrocellulose
membranes (Immobilon-P; Millipore Corporation, Bedford, MA) used for the Western blot procedure
was from Fisher Scientific Co. (Fair Lawn, NJ). Total RNA extraction kit (Tri reagent) was supplied
by Molecular Research Center. SuperScript I11 Reverse transcriptase was from Invitrogen. GoTaqg
DNA polymerase, dNTP and random primers were from Promega. We purchased gPCR™ Mastermix
Plus for SYBR Green [ from Furcgentec. [1, 2, 8, 7-H (V)] dehydroepiandrosterone was from NEN
{(Boston, MA), Antibodies against rat Sta (Chen et al., 1995) were generously provided by
Dr. Michael W.Duffel (IDivision of Medicinal and Natural Products Chemistry, College of Pharmacy,
the University of lowa, lowa City, [A). This research project was carried out between the summer
of 2008 and the summer of 2010.

Rat treatment: Female Sprague-Dawley rats (Harlan, Indianapolis, IN), 10 to 11 weeks old and
210 to 230 g body weight, total of 32 rats, were used for this study. Eats were housed in a
temperature- and humidity-controlled room and supplied with rodent chow and water for at least
one week before use. Rats were divided into four groups with four rats per group. EC was
suspended in corn cil and three groups of female rats were oral fed by gavage 3, 12 and 48 mg kg
day of EC for 7 days. The corresponding control rats received only the vehicle (corn oil). The
animals were sacrificed 24 h after the last treatment. Adrenal glands, ovaries, hearts and livers
were collected and frozen immediately in liquid nitrogen. Samples were stored at -80°C until use.

Rat tissue cytosol preparation: Adrenal gland, ovary, heart and liver homogenates were
prepared with 50 mM Tris buffer (pH 7.4), containing 0.25 M sucrose, 3 mM 2-mercaptoethanol,
0.02% Tween 20 and 10 pg mL™" phenylmethylsulfonyl fluoride. All homogenates were centrifuged
at 100,000 g for 1h at 4°C. Cytosols (supernatants) were collected and stored at -80°C for Western
blotting and enzyme activity assay.

Extraction of total RNA and RT-PCR: Total RNA was extracted from the adrenal gland, ovary,
heart and liver samples using a single-step isolation method and TRIzal reagent according to the
manufacturer’s instructions. Superscript III (Invitrogen) reverse transcriptase and 2 ug of total
RNA were used to synthesize the first-strand ¢DNA; 0.5 pLi of cDNA was subjected to RT-FCR
amplification on a PTC-100™ Programmable Thermal Controller (MJ Research INC.) All of the

primers were designed in our laboratory using Primer Express 3.0 software (Applied Biosystems,
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Carlsbad, CA). We synthesized the 131 bp amplification product of rSULT2A1 using the following
forward (FW) and reverse (RE) primers: FW, 5'-AATCTCATGGAGAAGGAACTGATTCT-3"; RE,
B-GGCCATTTTCTCCTGAAACACT-3' (GenBank accession No. NM_012695). The specificity of all
primers was tested using BLAST Open Reading Frame software (National Center for Biotechnology
Information).

The PCR conditions were as follows: 95°C for £ min, 32 cycles of 45 s at 95°C, 455 at 60°C,
35 s at 72°C, followed by a final extension of 7 min at 72°C. Rat Bf-actin expression was analyzed
as a control. We synthesized the 116 bp amplification preduect of rat f-actin from the same amount
of template wusing the following primers: FW, 5-AGGCCCCTCTGAACCCUCTAAG-3; RE,
B-AGAGGCATACAGGGACAACACA-3. The PCR conditions were the same as described above,

except 26 cycles were performed.

Quantitative real-time PCR: Real-time PCR was performed using QuantiTect SYBR Green PCR
kit {Qiagen, Valencia, CA), according to the manufacturer's instructions. Primers were the same
as those used for RT-PCR, as described above. Keal-time PCR was performed on an ABI PRISM
7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). Initially, regular FCR
products were purified with GENECLEAN Turbe (Qbiogene, Carlsbad, CA) for constructing
standard curves (10-10° copies). A standard curve was plotted: threshold cycle (C,) versus the
logarithmic value of the gene copy number. The gene copy number of unknown samples was
generated directly from the standard curve with Sequence Detector 1.7 software provided by the
7500 Fast Real-Time PCR system. Each sample was run in duplicate and each experiment was
repeated three times. All gene copy numbers were normalized to rat f-actin mRINA,

