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QUERCETIN, A POTENT AND SPECIFIC INHIBITOR OF THE HUMAN
P-FORM PHENOLSULFOTRANSFERASE
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Abstract—The natural product quercetin was a potent inhibitor of the human P-form phenolsulfo-
transferase with an iCsy value of 0.10 + 0.03 uM (mean = SEM; N = 5), which was three to four orders
of magnitude more potent than its inhibition of other human sulfotransferases. The inhibition was
noncompetitive with a K; value of 0.10 uM. The potency and mechanism of this inhibition appear
similar to those of the current standard P-form inhibitor, 2,6-dichloro-4-nitrophenol. Among other
flavonoids examined, kaempferol was found to have an IG5 value of 0.39 +0.07 uM, naringenin
10.6 + 1.6 uM and naringin 265 * 90 uM (N = 3). These observations suggest the potential for clinically
important pharmacologic and toxicologic interactions by flavonoid-containing foods and beverages.
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Sulfation (sulfonation) is one of the major phase II
conjugation reactions for drugs and environmental
chemicals as well as for endogenous compounds such as
steroids and monoamine neurotransmitters [1-3]. This
biotransformation reaction is usually a detoxification
process, leading to greatly enhanced renal excretion of the
highly charged sulfuric acid ester conjugates formed.
However, sometimes labile, chemically reactive inter-
mediates are formed. which can undergo DNA binding,
leading to mutagenicity and carcinogenicity [4-7]. Thus,
altered activity of the enzymes responsible for these
reactions, i.e. the STst [1-3], could have major
pharmacologic as well as toxicologic implications.

Numerous reports have shown inhibition of the human
STs by avariety of drugs and food and beverage constituents
[8-11]. Such inhibition may affect all of the known STs
[1-3], i.e. the P and M forms of PST, DHEA-ST, and
estrogen ST, although isoform-selectivity has been observed
with some inhibitors. Particularly potent inhibitors appear
to be present in natural products such as red wine, although
their chemical structures remain unknown [8].

In the present study, we report for the first time on the
inhibitory effect of quercetin and other flavonoids (Fig. 1)
on the human STs. The potency of quercetin was high, and
the effect was specific for the P-form PST.

Materials and Methods

Materials. Quercetin, kaempferol, naringin, naringenin,
p-nitrophenol, p-nitrophenyl sulfate, DHEA, dopamine,
estrone and ethinyl estradiol were purchased from Sigma
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1 Abbreviations: ST, sulfotransferase; P form, phenol
form; M form, monoamine form; PST, phenolsulfo-
transferase; DHEA, dehydroepiandrosterone; DCNP, 2,6-
dichloro-4-nitrophenol; and PAPS, 3’-phosphoadenosine-
5'-phosphosulfate.

(St. Louis, MO); DCNP was obtained from the Aldrich
Chemical Co. (Milwaukee, WI) and [®S]PAPS (sp. act.
1.0 to 1.5 Ci/mmol) from Du Pont New England Nuclear
(Wilmington, DE). Cytosol from human liver (Liver Tissue
Procurement and Distribution System, University of
Minnesota, Minneapolis, MN) was prepared as previously
described [12-14]. Partially purified P-form PST was
prepared from one of the human liver cytosols by DEAE-
Sepharose column chromatography [12-14]. Dithiothreitol
and BSA were added as preservatives, and the enzyme
was stored at —80°.

Incubations. Cytosol or partially purified P-form PST
with p-nitrophenol (4 uM), dopamine (40 uM), DHEA
(5 uM) and estrone (5 uM) was incubated at 37° for 30 min
in 33 mM Tris buffer, pH 7.4, with BSA (0.0625%) and
dithiothreitol (8 mM) and [*S]PAPS (0.4 uM) as the
cosubstrate [12-14]. As increasing the PAPS concentration
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Fig. 1. Chemical structures of the flavonoids used in the
study. RG in naringin indicates a rhamnoglucoside.
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Fig. 2. (A) Effect of quercetin on the sulfation of p-nitrophenol (M), dopamine (@) and DHEA (O)

by the human liver cytosol. Shown for comparison is the effect of DCNP on the sulfation of p-

nitrophenol (O). Each concentration—effect curve is the mean of 3-5 determinations, using three

different livers. Control activity was 308 *+ 109 pmol-min~'-(mg protein)™! (mean * SEM; N = 3). (B)

Effects of quercetin () and DCNP (0J) on the sulfation of p-nitrophenol by the partially purified P-

form PST. Resuits are shown for two experiments with each inhibitor. The corresponding Ics, values
are shown in Table 1.

