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Abstract
Epidemiology studies have shown that consumption of fruits and vegetables is associated with the prevention of chronic
diseases such as cancer and cardiovascular disease. Induction of cellular phase II detoxifying enzymes is associated with cancer
preventive potential. Phenolsulfotransferases (PSTs) are traditionally known as phase II drug-metabolizing or detoxifying
enzymes that facilitate the removal of drugs and other xenobiotic compounds. Phenolic acids are known to increase the
activities of PSTs. In the present study, human HepG2 cells were used as model to investigate the influence of twenty
vegetables on human PST activity and to evaluate the relationships to their antioxidant activity and total phenolics content.
The result showed that PST-P activity was significantly ( p , 0.01) induced by asparagus, broccoli, cauliflower, celery and
eggplant, whereas PST-M activity was induced by asparagus, broccoli, carrot, eggplant and potato at a concentration of
100mg/ml. The vegetable extracts that induced both forms of PSTs activities were found to have higher antioxidant capacities
and total phenolic content in the oxygen radical absorbance capacity (ORAC) and Folin-Ciocalteu assay. The major
polyphenols in broccoli, the most potential inducer in both forms of PSTs activities, was antioxidant phenolic acids. HPLC
retention times and standard spiked indicated the presence of gallic acid, p-hydroxybenzoic acid, p-coumaric acid, gentisic
acid and ferulic acid in broccoli. The overall effect of vegetables tested on the activity of PST-P was well correlated to their
ORAC value and total phenolics content (r ¼ 0:82; p , 0:05 and r ¼ 0:78; p , 0:05). These results imply that vegetables have
a capability of inducing PST activity, and the PST induction may be possibly ascribed to antioxidant phenolic acids in
vegetable extracts.
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Abbreviations: AAPH, 2,20-Azobis (2-amidinopropane)-hydrochloride; GAPDH, glyceraldehyde 3-phosphate dehydrogen-
ase; GST, glutathione S-transfersase; GAE, gallic acid equivalent; HPLC, high performance liquid chromatography; ORACROOz,
oxygen radical absorbance capacity; PST-P, P-form phenolsulfotransferases; PST-M, M-form phenolsulfotransferase; b-PE,
b-phycoerythnin; QR, quinone reductase; RT-PCR, reverse transcription polymerase chain rection; TEAC, trolox equivalent
antioxidant capacity; UGTs, UDP-glucoronosyl transferase

Introduction

Epidemiology studies have shown that dietary

patterns were significantly associated with the preven-

tion of chronic diseases such as heart disease, cancer,

diabetes and Alzheimer’s disease [1]. Consumption of

fruits and vegetables has been highly associated with

the reduced risk of cancer [2]. Fruits and vegetables

furnish an abundance of nutrients, especially vitamins

and minerals, to the diet of individuals. They also

contain non-nutritive constituents, such as fiber and

phenolic compounds, the latter which have been

implicated in conferring biological and beneficial

health effects in test animals and human [3]. Recent
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investigations show that there is a profound link

between the dietary habits and the incidence of cancer

and heart diseases in humans, and the non-nutritive

constituents appear to play a role in preventing the

development of these diseases [4]. Many of the

beneficial health effects of non-nutritive constituents

of vegetables have been known to originate from or be

closely associated with their antioxidant properties

[5]. It is widely accepted that induction of phase II

detoxification enzymes is a major strategy for

protecting cells against a variety of endogenous and

exogenous toxic components, such as reactive oxygen

species and chemical carcinogens [6]. Various

synthetic organic compounds, such as tert-butyl-

hydroquinone (t-BHQ), butylated hydroxytoluene

(BHT), and butylated hydroxyanisole (BHA), have

been reported to be potent chemopreventive agents

because they can induce phase II enzymes in cultured

murine hepatoma cells [7]. Many of the non-nutritive

food components, such as phenolics and sulfur-

containing compounds, including glucosidenolates

and their metabolites, have also been shown to possess

cancer chemopreventive properties [8].

Phenolsulfotransferase (PST) catalyzes the sulfation

of various endogenous compounds, drugs and xeno-

biotics as well as in steroid biosynthesis, catecholamine

metabolism and thyroid hormone homeostasis [9]. At

least two major forms of human PSTenzymes have been

characterized biochemically from liver, blood platelets

and other tissues, the phenol-preferring PST (PST-P)

and the monoamine neurotransmitter-preferring PST

(PST-M). Our previous studies revealed that

p-hydroxybenzoic acid, gentisic acid, ferulic acid, gallic

acid, and coumaric acid all could increase the activities

of both PST-P and PST-M. These phenolic acids also

possessed antioxidant capacity in the oxygen radical

absorbance capacity (ORAC) and TEAC assays [10].

Furthermore, in both two-compound and three-

compound combinations with each of other phenolic

acids, gallic acid and gentisic acid exhibit the potential

synergistic effects in the promotion of PSTs activities

[11]. The overall effects of phenolic acids on the

activities of PST-P and PST-M are highly correlated to

their ORAC values, suggesting thatantioxidantphenolic

acids might alter sulfate conjugation. The antioxidant

activity of several plant materials has recently been

reported [12]. Nevertheless, in the literature data

regarding the effect of vegetables extracts on pheno-

sulfotransferase activities is limited.

Hepatoma cell line (HepG2) which not only

resembles morphologically normal hepatocytes [13]

but has also been shown to retain many of the enzymes

involved in xenobiotic metabolism, including a func-

tional Ah receptor [14], an inducible sulphotransferase

[15] and an inducible NAD(P)H quinone oxidoreduc-

tase [16]. In this cell line, phenolsulfotransfease is also

inducible, and the predominant isoforms present in

control cell were phenol (P) and monoamine (M) form

of the human phenolsulphotransferase [17]. On this

basis we have used a highly differentiated human

hepatoma cell line, HepG2 as a model to assess the

influence of vegetables extracts on the activity of human

phenolsulfotransferase (PST-P or PST-M) in this study.