Western blot analysis of rfSULTZ2A1 protein expressed in rat adrenal gland, ovary, heart
and liver tissues: Cytosol protein from adrenal gland, heart, ovary (40 ug), or liver (5 pg) were
subjected to electrophoresis on 12% polyacrylamide gels (Novex, San Diego, CA) at 160V for about
60 min. Separated proteins were electro-transferred onte nitrocellulose membranes at 25 V
overnight. Membranes were blocked in TBST (50mM Tris [pH 7.5], 150mM NaCl, 0.05% Tween20)
containing 5% dried milk for 30 min on a shaker at rcom temperature, After blocking, membranes
were incubated with rabbit anti-rSULT2A1 (1:2000) in TBST centaining 5% dried milk overnight
on a shaker at 4°C (or for 2 h at room temperature). After incubation, membranes were washed
with TBST three times for 15 min each and incubated in secondary antibody thorseradish
peroxidase-conjugated Immuno-Pure goat anti-rabhiat [g(G; H+L) at a dilution of 1:10000 in TBST
containing 5% dried milk for 1h. The membranes were washed with TBST three times for 15 min
each. Fluorescent bands were developed with 1ml of substrate containing the same volume of each
Super Signal West Pico Luminoel Enhancer solution and Super Signal West Pico Stable Peroxidase
solution at rocom temperature for 5 min. Images of the bands were developed with a VersaDoce 5000
MP imaging system (BIO-RAD Laboratories, Inc.). Densitometric analyses were performed using
Fuantity One version 4.6.5 Analysis Software provided by the VersaDoc 5000 MP imaging system.

Statistical analysis: One-way ANOVA followed by the Dunnett’s test was used to calculate the
statistical significance of the difference between the contrel group means and EC treatment group
means (Troendle, 1996). In all cases, p<0.05 was considered significant and p<0.01 was considered
very significant. Data presented are meansdstandard deviation (SD) of the data collected separately
from four individual animals.
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RESULTS

Differential expression of rfSULT2AI1 in female rat ovary, heart, adrenal gland and liver:
The SULT rSULT2A1 (STa) is a hydroxysteroid SULT whose expression is gender and age
dependent. Real-time PCR was employed to determine the expression of rSULTZ2A1 mRNA in rat
avary, heart, adrenal gland and lLiver. Figure 2 shows that rSULT2A1 mENA was highly expressed
in female rat liver. In addition, r¥SULT2A1 expression was also detected in female rat ovary, heart
and adrenal gland.

(-)Epicatechin downregulation of rSULT2A1 expression in rat ovary: The expression of
rSULT2A1 protein in ovary was determined by Western blot, as shown in Fig. 3A. After 7 days of
EC treatment, rSULTZ2A1 protein levels decreased, as shown by the decreased intensity of the
rSULT2A1 protein band. Densitometry analysis revealed that protein content decreased by 70%
(p<0.001) and 53% (p=<0.01) after 12 and 48 mg kg day EC treatment, respectively. Quantitative
real-time PCR demonstrated that KEC inhibited »rSULT2A1 mENA expression in ovary and that
mRINA copy number decreased by 71% (p<0.01) and 52% (p<0.05) after EC treatment at doses of
12 and 48 mg kg day, respectively (Fig. 3B). The Western blot results (Fig. 3A) were in good
agreement with the real-time PCR results (Fig. 3B).

(-)Epicatechin downregulation of rSULT2A1 expression in rat heart: The expression of
rSULTZ2A1 protein in heart was determined by Western blot, as shown in Fig. 4A. After 7 days of
EC treatment, protein levels decreased, as shown by the decreased intensity of the rSULT2A1
protein band. Densitometry analysis revealed that protein content decreased by 85% (p<0.001) and
67% (p<0.01) after 12 and 48 mg kg day EC treatment, respectively. Quantitative real-time PCR
also demonstrated that KC inhibited rSULT2A1 mENA expression in heart (Fig. 4B). Moreover,
mERNA copy number decreased by B0% (p<0.05), 74% (p<0.01) and 88% (p<0.001) after EC
treatment at doses of 3, 12 and 48 mg kg day, respectively. The Western blot results were in good
agreement with real-time PCR results.

