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Antagonizing the action of the human nuclear xe-
nobiotic receptor pregnane X receptor (PXR) may
have important clinical implications in preventing
drug-drug interactions and improving therapeutic
efficacy. We provide evidence that a naturally oc-
curring phytoestrogen, coumestrol, is an antago-
nist of the nuclear receptor PXR (NR1I2). In tran-
sient transfection assays, coumestrol was able to
suppress the agonist effects of SR12813 on human
PXR activity. PXR activity was assessed and cor-
related with effects on the metabolism of the an-
esthetic tribromoethanol and on gene expression
in primary human hepatocytes. We found that
coumestrol was able to suppress the effects of
PXR agonists on the expression of the known PXR
target genes, CYP3A4 and CYP2B6, in primary hu-
man hepatocytes as well as inhibit metabolism of

tribromoethanol in humanized PXR mice. Coumes-
trol at concentrations above 1.0 �M competed in
scintillation proximity assays with a labeled PXR
agonist for binding to the ligand-binding cavity.
However, mammalian two-hybrid assays and tran-
sient transcription data using ligand-binding-cavity
mutant forms of PXR show that coumestrol also
antagonizes coregulator recruitment. This effect is
likely by binding to a surface outside the ligand-
binding pocket. Taken together, these data imply
that there are antagonist binding site(s) for
coumestrol on the surface of PXR. These studies
provide the basis for development of novel small
molecule inhibitors of PXR with the ultimate goal
of clinical applications toward preventing drug-
drug interactions. (Molecular Endocrinology 22:
838–857, 2008)

THE NUCLEAR RECEPTOR pregnane X receptor
(PXR, NR1I2) has been shown to be activated by a

chemically and structurally diverse set of xenobiotic

and endogenous compounds (1–6). PXR regulates
gene expression pathways involved in metabolism and
transport of these same classes of compounds (8).
Notably, PXR has been shown to directly regulate the
cytochrome P450 3A gene, a phase I drug metabolism
gene whose product is responsible for oxidative me-
tabolism of more than 50% of all drugs. Consistent
with the function of PXR as a xenobiotic sensor, vir-
tually all PXR ligands isolated to date demonstrated
agonist activity. A large set of xenobiotics, bile acids,
steroids, and benzoate molecules were tested against
PXRs from multiple species in transient transfection
and all of the compounds, if active, were agonists
(9–13). A dilemma in this field is how PXR is capable of
being activated by such a diverse range of com-
pounds. Two extreme examples include the relatively
small [�-estradiol with molecular weight (MW) of
272.4] and the large macrolide antibiotic rifampicin
(MW 822.9) (9–12).

Part of the answer to this dilemma has come from
structural studies of the human PXR ligand-binding
domain (LBD). The crystal structure of the PXR LBD
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was solved in the apo form or in a complex with
SR12813 (13). The structure revealed a large spherical
but elongated ligand-binding cavity lined with a small
number of polar residues. The combination of these
features explained how the LBD could accommodate
a diverse array of molecules. The promiscuous nature
of the ligand-binding pocket was exemplified by the
fact that SR12813 could bind in the pocket in three
orientations. In both the apo and SR12813 crystallo-
graphic structures of PXR, the AF-2 helix was in the
active conformation (13). More recently, the crystal
structure of PXR LBD in complex with another nano-
molar potency ligand, T0901317 (T1317), has been
solved. These investigators were successful in gener-
ating PXR-specific ligand analogs of T1317 [because
this compound also acts as a liver X receptor (LXR)
agonist]; however, they could not generate antago-
nists targeting the ligand-binding pocket. They argued
that this was difficult due to PXR’s ligand pocket pro-
miscuity and structural conformability (15). In this re-
gard, it is crucial to note that this very promiscuous
nature of the ligand-binding pocket allows for struc-
turally related compounds that can bind to the pocket
in distinct modes (10). For example, 17�-estradiol
binds to PXR leaving a 1000-Å (3) space in the ligand-
binding pocket that is unoccupied. Therefore, struc-
turally similar or dissimilar small molecules may actu-
ally fit into this pocket and exert agonist/antagonist
properties (9). This example is best shown for the
estrogen receptor (ER), because estrogen, diethylstil-
bestrol (an analog), and 4-hydroxytamoxifen can bind
to the ligand-binding pocket in distinct modes (16).

A key feature of nuclear receptor activation is the
ability of an agonist to stabilize the active state of the
terminal helix in the LBD, which creates the surface
AF-2 site. This domain interacts directly with transcrip-
tional coactivators to mediate the up-regulation of
gene expression. Disruption of the position of the ter-
minal helix 12 in the LBD of the estrogen and estrogen-
related receptors is the molecular basis for the antag-
onist action of tamoxifen and related anticancer drugs
(e.g. 4-hydroxytamoxifen) used to treat breast carci-
nomas (17, 18). Recently, this concept has been ex-
tended to discovery of novel small molecule inhibitors
of the thyroid receptor (19).

PXR antagonists would be useful to study the mo-
lecular basis of receptor function. In addition, in clini-
cal settings, they may prevent drug-drug interactions
and tune the efficacy of therapeutics that serve as PXR
agonists. To date, only three PXR antagonists have
been described: ketoconazole (and related azoles)
(18), suphoraphane (20), and ecteinascidin-743 (ET-
743) (21). Ketoconazole was first described as a PXR
antagonist by Takeshita et al. (22) and was subse-
quently shown to disrupt the binding of coregulators
(including both coactivators and corepressors) to the
surface of PXR in an agonist-dependent fashion (23).
For example, in the presence of the established PXR
activator rifampicin, ketoconazole and related azoles
were shown to prevent the activation of the receptor

both in vitro in cell-based assays and in humanized
PXR mouse models (15). Furthermore, our laboratory
has shown that ketoconazole binds to at least a region
outside the ligand-binding pocket. We have shown
using genetic means that the revertant AF-2 region
double mutant of PXR (T248E/K277Q) activates with
rifampicin but is not inhibited by ketoconazole (18).
These data establish that small-molecule modulators
can antagonize PXR and that the surface AF-2 site of
the receptor appears to be a target of such com-
pounds. ET-743 was reported to act as a PXR antag-
onist; however, the utility of ET-743 as a chemical tool
is limited by the fact that it is not readily available (21).