In addition, the antioxidant capacity, total polyphenol

content and composition of vegetable extracts were

investigated by ORAC and Folin-Ciocalteu assay [18].

The effect of vegetables on the activities of both forms of

phenolsulfotransferase in relation to their antioxidant

capacities was also determined.

Materials and methods

Materials

Fresh vegetables (asparagus, broccoli, cabbage, carrot,

cauliflower, celery, Chinese chive, cucumber, eggplant,

garlic, leek, lettuce, onion, potato, shiitake, snap bean,

soybean sprouts, spinach, sweet potato and tomato) were

purchased form a local supermarket in Taichung, Taiwan

(Table I). These twenty vegetables were selected on the

basis of consumption per capita data in the Taiwan. [35S]-

labeled 30-phosphoadenosine-50-phosphor sulfate

(PAPS35) (1.0–1.5 Ci/mmol) was purchased from

DuPont-New England Nuclear (Boston, MA). b-phy-

coerythnin (b-PE) from Porphydium cruentum was

purchased from Sigma Co. (St. Louis, MO). 2,20-Azobis

(2-amidinopropane)-hydrochloride (AAPH) was pur-

chased from Wako Chemicals (Osaka, Japan). 6-Hydro-

oxy-2,5,7,8-tetramethyl- chroman-2- carboxylic acid

Table I. Vegetables used in this study.

Vegetable Scientific name Vegetable Scientific name

Asparagus Asparagus officinalis L. Leek Allium ampeloprasum L.

Broccoli Brassica oleracea L. Onion Allium cepa L.

Cabbage Brassica oleracea L. Potato Solanum tuberosum L.

Carrot Daucus carota L. Shiitake Lentinus edodes Sing.

Cauliflower Brassica oleracea L. Snap bean Phaseolus sativum L.

Celery Apium graveolens L. Soybean sprouts Glycine max Merr.

Chinese chive Allium tuberosum Rottler Spinach Spinacia oleracea L.

Cucumber Cucumis sativus L. Sweet potato Ipomoea batatas Poir.

Eggplant Solanum melongena L. Tomato Lycopersicon esculentum Mill.

Garlic Allium sativum L. Lettuce Lactuca sativa L.

Edible parts from the twenty different vegetables were extracted with methanol.
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(Trolox) was obtained from Aldrich (Milwaukee, WI).

ABTS2-(2,20-azinobis-(3-ethylbenzthiazoline-6-sulfo-

nate) as sulfonic acid was obtained from Sigma Co.

(St. Louis, MO).

Preparation of the vegetable extracts

An edible part of the vegetables that is normally eaten

was weighted and rapidly frozen in liquid nitrogen,

followed by freeze-drying and grinding to produce a

fine powder. Subsequently, freeze-dried vegetables

were accurately weight into 1.0-g aliquots and 10 ml of

methanol extraction solvent was added. The mixture

was shaken at 600 rpm at room temperature on an

orbital shaker for an hour. Methanol was completely

removed by rotary evaporation, and residue was

dissolved in 75 mM potassium phosphate buffer

solution (pH 7.4). Before addition to the cell culture,

all were filtered through a 0.22mm filter. The

concentrations shown are expressed as fresh weight

(FW) of vegetable per milliliter of culture medium.

Cell culture

Human hepatoma cells (HepG2 cells were obtained

form the Bioresource Collection and Research Center

(BCRC, Food Industry Research and Development

Institute, Hsin Chu, Taiwan). Cells were grown in

Dulbecco’s modified Eagles’s medium (DMEM)

supplemented with 10% (v/v) fetal bovine serum

(GIBCO BRL, Grand Island, NY), 100 U/ml peni-

cillin, 100 mg/mL streptomycin, 0.37% (w/v)

NaHCO3, 0.1 mM NEAA, 1 mM sodium pyruvate,

and 0.03% L-glutamine at 378C in a humidified

atmosphere of 95% air and 5% CO2.

Assay of phenolsulfotransferase activity

The PST induction activity of different vegetables was

determined by mean of PST assay. The cells were

grown in 12-well plates (Costar 3524, Corning Inc.,

Corning, NY) for 24 h and then exposed to different

vegetables (100mg/ml) for 24 h. Growth medium and

gallic acid were used as negative and positive control,

respectively [10]. Treated cells were scraped off,

washed and suspended in ice-cold 5 mM potassium

phosphate buffer, pH 7.4, before homogenization to

produce a cell homogenate. Aliquots of the cell

homogenate were collected and immediately tested

for PST activity. The incubation mixture contained

100ml of 0.1 M potassium phosphate buffer (pH 7.0),

20ml of the HepG2 cell homogenates, 20ml of the

substrate, and 20ml [35S]-labeled PAPS (final concen-

tration 6.7mM) was added at successive intervals to

tubes at 378C in a water bath, and the reaction was

terminated after 20 min by addition of 0.1 M barium

acetate (200ml). Any unreacted PAPS, free sulfate or

protein was precipitated by two additions of 0.1 M

barium hydroxide (200ml) followed by 0.1 M zinc

sulphate (200ml). After centrifugation (11,500g for

3 min), 500ml of the supernatant was thoroughly

mixed with 4 ml scintillant, and radioactivity was

measured by liquid scintillation spectrometry, and all

assay were performed in triplicate. The protein content

of cell homogenates was determined using a Bio-Rad

protein assay kit.

RNA extraction and RT-PCR

RT-PCR was performed to determine the levels of

P-form and M-form phenolsulfotransferase gene

expression. HepG2 cells (1 £ 106 in 10 ml medium)

were plated in 100-mm tissue culture dishes. After pre-

incubation for 24 h, HepG2 cells were exposed to three

major vegetables (100mg/ml), sulforaphane (20mM),

and polyphenolic compounds (20mM) for 24 h.

Cellular RNA was extracted with a TRIzol RNA

isolation kit (Life Technologies, Rockville, MD) as

described in the manufacturer’s manual. The 987 bp

target in PST-P cDNA (GenBank accession no.