from 0.4 to 10 uM did not influence our results, we chose
to use the lower concentration commonly employed in
many studies. With p-nitrophenol as substrate, the amount
of cytosol (about 10 ug protein) and partially purified P-
form PST used produced about 2.5 pmol p-nitrophenyl
sulfate per minute and incubate. Preincubations with
inhibitors (quercetin, kaempferol, naringin, naringenin and
DCNP) were for 5 min at 37°. [*S]PAPS and protein were
precipitated with barium hydroxide and zinc sulfate [15],
and an aliquot of the supernatant was counted by liquid
scintillation spectrometry. Incubates were done in duplicate.
Blank incubates, i.e. without substrate, were run for each
inhibitor concentration (0 and 0.01 to 1000 M), and these
counts were subtracted from the corresponding substrate-
containing incubates.

The validity of the precipitation assay described above
was confirmed by HPLC analysis. Incubates with p-
nitrophenol (4 uM) as the substrate and quercetin as
inhibitor were precipitated as above; part of the supernatant
was counted directly and part was analyzed for ¥S-labeled
p-nitropheny! sulfate by HPLC after the addition of 5 ug
of unlabeled p-nitrophenyl sulfate [16]. The samples were
run on an ODS-1 150 X 4.6 mm column (Phenomenex,
Torrance, CA) with a mobile phase of 15% acetonitrile in
0.05M ammonium acetate buffer (pH4) at 0.8 mL,/min.
The p-nitrophenyl sulfate peak at a retention time of 7 min
was visualized at 280 nm and quantified with a Flo-One
radiometric detector (Packard Instruments, Meriden, CT).

Data analysis. The ICsy values for the concentration—
activity curves from individual experiments were derived
with UltraFit (Biosoft, Cambridge, U.K.), using an
equation for double exponential decay with offset. The
mechanism of inhibition of P-form PST by quercetin and
its K; value were derived graphically from the Lineweaver—
Burk plot (1/V versus 1/S) and the replot of the 1/V axis
intercept versus inhibitor concentration, respectively [17].

Results

The effects of quercetin and DCNP on the sulfation
of p-nitrophenol, the prototype substrate for the human P-
form PST, by the cytosol of human liver are shown in Fig.
2A. Each concentration—e¢ffect curve represents the mean
values from three human livers. Quercetin and DCNP
showed virtually identical inhibition curves with 1G5y values
of 0.10+0.03uM (mean = SEM) for quercetin and
0.11 = 0.01 uM for DCNP (Table 1). Figure 2B shows two

Table 1. 1c5y Values for inhibition of p-nitrophenol
sulfoconjugation by flavonoids and DCNP

ICso (M) N
Liver cytosol
Quercetin 0.10 = 0.03* 5
DCNP 0.11 £0.01 3
Kaempferol 0.39 = 0.07 3
Naringenin 10.6 £ 1.6 3
Naringin 265 =90 3
Partially purified P-form PST
Quercetin 0.10 2
DCNP 0.23 2

In each assay, the incubation was done for 30 min at 37°
in the presence of 4uM p-nitrophenol and various
concentrations of inhibitor. Control activity was 308 +
109 pmol-min~!-(mg protein)~' (mean = SEM; N = 3).

* Mean + SEM.

experiments each with quercetin and DCNP, using the
partially purified P-form PST to catalyze p-nitrophenol
sulfation. Whereas the inhibition by quercetin was identical
to that in the cytosol (Fig. 2A), DCNP appeared to be
slightly less potent (Table 1).

To test the isoform-specificity of the inhibition, we also
examined the influence of quercetin on the sulfate
conjugation by the other known human ST isoforms present
in the human liver. Using dopamine as a probe for the M-
form PST and DHEA for DHEA-ST, we observed iCs
values of about 500-1000 uM (Fig. 2A). The inhibition of
the sulfation of estrone and ethinyl estradiol as a measure
of estrogen ST required quercetin concentrations in excess
of 1000 M.

To explore the mechanism by which quercetin inhibits
the sulfation catalyzed by the P-form PST, we used
the partially purified enzyme. Preliminary experiments
demonstrated that DCNP was an inhibitor mostly
resembling the noncompetitive type. A Lineweaver—Burk
plot of the quercetin data is shown in Fig. 3A, where the
x-axis intercept gives the K, value for p-nitrophenol (about
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Fig. 3. Quercztin inhibition of p-nitrophenol sulfation catalyzed by partially purified P-form PST. (A)
Lineweaver-Burk plot. The quercetin concentrations were 0 yM (H), 0.04 yM (@), 0.08 uM (A) and
0.12 uM (V). (B) Replot from panel A.
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Fig. 4. Effects of quercetin (W), kaempferol (O), naringenin
(®) and naringin (O) on p-nitrophenol sulfation by the
human liver cytosol. Each concentration—effect curve is
the mean of 3-5 determinations. The corresponding ICs
values are shown in Table 1. Control activity was 308 =
109 pmo! - min~! - (mg protein)~! (mean + SEM; N = 3).