Coumestrol is a member of the isoflavonoid family,
a plant-derived compound with estrogen-like structure
and actions (Fig. 1A). Animal studies have shown that
phytoestrogens, including coumestrol, invoke a wide
range of biological effects, many of which are related
to its effects on ER� and -� (24). We have undertaken
a study to profile the effects of coumestrol on recep-
tors within the human nuclear receptor superfamily.
These studies have ultimately led us to identify
coumestrol as a novel and naturally occurring antag-
onist of the nuclear xenobiotic receptor PXR. We show
that coumestrol has at least one binding site for an
antagonist outside that ligand-binding pocket.

RESULTS

Transient Transfection Assays

To assess potential nuclear receptor ligands, we have
generated a panel of transient transfection functional
assays for nuclear receptors that are currently known
to be ligand regulated. These receptors include the
androgen receptor (AR, NR3C4), progesterone recep-
tor (PR, NR3C3), glucocorticoid receptor (GR,
NR3C1), ER� and -� (NR3A1/3A2), mineralocorticoid
receptor (MR, NR3C2), retinoic acid receptor � (RAR�,
NR1B1), PXR (NR1I2), constitutive androstane recep-
tor (CAR, NR1I3), retinoid X receptor � (RXR�,
NR2B1), thyroid hormone receptors � and � (TR�/�,
NR1A1/1A2), vitamin D receptor (VDR, NR1I1), farne-
soid X receptor (FXR, NR1H4), LXR� and -� (NR1H3/
1H2), and peroxisome proliferator activator receptors
�, �, and � (PPAR�/�/�, NR1C1/1C2/1C3). More infor-
mation on the nomenclature of these receptors can
be found at http://www.ens-lyon.fr/LBMC/laudet/
nomenc.html. The assays were performed in CV-1 or
T47D cells (for the ERs) using gal4 chimera constructs
(FXR, LXR� and -�, RAR�, VDR, TR� and -�, and
PPAR�, �, and �) or full-length nuclear receptor ex-
pression constructs (GR, PR, AR, MR, ER� and -�,
RXR�, PXR, and CAR) in combination with a reporter
vector containing relevant regulatory sites. Positive
control agonists for each receptor were included in
parallel in each respective assay (data not shown).

The phytoestrogen coumestrol (Fig. 1A) was tested
for activity in this panel of nuclear receptor assays at a
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dose of 25 �M. Coumestrol was inactive as an agonist
on all nuclear receptors tested except ER� and ER�
(Fig. 1B). In full dose-response curves, coumestrol
exhibited EC50 values of 67 and 21 nM on ER� and
ER�, respectively (data not shown), consistent with
literature values. Although inactive as an inverse ago-
nist on other nuclear receptors, coumestrol sup-
pressed reporter activity in the PXR and CAR assays.
Specifically, coumestrol (25 �M) decreased the basal
expression of the reporter used in the PXR transient
transfection assays by 20% and the CAR basal activity
by 60% (Fig. 1B). Multiple inverse agonists have been
previously identified for CAR, such as androstanol (25)
and multiple bile acids (26). Thus, we focused subse-
quent studies on providing further characterization of
the antagonist effects of coumestrol on PXR.

Coumestrol and its analogs, coumestrol diacetate
and coumestrol dimethyl ether, were tested for effects
on mouse PXR at a dose of 25 �M. Coumestrol slightly
(by 5%) increased the basal expression of the reporter
used in the PXR transfection assays. In contrast to that
seen with human PXR, coumestrol does not antago-
nize pregnenolone carbonitrile (PCN)-mediated PXR
activation (P � 0.08; Fig. 2A). We next tested whether
the related compounds coumestrol diacetate and
coumestrol dimethyl ether could serve as PXR antag-
onists. Both coumestrol analogs increased the basal
expression of the reporter by 100 and 120%, respec-
tively. However, the analogs did not antagonize PCN-
mediated activation of PXR (Fig. 2A). These experi-
ments provide evidence that coumestrol does not
antagonize mouse PXR. In human PXR transfection
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Fig. 1. Effects of Coumestrol on Nuclear Receptor Activity
A, Structure of the phytoestrogen coumestrol; B, coumestrol activity was assessed across a broad panel of nuclear receptors.

Coumestrol was tested at 25 �M and activity plotted as either fold induction relative to basal activity (left axis) or as percentage
decrease in basal activity (right axis).

840 Mol Endocrinol, April 2008, 22(4):838–857 Wang et al. • Coumestrol Antagonizes PXR
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/22/4/838/2661231 by guest on 21 August 2022



O

O

OH

I

OH 

O

O O

O

O

O

O

CH3

II
C H3

O

III

O

O

O

3

H3CO

OCH

A

20000

40000

60000

80000

100000

120000

140000

R
LU

/β
-g

al
R

LU
/β

-g
al

I
II III

*
*

** **

PCN - + - +  - + - +
Coumestrol   - - + + - - - -

Coumestrol diacetate (CD)      - - - - + + - -
Coumestrol dimethyl ether (CE)       - - - - - - + +

B 600000

500000

400000

300000

200000

100000

*
*

** **

Rifampicin (10-5M)
Coumestrol (2.5 x 10 -5M)

-
-

+
-

-
+

+
+

-
-

+
-

-
-

+
-

CD - - - - + + - -
CE - - - - - - + +

Fig. 2. Effects of Coumestrol Analogs on PXR Activity
CV-1 cells were transfected with mouse PXR (pSG5 plasmid) (A) or human PXR (B) and XREM-tk-luciferase reporter vector. Cell extracts

were assayed for luciferase activity after drug treatment for 43 h. Drugs included PCN (10 �M), coumestrol (I), coumestrol diacetate (CD) (II),
and coumestrol ester (CE) (III) (25 �M each) alone or in combination with PCN. For the human PXR transfection studies, the drugs included
rifampicin (10 �M), coumestrol (25 �M), coumestrol diacetate, or coumestrol ester (25 �M each) alone or in combination with rifampicin. Data
for each column represent the mean of three independent assays performed in triplicate � SE. *, P � 0.08; **, P � 0.1.
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assays, coumestrol inhibited rifampicin-mediated ac-
tivation of PXR (Fig. 2B). Coumestrol diacetate acti-
vated human PXR and did not antagonize rifampicin-
mediated PXR activation (P � 0.08; Fig. 2B). Similarly,
coumestrol dimethyl ether also did not antagonize ri-
fampicin-mediated PXR activation (P � 0.1; Fig. 2B).
These experiments provide evidence that coumestrol
antagonizes human PXR but not mouse PXR.