L10819) was amplified, using the sense primer

(50-ATGGAGCTGATCCAGGACAC-30) at positions

39–58 and anti-sense primer (50-TGACCTACCGTC-

CCAGGCCC-30) at positions 1006–1025. The 987 bp

target in PST-M (GeneBank accession no. L19956) was

amplified, using the sense primer (50-ATGGAGC-

TGAT-CCAGGACAC-30) at positions 139–158 and

anti-sense primer (50-TGAGCCACTGTGCCTG-

ACTC-30) at positions 1106–1125. As a housekeeping

gene, glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was amplified, using the sense primer

(50 -GACCCCTTCATTGACCTCAAC-30) at pos-

itions 143 162 and anti-sense primer (50-CATACCAG-

GAAATGAGCTTG-30) at positions 965–984. Briefly,

from each sample, 250 ng of RNA was reverse-tran-

scribed, using 200 units of Superscript II reverse

transcriptase, 20 units of RNase inhibitor, 0.6 mM of

dNTP and 0.5mg/ml of oligo (dT) 12–18. Then, PCR

analyses were performed on the aliquots of the cDNA

preparations to detect PST-P, PST-M and GAPDH (as

an internal standard) gene expression,using the FailSafe

PCR system (Epicenter Technologies, Madison, WI,

USA). The reactions took place in a volume of 50ml,

containing (final concentration) 50 mM Tris-HCl, pH

8.3, 50 mM KCl, 1.5 mM MnCl2, 0.2 mM dNTP, 2

units of Taq DNA polymerase and 50 pmol of 50 and 30

primers. After initial denaturation for 2 min at 958C, 30

cycles of amplification (at 958C for 1 min, 608C for

1 min, and 728C for 1.5 min) were performed, followed

by a 7-min extension at 728C.

Analysis of PCR products

A 10ml aliquot from each PCR reaction was

electrophoresed in a 1.8% agarose gel, containing

0.2mg/ml ethidium bromide. The gel was then
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photographed under ultraviolet transillumination. For

quantification, the PCR bands on the photograph of

the gel were scanned using a densitometer, linked to a

computer analysis system. We normalized the PST-P

and PST-M signal, relative to the corresponding

GAPDH signal, from the same sample, expressing the

data as the PSTs/GAPDH ratio.

Oxygen-radical absorbance capacity assay

The automated ORAC assay was carried out on a

Fluostar Galaxy plate reader (BMG LabTechologies,

GmbH, Offenburg, Germany) with fluorescent filter

(ex. 540 nm; em. 565 nm). The procedure was based

on a previous report of Cao et al. [19], with a slight

modification. Briefly, in the final assay mixture, b-PE

(16.7 nM) was used as a target of free radical (or

oxidant) attack with AAPH (40 mM) as a peroxyl

radical generator. Trolox (1–4mM) was used as a

standard and prepared fresh daily. The analyzer was

programmed to record the fluorensence of b-PE in

every 5 min after AAPH was added. All fluorescent

measurements were expressed in relative to the initial

reading. Final results were calculated using the

differences of area under the b-PE decay curves

between the blank and a sample and expressed asmmol

of trolox equivalents (TE) per gram of FW vegetable

samples.

Total phenolic content and characterization of phenolic

compounds

The content of total phenolic was analyzed spectro-

photometrically using the Folin-Ciocalteu colori-

metric method and calculated using gallic acid as a

standard [20]. All vegetable extracts were diluted

with distilled water to obtain reading within the

standard curve ranges of 0–500mg of gallic acid/ml.

Briefly, 100ml of standard gallic acid solution or

diluted vegetable extracts was mixed with 0.5 ml of

distilled water in a test tube followed by the

addition of 100ml of Folin-Ciocalteu reagent. The

samples were mixed well and then allowed to stand

for 5 min before 1.25 ml of a 2% sodium carbonate

aqueous solution was added. Samples were allowed

to stand for 30 min at room temperature before the

absorbance was measured at 750 nm versus the

blank using a Hitachi spectrophotometer (model U-

3000). Results were expressed as milligrams of

gallic acid equivalent (GAE) per gram of FW

vegetable samples. The asparagus, broccoli and

eggplant extracts were hydrolyzed with 2.5 N HCl

at 1008C for 2 h to break glycosidic bonds, and the

released aglycons were extracted into ethyl acetate

until they became colorless. The extracts were

combined, evaporated to dryness on a rotary

evaporator, and then dissolved in 5 ml of methanol.

The crude extracts were filtered through a 0.45mm

filter before HPLC analysis. The filtrates were

analyzed by HPLC (Hitachi, Japan), using the

LiChrosphere RP-18 column (150 £ 4 mm2, 5mm)

and photodiode array detector (measured at

280 nm). Elution was carried out at room tempera-

ture and utilized 2% (v/v) acetic acid in water as

solvent A and 0.5% acetic acid in water and

acetonitrile (50:50, v/v) as solvent B. The elution

gradient program was as follows: 10% B to 55% B

(50 min), 55% B to 100% B (10 min), 100% B to

10% B (5 min) at a flow rate of 1 ml/min. The

injection volume for standard sample extracts was

10ml. Five phenolic acids (gallic acid, p-hydro-

xybenzoic acid, p-coumaric acid, gentisic acid, and

ferulic acid) were quantified using the external

standard method. Quantification was based on peak

area. Calibration curves of the standards were made

by diluting stock standards in methanol to yield 0–

300mg/ml (phenolic acids). Linear regression was

fitted to the data to obtain regression coefficients

.0.99 for phenolic acids standard curves. BHA was

used as the internal standard to calculate the loss of

phenolic acids. Spectra were recorded from 200 to

600 nm.

Statistical analysis

Correlation and regression analyses and principal

component analysis were performed using SigmaPlot

scientific graph system. The component loadings

included ORAC, total phenolic content, and activities

of P-form and M-form phenolsulfotransferase. Anal-

ysis of variance was performed using ANOVA

procedures. Significant differences ( p , 0.05)

between means were determined using Duncan’s

multiple ranged tests.