0.25 uM). This plot demonstrates that quercetin is a
noncompetitive inhibitor. The replot of the 1/V axis
intercept versus quercetin concentration (Fig. 3B) [17] gave
a K; value of 0.10 uM, i.e. identical to the 1c5, value.
Parallel lines in an Eadie-Scatchard plot (V/S vs V)
confirmed that the inhibition was noncompetitive (data not
shown).

To determine if the inhibition of the P-form PST by
quercetin was common to all flavonoids, we also examined
the effects of kaempferol, naringenin and naringin on p-
nitrophenol sulfation by the human liver cytosol, as shown
in Fig. 4. All compounds were inhibitory with 1C5, values
of 0.39 £0.07uM for kaempferol, 10.6 = 1.6 uM for
naringenin, and 265 :x 90 uM for naringin (Table 1).

In the initial experiments using the precipitation assay
by Foldes and Meek [15] to determine p-nitrophenyl sulfate
formation, both quercetin and DCNP inhibited the
background by as much as 80%. When this was taken into

account, the precipitation assay gave results identical to
those obtained by the more specific HPLC assay for the p-
nitrophenyl sulfate formed ([16]. Experiments with
cytosol, [*S]PAPS and quercetin (0.01 to 1000 uM) only
demonstrated that quercetin was not a substrate for
sulfoconjugation under the conditions used.

Discussion

This study has demonstrated potent inhibition of the
human P-form PST by the flavonoid type of natural
products, in particular quercetin, producing Ics, or K;
values as low as 0.10uM. This inhibition was highly
isoform-selective, as quercetin was three to four orders of
magnitude less potent in inhibiting the DHEA-ST, the M-
form PST, and the estrogen ST.

Previous studies have suggested that other natural
product inhibitors of the sulfotransferases may also be
selective for the P-form PST [8,9]. In contrast, food
additives show very little selectivity for the various ST
isoforms [11]. The very high potency and selectivity of
quercetin  were similar to the same properties of
the industrial chemical DCNP, which together with
pentachlorophenol was discovered by Mulder and
coworkers to be potent inhibitors 18, 19] and were used
subsequently as powerful tools to help distinguish between
the P-form PST and other STs [1-3, 20, 21]. The mechanism
of inhibition of the P-form PST by quercetin was
noncompetitive in nature. This also appeared to be the
case with DCNP, similar to a previous study with the
human brain enzyme [22]. Quercetin was not a substrate
for sulfation under the conditions used and, therefore, may
be characterized as a dead-end inhibitor similar to DCNP
and pentachlorophenol [22-25]. The lack of sulfation of
quercetin and DCNP by the human enzyme appears to be
different from the situation in the rat, in which sulfation
of both quercetin and DCNP takes place [26, 27].

When extending the studies to several additional
flavonoids, it was found that kaempferol, which lacks one
of the hydroxyl groups on the 2-phenyl substituent of
quercetin (Fig. 1), was 4 times less potent than quercetin.
Naringenin, which lacks the 2,3 double bond and the
hydroxyl group in the 3-position as compared with
kaempferol, was 106 times less potent than quercetin.
Naringin, the 7-rhamnoglucoside conjugate of naringenin,
showed a further 25-fold decrease in potency. These
observations indicate interesting structure-activity relation-
ships for the inhibitory action of flavonoids on the P-form
PST. More extensive structural studies may reveal even
more potent inhibitors than quercetin, as well as provide
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a more detailed picture of the structural requirement for
inhibition.

The potential clinical significance of these findings could
involve flavonoid-induced inhibition of metabolism of drugs
such as acetaminophen and minoxidil, for which sulfation
by the P-form PST is essential [28, 29]. This could lead to
either an increase, as for acetaminophen, or a decrease,
as for minoxidil, in the intensity and duration of the
pharmacologic action. The flavonoids are also potentially
important chemopreventive agents through inhibition of

the

activating sulfation step for a number of mutagens and

carcinogens [4-7,30]. For this to occur, the flavonoids,
present in a variety of foods and natural product extracts

[31,

32] including red wine [8], must be able to produce

these effects in vivo, analogously to grapefruit juice
inhibition of cytochrome P450-catalyzed drug oxidations,
an effect proposed to be mediated also by flavonoids [33].
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