We next conducted a complete dose-response
curve for coumestrol using transiently transfected cells
(Fig. 3). The full-length human PXR transient transfec-
tion assay used the XREM-luciferase reporter vector
(see Materials and Methods). Antagonist assays were
carried out in the presence of the PXR agonist

SR12813 (300 nM, a dose that resulted in �70% of
maximal reporter activity). This assay demonstrated
that coumestrol was an effective human PXR antago-
nist and had an IC50 value of 12 �M on PXR (Fig. 3A).
At the highest concentrations, PXR activity could be
completely abolished by coumestrol. In the CAR in-
verse agonist assay, coumestrol demonstrated an
EC50 of 29.6 �M (Fig. 3B).

Competition Binding Assays

We next tested whether coumestrol mediates its antag-
onist effects through direct binding to PXR. To evaluate
PXR binding, we used an established competition bind-
ing assay (27) with [3H]N-methyl-N-[4-[2,2,2-trifluoro-1-
hydroxy-1-(trifluoromethyl) ethyl]phenyl]benzenesulfon-
amide ([3H]NMTB) as a radioligand. When the PXR
agonist SR12813 was tested in this assay, a Ki of 37 nM

was observed (Fig. 4A). When coumestrol was tested in
this assay, a Ki of 13 �M was observed (Fig. 4A), indicat-
ing that coumestrol competes for binding to the LBD of
human PXR. The difference in the potency of SR12813
and coumestrol in the binding assay is consistent with
their differences in potency in transient transfection as-
says. To evaluate CAR binding, we used an established
scintillation proximity assay (28). When clotrimazole was
tested in this assay as a positive control, a Ki of 250 nM

was observed (Fig. 4B), in agreement with previously
published reports (26). When coumestrol was tested in
this assay, a Ki of 54 �M was observed (Fig. 4B), indi-
cating that coumestrol competes for binding to the LBD
of human CAR. The potency of coumestrol in the binding
assay is consistent with its activity in transient transfec-
tion assays.

Effect on a Ligand-Binding-Pocket-Filling Mutant
of PXR

To assess the impact of the ligand-binding pocket of
human PXR on the antagonist potential of coumestrol,
we have generated a transient transfection functional
assay for the PXR mutant(s) S247W, C284W, and
S208W. The S247W mutant was originally described
as a pocket-filling mutant, with the serine replaced by
a larger tryptophan, that confers a constitutive, ligand-
independent activity to PXR (30). These transfection
assays were performed in CV-1 cells using either a
CYP3A4 (promoter) or MRP2 (promoter) reporter. In
CV-1 cells, we tested the effect of coumestrol on the
S247W mutant of human PXR (Fig. 5, A and B).
Coumestrol antagonizes the S247W mutant signifi-
cantly, regardless of whether rifampicin is present or
which reporter system is used. Rifampicin does not
significantly activate the S247W mutant, similar to
data previously obtained (30). To simplify drug effects
on PXR and exclude effects of drug on RXR binding or
DNA binding, similar transcription assays were per-
formed using a Gal4-PXR (one-hybrid) system (Fig.
5C). In this system, coumestrol antagonizes the
S247W mutant significantly, whereas it has no effect
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Fig. 3. Effect of Coumestrol on PXR and CAR Activity
CV-1 cells were transfected with expression plasmids for

human PXR (A) or human CAR (B) and the XREM-tk-Lucif-
erase reporter vector. Cell extracts were assayed for lucif-
erase activity after compound treatment for 24 h. In the PXR
antagonist assay, 300 nM SR12813 was added to increase
the basal activity of the reporter to approximately 70% of
maximal activity. A full dose-response curve is shown for
coumestrol in this assay. Data at each point represent the
means of assays performed in triplicate and are plotted rel-
ative to the maximal response relative to SR12813 (the �SE

was less than 0.05% for all data points plotted). The mean
IC50 of coumestrol was 11.6 �M for PXR in these assays. In
the CAR inverse agonist assay (did not require addition of
agonist to increase basal activity), coumestrol demonstrated
an EC50 of 29.6 �M.
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on Gal4-VP16 fusion protein-mediated transcription.
Together, these data demonstrate that coumestrol an-
tagonizes activated PXR even when a bulky residue
obstructs its ligand-binding pocket. These data also
suggest that coumestrol antagonizes PXR LBD be-
cause it has no effect on Gal4 binding, promoter bind-
ing, or RXR binding.

Because PXR has a promiscuous binding pocket, it
is conceivable that even the S247W mutant can ac-
commodate smaller ligands like coumestrol (MW

352.3) yet exclude larger ones like rifampicin (MW
822.9). To address this problem, we generated double
and triple mutants of the PXR ligand-binding pocket in
which the pocket is more filled with bulky residues.
Combining that mutation with either S208W and/or
C284W will effectively fill the ligand-binding pocket of
PXR, leaving room insufficient to allow even the small-
est established ligands (like SR12813 and estradiol)
from binding to the receptor (9, 11) (also see Figs. 5F
PXR mutant structure and 5F III). We show coumestrol
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Fig. 4. Binding Assays

A, Purified human PXR bound to SPA beads was incubated in the presence of 10 nM PXR agonist [3H]NMTB in the presence
of increasing concentrations of unlabeled SR12813 (�) or coumestrol (f). Displacement of [3H]NMTB was measured in a Wallac
Microbead counter. Data are expressed as a percentage of bound [3H]NMTB in the absence of competitor. A Ki of 37 nM was
observed for SR12813 and a Ki of 13 �M for coumestrol. B, Purified human CAR LBD bound to SPA beads was incubated with
10 nM [3H]clotrimazole in the presence of increasing concentrations of unlabeled clotrimazole (F) or coumestrol (Œ). A Ki of 250
nM was observed for clotrimazole, and a Ki of 54 �M was observed for coumestrol.
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A and B, CV-1 cells were transfected with expression plasmids for wild-type human PXR or PXR mutant (S247W) and the

XREM-tk-Luciferase (A) or tk-MRP2-luc (B) reporter plasmid. Cell extracts were assayed for luciferase activity after compound
treatment for 24 h. Drugs included rifampicin (10 �M) or coumestrol (25 �M) alone or in combination with rifampicin and/or T1317
(1 �M) or 17�-estradiol (20 �M). Data for each column represent the mean of two independent assays each performed in
quadruplicate � SE (*, P � 0.8; **, P � 0.003; ***, P � 0.001). LBP, Ligand-binding pocket. C and D, CV-1 cells were transfected
with expression plasmids for Gal4-PXR or Gal4-PXR mutant (S247W) (C) or Gal4-VP16 fusion construct or Gal4-PXR double
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significantly inhibits both double and triple mutants,
which strongly suggests that PXR is antagonized by
coumestrol at a site distinct from the ligand-binding
pocket (Fig. 5, D–F).