Results

Effect of vegetables on the phenosulfotransferase activity

and mRNA in HepG2 cells

In the present study, the effects of twenty vegetables

extracts on the sulfation of p-nitrophenol and

dopamine in HepG2 cells were determined. The

vegetables used in this study are shown in Table I.

The results shown in Table II demonstrated that

PST-P and PST-M activity of control (without

vegetables extracts) were 22 ^ 3 and 68 ^

4 pmol/min/mg protein, respectively. Moreover, the

addition of vegetable extracts could cause the effect

of both forms of PST activities. The induction folds

of vegetable extracts on human HepG2 cells are also

presented in Table II. It was found that asparagus,

broccoli and eggplant showed the highest inducing

effects on both form of PSTs activities at a

concentration of 100mg/ml ( p , 0.01). Although

cauliflower, celery and snap bean showed the
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significant induction on PST-P, they had weaker

induction on PST-M activity ( p , 0.05). Carrot,

Chinese chive and potato could markedly induce

the PST-M activity by 1.4–1.5-fold ( p , 0.01).

Cabbage, cucumber, garlic, leek, potato, shiitake

and sweet potato showed lower inducing effects on

PST-P activity, whereas celery, cucumber, garlic,

onion and snap bean had slight induction on PST-

M activity by 1.1–1.2-fold ( p . 0.05). Moreover,

other vegetables (lettuce, shiitake, soybean sprouts,

spinach, sweet potato and tomato) showed no

influence on both PST-P and PST-M activities. To

further evaluate the PST-P and PST-M mRNA

expression induced by three major vegetables, we

first evaluated PST-P and PST-M mRNA expression

in response to 100mg/ml extracts of broccoli,

eggplant and asparagus in HepG2 cells. RT-PCR

analyses were performed to examine the steady-state

levels of PST-P and PST-M mRNA in HepG2 cells

after treatment with the extracts of three major

vegetables for 24 h. As shown in Figure 1, PST-P

gene expression was elevated by all three vegetables

and broccoli elicited the strongest inductive effect

among them. Similarly, PST-M gene expression was

also increased by treatments with broccoli, eggplant

and asparagus. The housekeeping gene GADPH

showed no change in the experiments. Therefore,

we believe that increased both forms of PSTs

activities by three major vegetables in HepG2 cells

were regulated through transcriptional activation.

Effect of broccoli-derived chemicals on P-form

phenolsulfotransferase activity and mRNA in HepG2 cells

To further compare the effects of broccoli, sulfo-

raphane and phenolic acids on PST-P activity

Table II. Effect of vegetable extracts on phenolsulfotrnasferase activity in HepG2 cells.

PST activity (pmol/min/mg protein)

Vegetables (Scientific name) p-nitrophenol Dopamine

Asparagus (Asparagus officinalis L.) 36 ^ 1 (1.6)** 109 ^ 1 (1.6)**

Broccoli (Brassica oleracea L.) 41 ^ 2 (1.8)** 116 ^ 4 (1.7)**

Cabbage (Brassica oleracea L.) 25 ^ 1 (1.1) 68 ^ 2 (1.0)

Carrot (Daucus carota L.) 23 ^ 1 (1.0) 102 ^ 1 (1.5)**

Cauliflower (Brassica oleracea L.) 41 ^ 2 (1.8)** 54 ^ 3 (0.8)

Celery (Apium graveolens L.) 39 ^ 3 (1.7)** 75 ^ 6 (1.1)

Chinese chive (Allium tuberosum Rottler) 23 ^ 2 (1.0) 96 ^ 4 (1.4)*

Cucumber (Cucumis sativus L.) 27 ^ 3 (1.2) 82 ^ 3 (1.2)

Eggplant (Solanum melongena L.) 42 ^ 1 (1.8)** 116 ^ 5 (1.7)**

Garlic (Allium sativum L.) 25 ^ 4 (1.1) 75 ^ 2 (1.1)

Leek (Allium ampeloprasum L.) 27 ^ 1 (1.2) 68 ^ 7 (1.0)

Lettuce (Lactuca sativa L.) 20 ^ 1 (0.9) 55 ^ 1 (0.8)

Onion (Allium cepa L.) 18 ^ 3 (0.8) 75 ^ 2 (1.1)

Potato (Solanum tuberosum L.) 25 ^ 2 (1.1) 102 ^ 6 (1.5)**

Shiitake (Lentinus edodes Sing.) 25 ^ 1 (1.1) 68 ^ 2 (1.0)

Snap bean (Phaseolus sativum L.) 32 ^ 2 (1.4)* 75 ^ 1 (1.1)

Soybean sprouts (Glycine max Merr.) 23 ^ 1 (1.0) 68 ^ 1 (1.0)

Spinach (Spinacia oleracea L.) 18 ^ 2 (0.8) 55 ^ 1 (0.8)

Sweet potato (Ipomoea batatas Poir.) 25 ^ 3 (1.1) 68 ^ 2 (1.0)

Tomato (Lycopersicon esculentum Mill.) 25 ^ 2 (1.0) 68 ^ 1 (1.0)

HepG2 cells were treated with each vegetable extracts for 24 h, the both forms of PSTs activities were then being measured. PST-P and PST-M

activity of control (without vegetable extracts) were 22 ^ 3 and 68 ^ 4 pmol/min/mg protein, respectively. The vegetables extracts

concentration used in phenolsulfotransferase assay was 100mg/ml. Values in parentheses represent the induction folds of vegetables extracts

on human HepG2 sulfotransferase. Data are expressed as mean specific activity ^ SD from three experiments. Significantly different form the

control cells: *p , 0.05, **p , 0.01.

Figure 1. Effects of broccoli, eggplant and asparagus extracts on

PSTs mRNA expression. HepG2 cells were cultured at

approximately 60–70% confluence and then treated with

100mg/ml broccoli, eggplant and asparagus extracts. Expression of

PSTs mRNA was analyzed by RT-PCR. GAPDH, the housekeeping

gene, was used as an internal control. Induction folds of PST-P and

PST-M were calculated as the intensity of the treated samples

relative to the control by densitometry. The images shown are

examples of two separate experiments.
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in the HepG2 cells, the PST-P inducing activity by

these compounds in HepG2 cells was then evaluated.