(-)Epicatechin upregulation of rSULT2A1 expression in female rat adrenal gland: The
expression of rSULT2A1 protein in adrenal gland was determined by Western blot, as shown in

Log (¢cDNA copy No.)
N

[§8)

Ovary Heart Adrenal gland Liver

Fig. 2: Expression of rSULT2A1 mRNA in female rat liver, adrenal gland, ovary and heart. cDNA
was synthesized from 2 pg of total RNA and rSULT2A1 mRNA copy number was
normalized to rat p-actin mRNA
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Fig. 3. Inhibition of rSULT2A1 by (-)epicatechin in rat ovary. Female rats were treated with
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different. doses of KC for 7 days. (A) Representative Western blot and corresponding
densitometry values. (B) Real-time PCR. cDINA was synthesized from 2 pg of total RNA and
rSULT2A1 mRNA copy number was normalized to rat f-actin mRNA. *p<0.05, **p<0.01,
#Fn<(0.001 compared with control
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Inhibition of rSULT2A1 by (-)epicatechin in female rat heart. Female rats were treated with
different. doses of KC for 7 days. (A) Representative Western blot and corresponding
densitometry values. (B) Real-time PCR. cDINA was synthesized from 2 pg of total RNA and
rSULT2A1 mRNA copy number was normalized to rat f-actin mRNA. *p<0.05, **p<0.01,
#Fn<(0.001 compared with control

Fig. BA. After 7 days of EC treatment, rSULT2A1 protein levels increased, as shown by the
increased intensity of the rSULT2A1 protein band. Densitometry analysis revealed that protein
content. increased by 6.0 fold (p<0.001) and 9.7 fold (p<0.001) after 12 and 48 mg kg day EC
treatment, respectively. Quantitative real-time PCR demonstrated that rSULT2A1 mRNA
expression in adrenal gland was also induced in a dose-dependent manner and that mRNA copy
number increased by 2.2 fold (p<0.01) and 3.4 fold (p<0.05) after EC treatment at doses of 12 and
48 mg kg day, respectively (Fig. BB). We also used traditional RT-PCR to determine rSULTZ2A1
mRNA expression in adrenal gland. Figure BC shows that vfSULT2A1 mENA levels in adrenal gland
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Fig. 5. Induction of rSULTZ2A1 by (-)epicatechin in female rat adrenal gland. Female rats were
treated with different doses of EC for 7 days. (A) Representative Western blot and
corresponding densitometry values. (B) Real-time PCR. ¢cDNA was synthesized from 2 pg
of total RNA and rSULTZ2A1 mRNA copy number was normalized to rat f-actin mRNA. (C)
Traditional RT-PCR. Densitometry values corresponding to RT-PCR products are shown.
*p<0.05, **p<0.01, ***p<0.001 compared with control
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Fig. 6: Regulation of rSULT2A1 by (-)epicatechin in female rat liver. Female rats were treated with
different. doses of KC for 7 days. (A) Representative Western blot and corresponding
densitometry values. (B) Real-time PCR. ¢cDINA was synthesized from 2 pg of total RNA and
rSULT2A1 mRNA copy number was normalized to rat p-actin mRINA
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significantly increased in a close-dependent manner after EC treatment. Densitometry analysis
demonstrated that mRINA content increased by 1.4 flod and 1.2 flod (p<0.01) after EC treatment
at dose of 12 and 48 mg/kg/day, respectively.

rSULT2A1 expression in female rat liver was not affected by (-) epicatechin: Liver is the
most important organ for biotransformation. SULTs are highly expressed in liver and rSULT2A1
especially 1s highly expressed in female rat liver. Western blot and real-time PCR analyses showed
that EC treatment did not significantly affect rSULTZ2A1 expression in liver (Fig. 64, B).

DISCUSSION

EC 1s a flavanol, a subgroup of flavonoids. EC 1s present in many plants. High quantities can
be found in cocoa, tea and grapes (Vaidyanathan and Walle, 2002; Schuier et al., 2005,
Schroeter et al., 2006; Roura et al., 2007). Various studies have shown that KC plays important,
physiological reles. It reduces lipid peroxidation and inhibits platelet aggregation (Kativar et al.,
1994; Terao ef al., 1994) induces peripheral vasodilation; improves endothelial function via a nitric
oxide-dependent mechanism (Steffen et «l., 2005; Schroeter et al., 2006) and decreases
arginase-2 mRNA expression and arginase activity (Schnorr et af., 2008). Especially, EC has been
shown to have beneficial effects on cardiovascular health (Steffen ef @l., 2005, Schroeter et al.,
2006; Yamazaki et al., 2008). In the present investigation, we report the effects of EC on the gene
expression of the hydroxystercid SULT rSULT2A1 in female rat adrenal gland, ovary, heart and
liver. To the best of our knowledge, this is the first report to deseribe SULT regulation in adrenal
gland, ovary and heart.