To further understand the effects of coumestrol on
PXR, we performed a ligand titration experiment with
Gal4-PXR LBD using rifampicin (10–30 �M) in the pres-
ence or absence of a fixed concentration of coumes-
trol (25 �M). Although there is dose-dependent activa-
tion of Gal4-PXR in the presence of rifampicin,
coumestrol antagonizes PXR activation to the same
extent regardless of the concentration of rifampicin
present (Fig. 6A). These data support the hypothesis
that coumestrol binds and antagonizes PXR on its
surface distinct from the ligand-binding pocket.

Mammalian Two-Hybrid Assays

To validate our findings from our transcription assays
and to test the effects of coumestrol on the interaction
of PXR and steroid receptor coactivator-1 (SRC-1), we
performed mammalian two-hybrid assays using con-
structs and conditions for transfection as previously
published (23). There is a ligand (rifampicin) dose-
dependent interaction between PXR and SRC-1 (Fig.
6B). However, coumestrol antagonizes PXR and
SRC-1 interactions to the same extent regardless of
the ligand (rifampicin) concentration (Fig. 6B). In a
separate set of experiments, rifampicin increases the
association of full-length human PXR and SRC-1 in
cells nearly 4-fold. Coumestrol alone has no significant
effect on the association of PXR and SRC-1; however,
in the presence of rifampicin, coumestrol significantly
disrupts the association of PXR and SRC-1 by a mag-
nitude of 3.2-fold. By contrast, in the presence of
rifampicin, coumestrol diacetate increases the asso-
ciation of human PXR with SRC-1. T1317, another
potent human PXR agonist, increases the association
of PXR and SRC-1. As shown for rifampicin, coumes-
trol significantly antagonizes the T1317-mediated as-
sociation of PXR and SRC-1 (Fig. 7A). To determine
whether the N-terminal region of human PXR (exclud-
ing the LBD) is important or required for coumestrol
action, we repeated the mammalian two-hybrid as-
says this time using only the LBD of PXR fused to
activation domain VP16 as prey. In this assay, in the
presence of rifampicin, coumestrol significantly dis-
rupts the association of PXR and SRC-1 by a magni-

tude of 3.1-fold (Fig. 7B). These results are nearly
identical to that observed for full-length PXR, demon-
strating that the N terminus of PXR is not required or
important for coumestrol action. Taken together, these
data indicate that coumestrol acts as a PXR antagonist
by disrupting coregulator-specific interactions within
the LBD of the receptor but with at least one inhibitory
site outside the ligand-binding pocket.

mutant (S247W/C287W) (D) and treated with drug(s) as shown. E, The identical experiments as shown in D were performed in
HEK293T cells. C, Top panel, Data for each column represent the mean of two independent assays each performed in triplicate �
SE (*, P � 0.001; **, P � 0.0001); bottom panel, data for each column represent the mean of three independent assays each
performed in triplicate � SE (***, P � 0.2). F, Same experiment as described in D. The PXR expression plasmid is Gal4-PXR (I)
double mutant (S247W/S208W) or (II, III) triple mutant (S247W/S208W/C284W). D–F, Data for each column represent the mean
of three independent assays each performed in triplicate � SE (*, P � 0.1;**, P � 0.0001; #, P � 0.002; ***, P � 0.01; ****, P �
0.003; ##, P � 0.002; @, P � 0.3). Illustration in F, S247W is a mutation that is known to lead to ligand-independent activation
of PXR (30). It also fills a significant portion of the ligand-binding pocket of the receptor. Combining that mutation with either
S208W or C284W will effectively fill the ligand-binding pocket of PXR, leaving room insufficient to allow even the smallest
established ligands (like SR12813) from binding to the receptor.
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Fig. 6. Effect of Coumestrol on PXR-Mediated Transcription
and Binding of Coactivator SRC-1 with PXR

CV-1 cells were cotransfected with expression plasmids
for human PXR and the XREM-tk-Luciferase reporter vector
(A) or human FL PXR-VP16 plasmid (B) and Gal4-SRC-1
receptor interacting domain (RID), and UASg-Tk-luc reporter.
Cell extracts were assayed for luciferase activity after com-
pound treatment for 24 h. Cell extracts were assayed for
luciferase activity after drug treatment for 48 h. Drugs in-
cluded rifampicin (10–30 �M) and coumestrol (25 �M). Data
for each column represent the mean of three independent
assays performed in triplicate � SE. *, P � 0.1; **, P � 0.3.
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Fluorescence Polarization (FP) Competition
Assays

To address whether the binding of coumestrol to the
surface AF-2 site of PXR could be observed in vitro, we
conducted the following competition assay. The dis-

placement of an Flc-labeled SRC-1 LxxLL-containing
peptide from the AF-2 surface of the PXR LBD with
increasing concentrations of coumestrol was moni-
tored using FP methods. Because the peptide is dis-
placed from its binding site on the LBD, its FP de-
creases. These experiments were performed with
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Fig. 7. Effect of Coumestrol on Binding of Coactivator SRC-1 with PXR
Mammalian two-hybrid assays were performed in HEK293T cells to study the interaction of human PXR with SRC-1 in the

presence or absence of drug(s). The cells were transfected with human FL PXR-VP16 plasmid (A) or human LBD PXR-VP16
plasmid (B) and Gal4-SRC-1 receptor interacting domain (RID), and UASg-Tk-luc reporter. Cell extracts were assayed for
luciferase activity after drug treatment for 48 h. Drugs included rifampicin (10 �M), coumestrol, and coumestrol diacetate (25 �M

each). Data for each column represent the mean of two independent assays performed in triplicate � SE. *, P � 0.05.
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either coumestrol, which is expected to bind to the
PXR AF-2 site, or coumestrol diacetate, which is not
expected to bind to the same site. Low coumestrol
and coumestrol diacetate solubility made these exper-
iments difficult, despite the fact that 25% dimethyl-
sulfoxide (DMSO) was employed. Dilutions of these
putative antagonists made in the buffer necessary to
do the assay lead to precipitation of ligand only (no
protein was detected in these insoluble fractions by
SDS-PAGE). Thus, the antagonist solutions were fil-
tered to remove insoluble aggregates, and both the
unfiltered and filtered solutions were employed. Thus,
the studies were conducted to determine whether
coumestrol was simply capable of dissociating an
LxxLL-containing coactivator motif more effectively
than coumestrol diacetate.