The basal specific activity of PST-P in HepG2 cells was

22 ^ 3 pmol/min/mg protein. As shown in Figure 2A,

the broccoli extracts, sulforaphane, gentisic acid, and

gallic acid were found to significantly increase PST-P

activity. The greatest proportionate induction of PST-

P activity was observed in treatment with broccoli

extracts by inducing PST-P activity with a maximum

of 1.8-fold. Treatment with sulforaphane at 20mM

induced PST-P activity about 1.4-fold in HepG2 cells.

At concentration of 20mM, both gentisic acid and

gallic acid showed a significant increase of PST-P

activity, with a 1.6- and 1.7-fold induction, respect-

ively. By contrast, PST-M activity was also increased

to the same extent by these compounds (data not

shown). The effects of broccoli, sulforaphane and

phenolic compounds on PST-P mRNA expression

were also investigated by using RT-PCR assay.

As shown in Figure 2B, the levels of PST-P mRNA

in HepG2 cells grown in normal cell culture medium

without the addition of phenolic compounds were

barely detectable; however, PST-P mRNA expression

was significantly induced after the HepG2 cells were

incubated with all these compounds for 24 h.

Treatment of HepG2 cells with the broccoli extracts

containing the mixtures of isothiocyanates and

polyphenolic compounds substantially increased

PST-P mRNA expression. This increase was

comparable to the induction of PST-P mRNA affected

by sulforaphane and phenolic acids at 20mM.

Broccoli extracts showed the most potent inducing

effect, elevating PST-P mRNA level to 1.9-fold.

The inductions of PST-P mRNA expression by

sulforaphane, gentisic acid and gallic acid at 20mM

were 1.3-, 1.5-, and 1.8-fold, respectively. The

housekeeping gene GADPH showed no change

under all these compounds treatments.

Phenolic content and antioxidant activity in vegetables

The total phenolics content and total antioxidant

capacity (expressed as an ORACROOz value) of 20

vegetables are shown in Table III. Phenolic contents

were expressed as milligrams of gallic acid equivalents

per g of FW vegetables. Among all the vegetables

analyzed broccoli had the highest amount of total

phenolics content (7.0 ^ 0.3 mg/g of vegetable),

followed by asparagus (5.5 ^ 0.2 mg/g of vegetable),

eggplant and snap bean (4.8 ^ 0.1 and 4.5 ^ 0.1 mg/g

of vegetable, respectively), celery (3.7 ^ 0.2 mg/g of

vegetable), cauliflower (3.5 ^ 0.2 mg/g of vegetable)

and garlic (3.2 ^ 0.2 mg/g of vegetable). Sweet potato

had the lowest total phenolics content (1.6 ^ 0.3 mg/g

of vegetable) of the 20 vegetables, which was just

slightly lower than spinach (2.0 ^ 0.1 mg/g vege-

table). It is interesting to note that asparagus, broccoli,

and eggplant had relatively higher amounts of total

phenolics content compared to the other vegetables in

this study ( p , 0.05). Broccoli and sweet potato had

the highest and lowest overall total phenolics content

with 7.0 ^ 0.3 and 1.6 ^ 0.3 mg/g vegetable,

respectively.

The antioxidant activities against peroxyl radicals

(ORACROOz activity) of 20 vegetables are shown in

Table III. The data indicated that broccoli had the

highest ORACROOz value (45 ^ 1mmol of trolox

equiv./g of FW vegetable, p , 0.05) among the 20

vegetables tested. Asparagus, cauliflower, celery, snap

bean, cabbage, eggplant and garlic had ORACROOz

values within the range of 34–41mmol of trolox

equiv./g. Soybean sprouts, onion, leek, Chinese chive

and spinach were in the lower ORACROOz values

(13–24mmol of trolox equiv./g of FW vegetable).

Of the tested vegetables including broccoli, celery,

asparagus, cauliflower, snap bean, eggplant, leek and

Figure 2. Induction of P-form PSTs activity and mRNA

expression in HepG2 cells by broccoli, sulforaphane, and phenolic

acids. HepG2 cells were treated with broccoli extract (100mg/ml),

sulforaphane (20mM), gentisic acid (20mM), and gallic acid

(20mM) for 24 h. PST-P activity (A) and PST-P mRNA expression

(B) were measured as described in the “Materials and methods”

section. The results are represented as the ratio of PST-P activity in

the treated cells to control. Each value of the ratio of PST-P activity

represents the mean ^SD of three independent experiments.

*p , 0.05 and **p , 0.01 vs. control. The mean uninduced activity

in the control cells was 22 ^ 3 pmol/min/mg protein.

C.-T. Yeh & G.-C. Yen898

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



cabbage all acted as antioxidant against peroxyl radical

(ROOz) in a dose-dependent manner (data not

shown). In addition, the results obtained from

ORACROOz assay were similar to those of the total

polyphenolic assay. In general, vegetable extracts that

induced both forms of PSTs activities were found

to have higher antioxidant capacities.