Our results indicated that rSULT2A1 mRNA was differentially expressed in steroidogenic
tissues. The expression of rSULTZ2A1 was highest in liver. The expression of rSULT2A1 was also
detected in female rat ovary, heart and adrenal gland (Fig. 2). The regulation of rSULTZ2A1
expression by EC was also differential in these four steroidogenic tissues. EC inhibited rSULT2A1
expression both in female rat ovary and heart. However, in female rat. adrenal gland, EC induced
rSULTZ2A1 expression. In female rat liver, EC did not significantly affect the expression of
rSULT2A1.

EC regulation of rSULT2A1 expression has physiological and clinical importance, as rSULT2A1
plays an important role in DHEA sulfation. DHEA is a stercid hormone synthesized from
cholesterol and secreted by the adrenal glands. It is a very powerful precursor of major sex
hormones: estrogen, progesterone and testosterone (Leowattana, 2001). Epidemiological studies
have shown that low levels of DHEA correlate with a higher risk of cardiovascular disease
{(Feldman et af., 2001). Thus, DHEA therapy has been suggested to be beneficial against coronary
heart disease (Rabijewski and Zgliczynski, 2005). Indeed, DHEA and/or its metabolites exert
cardioprotective actions through antihypertrophic effects (Nakamura et al., 2004). Additionally,
higher DHEA levels seem to positively affect endothelial cell signaling, which could have important
implications for avoiding heart disease (Mohan and Benghuzzi, 1997; Varet ef al., 2004). In the
present study, we found that EC inhibited rSULTZ2A1 expression in rat heart, suggesting that EC
treatment. may increase the levels of bicactive DHEA in the heart. Thus, EC inhibition of
rSULTZ2A1 may have a beneficial impact on cardiovascular health.

We also found that KC inhibited rSULT2A1 expression in rat ovary. An ovary is an
ovum-producing reproductive organ in female organisms. The ovaries have two functions: They
produce eggs and female hormones, such as estrogen and progesterone, of which DHEA is a
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precursor. DHEA treatment is known to increase oocyte and embryo numbers and fertilization rate
{Barad and Gleicher, 2005, 2006), Genes encoding enzymes that regulate DHEA sulfonation are
associated with DHEA sulfate levels in polyeystic ovary syndrome {Goodarzi et al., 2007). Because
EC inhibits rSULT2A1 expression in rat ovary, it follows that EC also inhibits DHEA sulfonation
in rat ovary. The latter would increase bicactive DHEA levels in the ovaries, which may have
beneficial effect on ovarian function.

In the present study, EC did not significantly affect rSULT2A1 expression in rat liver,
suggesting that EC does not affect the detoxification activity of SULTZ2A1 in liver.

EC regulation of rSULTZ2A1 may be mediated through certain nuclear receptors (Kim ef al.,
2004; Beely et al., 2005; Chen et al., 2006; Fang ef al., 2007). EC can act as either an agonist or
an antagonist of certain endogenous hormones that regulate rSULT2A1 expression in vive. In
different tissues, EC may induce rSULT2A1 through certain nuclear receptors or inhibit the
expression of nuclear receptors that are regulated through endogenous hormones by competitively
binding to these nuclear receptors. This will depend on endogencus hormone levels and nuclear
receptor expression levels in different tissues. Hormone levels and nuclear receptor expression levels
should differ across these tissues. This may explain why EC-mediated inhibition of rSULT2A1
expression was chserved in ovary and heart, but KC-mediated induction of rSULTZ2A1 expression
was observed in rat adrenal gland.

CONCLUSIONS

Present results demonstrated that the expression the major hydroxystercid SULT, rSULT2A1,
is significantly up-regulated by the dietary flavancl, EC, in the DHEA preducing endocrine gland,
adrenal gland. The increased SULT2A1 will increase the sulfation of DHEA; therefore increase its
transport and stability. However, the expression of rSULT2A1 1s significantly inhibited in heart
and ovary. The decreased SULT2A1 will increase the de-sulfation of DHEA sulfate by sulfatases
and increase the biclogical activities of DHEA in the targeted tissues. The results suggest the
mechanisms for the beneficial effects of EC to heart and ovary. rSULTZ2A1 was not affected by EC
in rat liver, suggesting that EC will not affect the detoxification roles of SULT2A1.
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