The EC50 range of unfiltered coumestrol was calcu-
lated to be 1.2–1.3 mM (R2 � 0.985); from the EC50

value, the coumestrol Ki range was calculated to be
1.2–1.3 mM. It is theorized that this value is high due to
the coumestrol that precipitated out of solution. The
same experiment performed with coumestrol diac-
etate yielded curves indicating a weaker ability to dis-
sociate the labeled LxxLL peptide, as expected. The

curves for the filtered solution show the same trend, no
dissociation of the peptide with coumestrol diacetate
but some dissociation with coumestrol. Taken to-
gether, these data support the conclusion that
coumestrol specifically disrupts coactivator binding to
the surface of PXR.

Effects of Coumestrol on PXR Localization in
Wild-Type and Humanized PXR Mice

In wild-type mice, the subcellular localization of PXR
has been shown to be the cytoplasm as visualized
using a primary antibody directed against mouse PXR.
PCN treatment results in recruitment of PXR to the
nucleus. These results are identical to those observed
and reported previously (31). Coumestrol has no sig-
nificant effect on basal staining using a PXR antibody
and, furthermore, does not disrupt the nuclear pattern
of staining observed in the presence of PCN (Fig. 8).
Similarly, we stained livers from humanized PXR mice,
and the basal staining for PXR was predominantly
nuclear. However, the intensity of staining increased
markedly in the presence of rifampicin. Coumestrol
has no significant effect on either basal or rifampicin-

NCP +- +-
+--lortsemuoC +

A

B

C

D

Fig. 8. Effect of Coumestrol on Subnuclear Localization of PXR in Wild-Type Mouse Liver
The photomicrographs show the effect of drug(s) on mouse liver tissue expressing PXR. Three mice from each treatment group

were killed after completing LORR studies (see Materials and Methods and Fig. 12). A, Liver tissue was immunoassayed for PXR.
The remaining panels show controls: B, no primary antibody; C, PXR protein; D, H&E stain. Fifteen sections of each liver were
made and stained. The picture is the best representative section of all stained slides.
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induced staining for PXR (Fig. 9). Together, these re-
sults suggest that coumestrol does not alter PXR lo-
calization. To determine the localization of PXR and
effects of coumestrol on transfected PXR, we per-
formed cellular localization studies with green fluores-
cent protein (GFP)-tagged human PXR. On transfec-
tion of GFP-PXR, the fluorescent signal is largely
localized within the nucleus. Addition of rifampicin
causes granular deposits (speckled appearing, �34%
of nuclei) within the nucleus (Fig. 10B). Similarly, the
intensity of speckling and amount of speckled nuclei
increases significantly with cotransfection of SRC-1
plasmid (�63% of nuclei) (Fig. 10E). These results
corroborate previous findings using the same con-
structs (32). Coumestrol has no effect on basal speck-
ling (�8 vs. 11% of nuclei, P � 0.2; Fig. 10). Impor-
tantly, coumestrol has no effect on rifampicin-induced
granularity (speckle-appearing bodies) (34 vs. 39% of
nuclei, P � 0.1; Fig. 10). By contrast, coumestrol sig-
nificantly inhibits the bright speckling pattern ob-
served with rifampicin (63 vs. 24% of nuclei, P �
0.001). The pattern of speckling in GFP-PXR and
SRC-1 cotransfected cells treated with rifampcin and
coumestrol is nearly identical to that observed for
GFP-PXR transfected cells (compared Fig. 10, E vs. B).

These results suggest that coumestrol does not alter
either the basal or rifampicin-induced localization of
human PXR. On the contrary, these results support
coumestrol’s effect as an inhibitor of PXR and SRC-1
interaction.

Effects of Coumestrol on Gene Expression in
Primary Human Hepatocytes

Based on the finding that coumestrol reduces PXR
activity in in vitro and cell-based assays, we next
tested whether this activity would be reflected in cel-
lular effects on gene expression. PXR has been shown
to regulate genes involved in xenobiotic detoxification
(2, 8) including CYP3A4 and CYP2B6. The effects of
coadministration of two established PXR agonists
(SR12813 and rifampicin) with coumestrol were as-
sessed in primary human hepatocytes. SR12813 was
dosed at 1 �M and rifamipicin at 10 �M, both at ap-
proximately 10-fold their respective EC50 values in
PXR transient transfection assays. Coumestrol was
used at a concentration of 25 �M, a concentration of
coumestrol consistent with those used in other studies
(33).

nicipmafiR +- +-
lortsemuoC +-- +

A

B

C

D

Fig. 9. Effect of Coumestrol on Subnuclear Localization of PXR in Humanized Mouse Liver
The photomicrographs show the effect of drug(s) on mouse liver tissue expressing human PXR. The same numbers of mice

as in Fig. 8 were killed. A, Liver tissue was immunoassayed for human PXR. The remaining panels show controls: B, no primary
antibody; C, PXR protein; D, H&E stain. Fifteen sections of each liver were made and stained. The picture is the best representative
section of all stained slides.
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Quantitative changes in CYP3A4 expression was
assessed in primary human hepatocytes (two donors)
by Northern blot analysis and expressed as fold
changes relative to vehicle controls (Fig. 11, A and B).
Coumestrol was able to block the induction of
CYP3A4 by PXR agonists in both donors (Fig. 11, A
and B). In donor 1, basal CYP3A4 mRNA steady-state
levels were undetectable, and treatment with coumes-
trol alone did not increase the basal level of CYP3A4
mRNA to detectable levels. Both rifampicin and
SR12813 treatment resulted in induction of CYP3A4
mRNA (the SR12813 treatment induced CYP3A4 to
approximately 20% of the levels induced by rifampi-
cin). Rifampicin-mediated induction of CYP3A4 was
decreased by approximately 50% by 25 �M coumes-
trol, and the induction by SR12813 was completely
abolished by cotreatment with 25 �M coumestrol.
Thus, coumestrol was able to block the activation of
both rifampicin and SR12813 of CYP3A4 expression in
primary human hepatocytes. Similar results were

obtained in a second donor (Fig. 11B), except in this
donor, the basal level of CYP3A4 gene activity was
higher. Again, coumestrol did not increase the basal
activity and partially blocked the effects of PXR
agonists rifampicin and SR12813 when coadminis-
tered. The induction of target genes by the PXR
agonists in donor 1 was much more dramatic than in
donor 2. Such inter-donor variation is not without
precedent, and it is well established that CYP3A
expression is quite variable in human primary hepa-
tocyte preparations (34, 35). The differences in the
relative magnitude of induction between donors are
likely a reflection of differences in basal levels of
expression of target genes. The normal high level of
interindividual variation would be expected to be
magnified in sets of hepatocytes obtained by human
donors typically undergoing drug therapy and
hospitalization.