HPCL analysis of phenolic acids in vegetables

Our previous studies revealed that p-hydroxybenzoic

acid, gentisic acid, ferulic acid, gallic acid, and

p-couamric acid all could increase the activities of

both PST-P and PST-M. These phenolic acids also

possessed antioxidant capacity in the ORAC and

TEAC assay [10]. From this background, phenolic

acids are presumed to be a potential inducer on both

forms of PSTs activities in vegetables. Among the 20

vegetable samples, the extracts of asparagus, broccoli

and eggplant were the most potential inducer in both

forms of PSTs activities. To determine the main

antioxidant compound in polyphenol, the phenolic

composition in vegetables was assayed. The phenolic

chromatograms from asparagus, broccoli and eggplant

after hydrolysis with acid are shown in Figure 3

and Figure 3A shows the chromatograms of

phenolic acids standard. Figure 3B–D represents

the chromatograms of extracts of asparagus, broccoli

and eggplant, respectively. As the results in Table IV

show, asparagus, broccoli and eggplant contained

large amount of polyphenols, especially gallic acid,

p-hydroxybenzoic acid, p-couamric acid, gentisic acid,

and ferulic acid. The amount of gallic acid ranged

from trace in asparagus and eggplant to 200 ^ 40mg/g

of extracts in broccoli. The amount of p-hydroxy-

benzoic acid ranged from trace in eggplant to

477 ^ 38mg/g of extract in asparagus. p-Coumaric

acid in both broccoli and eggplant were 1306 ^ 42

and 1733 ^ 40mg/g of extract, respectively, which was

the highest compared to other vegetables. Gentisic

acid and ferulic acid were also found to be highest in

broccoli, with a content of 561 ^ 19 and

1059 ^ 64mg/g of extract, respectively. From this

result, it can be concluded that phenolic acid in

polyphenol of vegetables extract is the main respon-

sible antioxidant and that the phenolic acid in

vegetable has a positive inducing ability on phenol-

sulfotransferase activity.

Relationship between antioxidant activity, total phenolic

content, and phenolsulfotransferase activity

There was a direct relationship between total phenolic

content and total antioxidant activity in extracts of

different vegetables (r ¼ 0:75; p , 0.05; data not

shown). The higher total phenolics content in

vegetables resulted in higher total antioxidant activity.

The influence of vegetables on PST-P activity in

relation to their antioxidant activity is presented in

Figure 4. It was found that there is a significant linear

correlation between the influences of vegetables on

PST-P activity. A correlation coefficient (r ¼ 0:82;
p , 0.05) was observed between the influence of

vegetables on PST-P activity and their ORAC values

(Figure 4A). In addition, the influence of vegetables

on PST-P activity was linearly related to the total

Table III. Total phenolic content and antioxidant activity (ORACROOz) in vegetables.

ORACROOz

Vegetables (Scientific name) (mg/g) (mmol of TE/g)

Asparagus (Asparagus officinalis L.) 5.5 ^ 0.2 39 ^ 4

Broccoli (Brassica oleracea L.) 7.0 ^ 0.3 45 ^ 1

Cabbage (Brassica oleracea L.) 2.7 ^ 0.3 33 ^ 1

Carrot (Daucus carota L.) 2.3 ^ 0.1 28 ^ 1

Cauliflower (Brassica oleracea L.) 3.5 ^ 0.2 39 ^ 2

Celery (Apium graveolens L.) 3.7 ^ 0.2 41 ^ 2

Chinese chive (Allium tuberosum Rottler) 2.1 ^ 0.1 20 ^ 1

Cucumber (Cucumis sativus L.) 2.3 ^ 0.3 26 ^ 3

Eggplant (Solanum melongena L.) 4.8 ^ 0.1 35 ^ 2

Garlic (Allium sativum L.) 3.2 ^ 0.1 34 ^ 2

Leek (Allium ampeloprasum L.) 3.3 ^ 0.2 21 ^ 2

Lettuce (Lactuca sativa L.) 3.1 ^ 0.1 28 ^ 3

Onion (Allium cepa L.) 2.1 ^ 0.2 23 ^ 2

Potato (Solanum tuberosum L.) 3.3 ^ 0.2 30 ^ 1

Shiitake (Lentinus edodes Sing.) 2.3 ^ 0.1 28 ^ 1

Snap bean (Phaseolus sativum L.) 4.5 ^ 0.3 38 ^ 3

Soybean sprouts (Glycine max Merr.) 3.5 ^ 0.2 24 ^ 1

Spinach (Spinacia oleracea L.) 2.0 ^ 0.1 13 ^ 4

Sweet potato (Ipomoea batatas Poir.) 1.6 ^ 0.3 28 ^ 1

Tomato (Lycopersicon esculentum Mill.) 2.7 ^ 0.1 30 ^ 2

Data expressed as mean ^ SD from three experiments. Data expressed as milligrams of gallic acid equivalents per gram of fresh weight (FW)

of vegetables. Data expressed as mmol of trolox equivalents per gram of FW vegetables.
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phenolics measurement (r ¼ 0:78; p , 0.05)

(Figure 4B). A similar result can be seen in Figure 5,

where there is a significant linear correlation between

the influence of vegetables on PST-M activity and

their ORAC values (r ¼ 0:76; p , 0.05) (Figure 5A)

or total phenolics (r ¼ 0:70; p , 0.05) (Figure 5B).

These results suggest that vegetables tested to the

activity of PST-P and PST-M are well correlated to

their antioxidant activity and total phenolics.

Discussion

This paper describes the influence of twenty vege-

tables (Table I) on the activity of both forms of PSTs

in relation to their antioxidant activity and total

phenolics. The results demonstrated that PST-P

activity was significantly ( p , 0.01) induced by

asparagus, broccoli, cauliflower, celery and eggplant,

whereas PST-M activity was marked induced by

asparagus, broccoli, carrot, eggplant and potato at a

concentration of 100 mg/ml. Among vegetables

extracts tested, asparagus, broccoli and eggplant

were the most effective inducer on the activity of

both PST-P and PST-M (Table II). Thus, RT-PCR

analysis was performed to obtain further evidence that

broccoli, eggplant and asparagus are potent inducer of

PST-P. The result (Figure 1) showed that all of these

three vegetables had markedly increased PST-P gene

expression in the HepG2 cells, and broccoli elicited

the strongest inductive effect among them. Broccoli

and eggplant was reported to significantly induce

quinone reductase (QR) activity at the concentration

of 100mg/ml [21]. Broccoli sprouts is an exceptionally

rich source of inducer of phase II enzymes that protect

against chemical carcinogens [22]. Preclinical and

clinical evaluation of broccoli supplements as inducers

of glutathione S-transferase activity, suggesting that

the GSTactivity of blood lymphocytes may be used as

a biomarker of the responsiveness of colon tissue to

chemopreventive regimens [23]. Cauliflower was

found to be a potent inducer of both glutathione

S-transferase and quinone reductase [24]. Our results

agreed with those reports and also found that some

vegetables were effect of both forms of PST activities.

In contrast, the results presented in the present study

comprise the first report to show the asparagus,

broccoli and eggplant could enhance the activity of

both PST-P and PST-M.

Table IV. Contents of total phenolic acid in vegetables extract.

mg/g of fresh weight vegetables

Gallic acid p-Hydroxybenzoic acid p-Coumaric acid Gentisic acid Ferulic acid

Asparagus trace 447 ^ 38 183 ^ 16 151 ^ 20 461 ^ 42

Broccoli 200 ^ 40 233 ^ 11 1306 ^ 42 561 ^ 19 1059 ^ 64

Eggplant trace trace 1733 ^ 40 trace 936 ^ 36

Data expressed as mean ^ SD from three experiments.

Figure 3. HPLC chromatogram of phenolic acids standards and water extract from vegetables: (A) phenolic acids standards; (peak

identification: 1, gallic acid; 2, p-hydroxybenzoic acid; 3, gentisic acid; 4,ferulic acid; 5, p-coumaric acid); (B) asparagus; (C) broccoli;

(D) eggplant.
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There is much evidence which suggests that high

intake of cruciferous vegetables is associated with a

lower incidence of cancer. The important groups

of compounds that have this property are organo-

sulfur compounds, such as the isothiocyanates [25].

Sulforaphane is one member of the isothiocyanate class

of cancer chemopreventive compounds that has been

shown to be effective in blocking initiation and

progression of carcinogenesis [26]. Several studies

have demonstrated that sulforaphane can potently

induce phase II detoxifying enzymes, which contributes

to its chemopreventive functions [27]. In this study, we

compared the effect of broccoli, sulforaphane and

phenolic acids on PST-P activity and mRNA expression

in the HepG2 cells. Our data revealed that broccoli is a

potent inducer on PST-P activity and mRNA expression

in HepG2 cells. In contrast, the results presented in the

present study comprise the first report to show that

sulforaphane, gallic acidand gentisic acidcould enhance

the activity and mRNA expression of PST-P (Figure 2A

and 2B). Comparing isothiocyanate with polyphenolic

compounds indicated that the phenolic acids, mainly

gentisic acid and gallic acid caused strong inducing

activity on PST-P activity and mRNA expression. The

sulforaphane, an active constituent isolated from

broccoli, had lower inducing activities than polyphe-

nolic compounds. This is in a good agreement with the

previous work of Zhang et al. [25] that sulforaphane is a

potent inducer of phase II detoxification enzyme such as

quinine reductase (QR), UDP-glucoronosyl transferase

(UGTs), and glutathione transferase (GSTs). Yeh and

Yen [10,11] also reported that gallic acid and gentisic

acid were effective inducer of the phenosulfotransferase

(PSTs). Our results indicated that polyphenolic

compounds showed in general higher inducing activity

than sulforaphane in HepG2 cells. Therefore, it can be

inferred that the increase in PST-P mRNA by

sulforaphane and phenolic acids might be regulated

mainly at the transcription level.

The most common antioxidants present in vege-

tables were vitamin C and E, carotenoids, polyphe-

nolics, and thiol (SH) compounds, etc. The chemical

diversity of antioxidant makes it difficult to separate

and quantify individual antioxidant from the vegetable

matrix. A wide range of methods has been described in

the literature for assessing antioxidant activity of

vegetables [28]. The ORAC assay is one of the

methods used to evaluate the antioxidant capacity of

various biological substrates, ranging from pure

compounds such as phenolic acids [10] and flavonoids

[29] to complex matrices such as vegetables [12] and

animal tissues [30]. In this study, the ORAC assay was

used to evaluate the antioxidant activity of vegetables

that increased the activity of PST. Our results

clearly demonstrated that all vegetables tested in

this study had antioxidant activities against

peroxyl radical (Table II). The rank order based

on the absolutely ORAC mean values is broccoli .

celery . asparagus 6 cauliflower . snap bean .

eggplant . garlic . cabbage . potato 6 tomato .

carrot 6 shiitake 6 lettuce . cucumber . soybean

sprouts . leek . onion . Chinese chive . spinach.

In general, vegetable extracts that induced both

forms of PSTs activities were found to have higher

antioxidant capacities. There was a significant

correlation between the influence of vegetables on

both forms of PST activities and their ORAC values

(r ¼ 0:82; p , 0.05; r ¼ 0:76; p , 0.05) (Figure 4A

and 5A).

The USDA recommends daily consumption of five

servings of vegetables partly on the basis of

accumulated evidence that the phytochemicals in

these horticultural products are beneficial to human

health. The combined antioxidant activity of chemical

Figure 4. Effects of vegetables on P-form phenolsulfotransferase

activity(x)(pmol/min/ mg protein) in relation to their (A)

ORACROO(Y)(mmol of trolox eq./g)z and (B) Total phenolics (y) (mg gallic

acid eg./g). Each value is the mean ^ SD of three experiments.

Figure 5. Effects of vegetables on M-form phenolsulfotransferase

activity(x)(pmol/min/mg protein) in relation to their (A) ORACROO(Y) (mmol

of trolox eq./g)z and (B) Total phenolics (y) (mg gallic acid eg./g). Each value is

the mean ^ SD of three experiments.
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constituents in fruit and vegetables tissues is thought

to be one key factor [31]. Fruit and vegetables

containing high levels of antioxidants (mainly plant

phenolic acids) can prevent the oxidative stress caused

by free radical. It has been proposed that phenolic

acids are the major contributor to the antioxidant

capacity of vegetables [32]. Thus, increased

consumption of vegetables containing high levels

of polyphenolic has been recommended to reduce

cellular oxidative damage in the human body [33].