The effects of coumestrol on CYP2B6 expression
were generally analogous to the CYP3A4 results.
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Fig. 10. Effect of Coumestrol on Subnuclear Localization of PXR
The photomicrographs show the effect of drug(s) on HEK293T cells expressing GFP (A) or GFP full-length human PXR (B) and/or

SRC-1 (D and E). Twenty-four hours after transfection, 293T cells were treated with vehicle (0.2% DMSO), rifampicin (R) 10 �M,
coumestrol (C) 25 �M, or both drugs for 4 h in serum-free media. The cells were fixed with 10% paraformaldehyde for 20 min and then
mounted using mounting medium containing 4�,6-diamidino-2-phenylindole stain. The cells were imaged by confocal microscopy at
�40 magnification using the appropriate fluorescent channels. For quantification of granular or bright speckled nuclei (B and E,
respectively), 60 cells (about four to five cells per high-power field scanning a total of 15 fields) were randomly counted for each
experiment, and a representative picture from three independent experiments is shown. *, P � 0.2; **, P � 0.1; ***, P � 0.001.
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Northern blot analysis (one donor) showed that rifam-
picin and SR12813 were effective at inducing CYP2B6
in donor 2 (Fig. 11C). Cotreatment with coumestrol
reduced the level of induction of both of the PXR
agonists. The 7-fold CYP2B6 induction by rifampicin
was reduced to 2-fold in the presence of coumestrol,
and the 10-fold induction by SR12813 was reduced to
5-fold by coadministered coumestrol. In summary,
coumestrol affected a pattern of expression in primary
hepatocytes that were consistent with PXR antago-
nism and could not be predicted from effects of
coumestrol on the ER.

Loss of Righting Reflex (LORR) Studies in PXR
(�/�), Humanized PXR, and PXR (�/�) Mice

In vivo effects of coumestrol on drug metabolism was
assessed using mice with or without functional PXR
gene. In these assays, the consequences of activating
PXR can be studied using mice challenged with 2,2,2-
tribromoethanol (Avertin) anesthesia, where the drug-
induced change in duration of LORR acts as a phe-
notypic measure of PXR target gene activity and
xenobiotic metabolism (18, 23). PCN significantly de-
creases tribromoethanolamine-induced sleep time or
duration of LORR in PXR (�/�) mice. Coumestrol has
negligible effects on the duration of LORR in these
mice. Furthermore, in the presence of a PXR agonist
(PCN), coumestrol does not significantly increase the
LORR duration (1.0 � 0.7 vs. 2.4 � 0.8 min, P � 0.1).
Similarly, in the presence of PCN, coumestrol diac-
etate does not increase the duration of LORR. In mice
lacking the PXR allele, there is no effect of PCN,
coumestrol, or coumestrol diacetate on the duration of
LORR when compared with that observed in control
mice. In mice carrying the human PXR allele, coumes-
trol significantly increases the rifampicin-mediated du-
ration of LORR by 173% (P � 0.001) (Fig. 12).

DISCUSSION

We have shown that coumestrol is a human PXR and
CAR antagonist in in vitro assays and that this naturally
occurring phytoestrogen can block the effects of an
available PXR agonist in primary human hepatocyte cul-
tures. Coumestrol does not affect the localization of PXR
when it is activated by its cognate ligand. These results
suggest that coumestrol acts directly on PXR and/or its
coregulatory proteins and/or promoter interactions. Fur-
ther support of this conclusion comes from published
studies that demonstrate coumestrol regulates intracel-
lular receptors (e.g. ER�) and kinases [e.g. MAPK kinase
1 kinase (MEK1), phosphatidylinositol 3-kinase (PI3K)]
that in turn have been shown to phosphorylate key co-
regulators [e.g. SRC-1, silencing mediator for retinoid
and thyroid receptors, forkhead (transcription factor) box
O1] that activate PXR (36–41). Hence, the cellular effects
of coumestrol should activate PXR; however, we show
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Fig. 11. Effects of Coumestrol on CYP3A4 and CYP2B6 Ex-
pression

Total mRNA was isolated from two donors of primary
human hepatocytes and treated with vehicle (V, DMSO),
coumestrol (C, 25 �M), rifampicin (R10 �M), coumestrol plus
rifampicin (R�C, 25 and 10 �M, respectively), SR12813 (S, 1
�M), and coumestrol plus SR12813 (S�C, 25 and 1 �M,
respectively). After Northern blotting, the RNAs from were
probed with a fragment of the human CYP3A4 coding region
(donors 1 and 2) or CYP2B6 (donor 2) and visualized by
autoradiography. Relative mRNA abundance (normalized for
�-actin mRNA levels) is plotted below each autoradiogram.
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inhibition of PXR activity and PXR target genes. This
further supports our hypothesis that coumestrol must

have overriding functions upon direct interaction with
PXR and/or its coregulators.
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Fig. 12. Effect of Coumestrol and Its Analogs on Anesthetic (Tribromoethanolamine) Metabolism in Vivo
A and B, LORR duration assessments to determine the effect of coumestrol and its analogs, diacetate and dimethyl ether, in

PXR (�/�) (A) and PXR (	/	) (B) mice. Six- to 8-wk-old C57BL/6 female mice (n � 5 per treatment group) were treated with
vehicle or PCN or coumestrol, coumestrol diacetate, or the combination of PCN plus coumestrol or its analog (see Materials and
Methods for details). On d 6, all mice underwent LORR duration assessments as described previously (23). Columns represent
the mean and error bars � SE. *, P � 0.001; **, P � 0.3; ***, P � 0.1.
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The scintillation proximity assay (SPA) results dem-
onstrate that in the concentrations used for the tran-
scription assays, coumestrol can act as a competitive
inhibitor for ligand binding in the PXR ligand-binding
pocket. In support of these findings, yeast and mam-
malian two-hybrid assays (for yeast two-hybrid as-
says, see supplemental Fig. 1S, published as supple-
mental data on The Endocrine Society’s Journals
Online web site at http://mend.endojournals.org) and
S247W transcription assays together show that
coumestrol inhibits PXR (e.g. either within the ligand-
binding pocket or outside or both). From the mamma-
lian two-hybrid experiments with full-length and PXR
LBD plasmids, it is clear that the N-terminal domain of
PXR is not important for coumestrol effects on the
receptor. However, pocket-filling (obliterating) mu-
tants of PXR are still inhibited by coumestrol, suggest-
ing that in addition to binding to the pocket, coumes-
trol binds to a surface outside the pocket. To further
corroborate this hypothesis, we show that coumestrol
inhibits PXR and SRC-1 interactions to the same ex-
tent regardless of the concentration of agonist ligand
present. Together, in addition to ligand competition
effects, these data suggest that coumestrol inhibits
PXR by binding to additional surface site(s) outside the
pocket (e.g. AF-2 region). Modeling studies cannot
currently predict exactly why coumestrol is acting as
an antagonist. It will be necessary to solve the crystal
structure of the coumestrol-PXR complex or carry out
functional studies combined with site-directed mu-
tagenesis to define key LBD or AF-2 residues that
interact with coumestrol.