Our previous studies revealed that p-hydroxybenzoic

acid, gentisic acid, ferulic acid, gallic acid, and

coumaric acid all could increase the activities of both

PST-P and PST-M. These phenolic acids also

possessed antioxidant capacity in the ORAC and

TEAC assays [10]. Furthermore, in both two-

compound and three-compound combinations with

each of other phenolic acids, gallic acid and gentisic

acid exhibit the potential synergistic effects in the

promotion of PSTs activities [11]. Consequently,

understanding the polyphenolic distribution profile in

vegetables is of primary importance. In the present

study, asparagus, broccoli and eggplant had relatively

higher amounts of total phenolic contents compared

to the other vegetables ( p , 0.05) (Table III), whereas

the extracts of asparagus, broccoli and eggplant were

the most potential inducer in both forms of PSTs

activities ( p , 0.01) (Table II). There was a signifi-

cant correlation between the influence of vegetables

on PST activity and their total phenolic content

(r ¼ 0:78; p , 0.05; r ¼ 0:70; p , 0.05) (Figures 4B

and 5B). In order to establish whether phenolic acids

make a contribution in the induction of both forms of

PST activities, an additional study was conducted in

vegetables by HPLC with diode-array detection. The

HPLC system successfully separated the five phenolic

acids in the vegetable extracts (Figure 3). Some active

phenolic acids, such as gallic acid, p-hydroxybenzoic

acid, p-coumaric acid, gentisic acid and ferulic acid

could be resolved in this system (Table IV). Phenolic

acids, especially hydroxycinnamic and hydroxy-

benzoic acids are secondary plant products and

commonly found in plant-derived food-stuffs. Li

et al. [34] using high performance liquid chromato-

graphic assay, have reported that the simple poly-

phenols such as cinnamic and benzoic acid derivatives

are highly widespread in vegetables. The hydroxycin-

namic acid esters in broccoli are highly effective in

trolox equivalent antioxidant capacity (TEAC) and

inhibition of iron/ascorbate-induced lipid damage

[35]. Whitaker and Stommel [28] determined that

the hydroxycinnamic acid conjugates are the major

class of polyphenols in various commercial eggplant

cultivars. The cell walls of asparagus contains a range

of phenolic esters, most notable are the trans-isomers

of p-coumaric (PC) and ferulic acid (FA) [36]. Our

results agreed with those reports and also found the

active components in the extract of asparagus,

broccoli and eggplant that may induce PST activity

are phenolic acids.

There is much evidence that elevated tissue levels of

phase II detoxification enzymes are associated with

decreased susceptibility to chemical carcinogenesis

[37]. The phenolsulfotransferase (PSTs) are the

main phase II sulfate conjugation enzymes for

catecholamines, thyroid hormones, and drugs. Our

results suggest that extracts from asparagus, broccoli

and eggplant are effective inducer on both forms of

PST in human HepG2 cells. The present study further

demonstrates that simple phenolic acids such as gallic

acid, p-hydroxybenzoic acid, p-coumaric acid, gentisic

acid, and ferulic acid are at relatively high level in

vegetables. It is generally assumed that the dietary

compounds responsible for these protective effects are

antioxidant nutrients. Such compounds as flavonoids,

phenolic acids, glucosinolates, sulphur compounds

and indoles have been shown to alter the levels of

phase I and phase II drug metabolizing enzymes [38].

Ferulic acid and p-coumaric acid have been reported

to act as scavengers of thiol free radical. In addition,

ferulic acid has a strong antioxidant activity by

preventing oxidative DNA damage induced by Fenton

reaction [39]. Gentisic acid was reported to have an

inhibitory action in myeloperoxidase system and was

able to impair the tyrosyl radical catalyzed low-density

lipoprotein peroxidation [40]. Some fruit and veg-

etables contain a group of natural phenolic acids that

have not only a high antioxidant activity but also a

good antioxidant quality [41]. Because of their

ubiquitous presence in vegetables, humans consume

phenolic acids on a daily basis. The estimated range of

consumption is 25 mg–1g a day depending on diet

(fruit, vegetables, grain, teas and coffees) [42].

Therefore, the supplementation of natural phenolic

acids through a balanced diet containing enough fruits

and vegetables could be most effective in inducing of

phase II chemoprotective enzymes.

In conclusion, our results demonstrate that aspar-

agus, broccoli, cauliflower, celery, eggplant and snap

bean were found to increase the PST-P activity.

However, asparagus, broccoli, carrot, Chinese chive,

eggplant and potato could increase the activity of

PST-M. In addition, asparagus, broccoli, cauliflower,

celery, eggplant and snap bean had antioxidant

capacity in the ORAC assay system. There was a

significant correlation between the activity of both

forms of PST and the antioxidant capacity of ORAC

value by vegetables (r ¼ 0:82; p , 0.05 and r ¼ 0:72;
p , 0.05). Furthermore, asparagus, broccoli and

eggplant had relatively higher amounts of total

phenolic contents compared to the other vegetables

tested in this study ( p , 0.05). There is also a direct

induction of PSTs mRNA by these three vegetables in

HepG2 cells. The asparagus, broccoli and eggplant

contained large amount of polyphenols, especially

gallic acid, p-hydroxybenzoic acid, p-coumaric acid,
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gentisic acid and ferulic acid. Therefore, we have

compared three broccoli-derived chemicals in the

induction of PST-P in HepG2 cells. Sulforaphane,

gentisic acid and gallic acid are all potent inducers

of PST-P activity and mRNA. In contrast, polyphe-

nolic compounds mainly gentisic acid, and gallic acid

caused strong inducing activity than sulforaphane,

an active constituent isolated from broccoli.

The results of this study suggest that phenolic acids

in vegetables may play an important role in both forms

of PSTs activities. Since PST is a key enzyme to

catalyze the xenobiotics metabolism, the increased

activity of PST will therefore promote the efficiency of

detoxification. Our results have provided more under-

standing on the effect of vegetables on human PST

activities as well as information on the antioxidant

phenolic acids may play an important role in the effect

of vegetable foods. The biological implications of

these finding could be important for understanding

the vegetables rich in antioxidant phenolic acids that

may have a great potential in inducing of phase II

chemoprotective enzymes.
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