We performed in vitro experiments to examine the
impact of coumestrol on SRC-1 binding to PXR using
FP anisotropy assays (see supplemental Fig. 2S). We
showed a weak disruptive effect of coumestrol on the
binding of fluorescently labeled SRC-1 to the AF-2 site
on purified PXR LBD in the presence of SR12813. The
effect with coumestrol diacetate was weaker in the
same assay by 10-fold. These assays were difficult to
conduct due to the incompatible solubility of the
coumestrol compounds and the PXR LBD in the same
buffer conditions. However, the results we obtained
support the conclusion that coumestrol, but not
coumestrol diacetate, disrupts the association of PXR
for the coactivator SRC-1.

Despite these results, there is support for the dis-
cordance between in vitro binding assay and tran-
scription-based assays. Zhu et al. (42) notes that al-
though there is good correlation between results of
transactivation and binding assays, there are several
compounds where discrepancies are noted (e.g. high
binding affinity in binding assays translate to low
transactivation). These experiments and data under-
score the importance of performing both transcription
as well as in vitro protein binding assays to determine
the mechanisms that are likely involved in the inhibi-
tory action of drugs on nuclear receptors (16).

Coumestrol is the second plant-derived compound
shown to affect PXR activity. PXR has previously been

shown to mediate the effects of the botanical hyper-
forin (an active component of the herb St. John’s wort)
on induction of CYP3A4 activity (43), which is associ-
ated with clinically significant drug interactions (44,
45). In some instances, these interactions were life-
threatening or lethal (46, 47).

Our finding that coumestrol is a PXR antagonist is a
surprising result given that coumestrol has previously
been reported to act as a PXR (also known as SXR)
agonist in transient transfection assays (48). In those
studies, a different promoter was used in the reporter
construct (a multimerized DR4 element). When we re-
peated our transient transfection studies using a re-
porter construct containing the same multimerized
DR4 promoter, coumestrol profiled as a PXR antago-
nist with the same potency seen on the XREM reporter
(data not shown). We cannot account for this differ-
ence in coumestrol activity between the two reports.
We used coumestrol in our experiments immediately
after solubilization in solvent. Because coumestrol is
chemically labile (e.g. is insoluble in cold water, is
liable to degradation during long-term storage, and
may form conjugates in acidic conditions like the
isoflavones) (49), it is also possible that differences in
chemical storage resulted in unknown breakdown
products with PXR agonist activity in the earlier report.
As we have shown above, two coumestrol analogs are
not active as antagonists but are weak agonists (see
Fig. 2). In transfections using human PXR, coumestrol
significantly inhibits rifampicin-activated PXR (see Fig.
2B); however, coumestrol diacetate and dimethyl ether
do not alter the activation of PXR in the presence of
rifampicin (Fig. 2B).

Dramatic interspecies differences in activation of
PXR orthologs has been well documented (26). We
tested coumestrol in full dose-response curves in tran-
sient transfection using mouse PXR, and coumestrol
did not significantly suppress (or activate) mouse PXR
(EC50 � 50 �M, supplemental Fig. 3S). This species
difference may be useful in defining key regions of the
LBD involved in the coumestrol antagonist effects. The
results from our in vitro transcription assay using one
concentration point of coumestrol was validated in
mice carrying PXR (�/�) allele where the LORR dura-
tion was not significantly altered by coumestrol in the
presence of PCN (Figs. 2A and 12). Together, in con-
trast to the inhibitory effect of coumestrol on human
PXR, there is no significant effect of the compound on
mouse PXR.

Coumestrol diacetate can potentially be con-
verted to coumestrol by cleavage of the acetate
groups by cellular esterases. To test whether there
could be a potential for conversion and hence true
effects of the diacetate analog being masked by
cellular conversion to coumestrol, we performed
transient transcription assays identical to those
done and results shown in Fig. 2. In the same cell
line, we first used two different concentrations of
coumestrol diacetate (25 and 75 �M) for 48 h before
cell lysates were analyzed and normalized for lucif-
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erase activity. The relative light units/�-galactosi-
dase (�-gal) values were nearly identical for both
concentrations of coumestrol diacetate in the pres-
ence of 10 �M PCN [P � 0.2, supplemental Fig.
4S(A)]. Furthermore, we repeated the same experi-
ment but with two different concentrations of
coumestrol diacetate (5 and 25 �M) for 72 h before
cell lysates were analyzed and normalized for lucif-
erase activity. In these experiments, the relative light
units/�-gal values for both concentrations of
coumestrol diacetate were also nearly identical in
the presence of 10 �M PCN [P � 0.3; experiment
was performed twice each in quadruplicate, supple-
mental Fig. 4S(B)]. Both sets of experiments were
designed to test the hypothesis that time- and con-
centration-dependent conversion of coumestrol di-
acetate to coumestrol could result in changes in
intracellular coumestrol and be reflected in signifi-
cant changes in human PXR activity. In particular,
longer exposure (2-fold increase in duration of ex-
posure) and higher concentrations (3-fold increase
in concentration) of the diacetate analog would re-
sult in greater amounts of coumestrol within cells.
These levels might then inhibit human PXR activity.
We did not observe any significant effect on human
PXR activity. These results suggest that it is unlikely
that there is significant conversion of coumestrol
diacetate to coumestrol in cells. Lesser amounts of
conversion does not significantly affect the effect of
coumestrol diacetate on PXR activity. These results
are further corroborated in experiments where
coumestrol diacetate was incubated in CV-1 cell
extract. Mass spectrometry did not reveal any con-
version to coumestrol (supplemental Fig. 5S). The
hydroxyl ring in the 3,9-position of coumestrol is
altered to diacetate or dimethyl ether groups, and
these analogs do not exhibit the inhibitory activity on
PXR as its parent 3,9-dihydroxy compound. To-
gether, this suggests that both hydroxyl groups on
the benzyl rings are critical for PXR activity.

In summary, coumestrol provides a commercially
available and chemically simple antagonist tool for
PXR structure/function studies. Multiple com-
pounds with structural similarity to coumestrol could
be screened to find additional and possibly more
potent tools for PXR structure function analysis.
Overall, these studies may provide additional insight
into mechanisms of PXR activation while suggesting
new avenues of PXR antagonism to prevent harmful
drug-drug interactions and improving therapeutic
efficacy.

MATERIALS AND METHODS

Chemicals

Coumestrol was purchased from Fluka (Milwaukee, WI), 98%
pure via thin-layer chromatography (MW 268.2). Coumestrol
diacetate (7,12-diacetoxycoumestan O,O�-diacetylcoumes-

trol, MW 352.3) and coumestrol dimethyl ether (7,12-di-
methoxycoumestan, MW 296.3) were purchased from Fluka
(�95% pure via HPLC). 17�-Estradiol was purchased from
Sigma-Aldrich (St. Louis, MO), and T1317 was supplied by
GlaxoSmithKline (Dr. J. Collins, Research Triangle Park,
Durham, NC). The compound was freshly prepared by dis-
solving in DMSO before each use.

Cotransfection Assays

CV-1 cells were maintained and transiently transfected es-
sentially as previously described (50). Receptor constructs
contained coding sequences for AR (NR3C4), PR (NR3C3),
GR (NR3C1), ER� and -� (NR3A1/3A2), MR (NR3C2), RAR�
(NR1B1), PXR (NR1I2), CAR (NR1I3), RXR� (NR2B1), TR� and
-� (NR1A1/1A2), VDR (NR1I1), FXR (NR1H4), LXR� and -�
(NR1H3/1H2), and PPAR�, -�, and -� (NR1C1/1C2/1C3). The
following receptors were transfected as Gal4-LBD chimera
constructs (PPAR�, PPAR�, PPAR�, RAR�, VDR, TR�, TR�,
LXR�, LXR�, and FXR) in combination with a UAS-tk-lucif-
erase reporter. In the transfections using PXR, GFP-PXR,
LXR�, LXR�, and FXR constructs, an expression plasmid
encoding the coactivator SRC-1 was included as described
previously (26, 32). The remaining receptors (GR, PAR, AR,
MR, RXR�, PXR, CAR, ER�, and ER�) were tested using
full-length receptor expression constructs. The reporters
used were pLM253-MMTV-Luciferase for GR, PAR, AR, and
MR (51), pCRBPII-tk-SPAP for RXR� (52), XREM-luciferase
for PXR and CAR (53), 	10-kb CYP3A4-luciferase (Dr. Jonas
Uppenberg, Stockholm, Sweden) and tk-MRP2-luc (Dr. Wen
Xie, University of Pittsburgh, Pittsburgh, PA) for PXR, and
2xERE-tk-SPAP for ER� and ER� (54). The ER� and ER�
assays were run in T47D cells instead of CV-1. The mamma-
lian two-hybrid assays were performed (for PXR) using gal4
SRC-1 chimera (Dr. Akira Takeshita, Tokyo, Japan) and full-
length human (FL) or LBD PXR-VP16 chimera (Drs. Bruce
Blumberg and Ronald M. Evans, University of California-
Irvine, Irvine, CA) in HEK293T cells as previously described
(18, 23).

Site-specific mutations were made using the
QuikChange-II Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) protocol for PCR using manufacturer guidelines.
The following primers were used (underlining indicate mutated
nucleotides): S247W primers, forward 5�-gctgacatgTGGaccta-
catgttc-3� and reverse 5�-gaacatgtaggtCCAcatgtcagc-3�;
S208W primers, forward 5�-aaagatctgtgcTGGttgaaggtctct-3�
and reverse 5�-agagaccttcaaCCAgcacagatcttt-3�; and C284W
primers, forward 5�-gctttcgagctgTGGcaactgagattc-3� and re-
verse 5�-gaatctcagttgCCAcagctcgaaagc-3�.

The mutations were generated using pM-Gal4-PXR-LBD
plasmid as template sequentially to generate the S247W and
S247W/S208W, S247W/C284W, and S247W/S208W/
C284W LBD mutants. XL-blue competent cells were used to
transform the PCR products (981 bp), and bacterial colonies
were used to isolate plasmid DNA. All clones were se-
quenced to confirm and verify mutations.

Yeast Two-Hybrid Assays: Bacterial and Yeast Strains

Yeast strain CTY10–5d (MATa ade2 trp1-901 leu2-3, I12his3-
200 gal4	 gal80	 URA3::lexA-lacZ) contains an integrated
GAL1-lacZ gene with lexA operator and was kindly provided
by Dr. G. V. Kalpana, Albert Einstein College of Medicine,
Bronx, NY. Transformation of yeast and qualitative 5-bromo-
4-chloro-3-indolyl �-D-galactosidase (X-Gal) nitrocellulose fil-
ter lift assays were performed according to published meth-
ods with minor modifications (55–57). Quantification of
protein-protein interactions was determined using a �-gal
liquid assay, which was performed on permeabilized yeast
grown from three independent transformants using orthoni-
trophenyl-�-D-galactopyranoside as substrate (Clontech
Laboratories, Inc., Palo Alto, CA; protocol PT3024-1; version

Wang et al. • Coumestrol Antagonizes PXR Mol Endocrinol, April 2008, 22(4):838–857 853
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/22/4/838/2661231 by guest on 21 August 2022



PR13103). Escherichia coli strain DH5� (Bethesda Research
Laboratories, Bethesda, MD) was used for cloning plasmids.

Construction of PXR and SRC-1 Fusions in Yeast
Vectors

Yeast vectors pGAD2f (gift from Dr. Stan Fields, State Uni-
versity of New York, Stony Brook, NY), pSH2-1 (58), and
pGADNot (59) were used for cloning bait and prey. Briefly,
human PXR LBD (amino acids 107–434) was PCR amplified
with BamHI and SalI sites using pCMX-PXR (Dr. Ronald M.
Evans, Salk Institute, La Jolla, CA) as the plasmid template
with the following primer sequence: forward 5�-accggatc-
ccgatgaagaaggagatgatcatgtcc-3� and reverse- 5�-agagtc-
gactcagctacctgtgatgcc-3�. The PCR fragment was subse-
quently inserted into BamHI and SalI sites of pSH2-1 vector
using methods previously published (18, 23). Similarly, full-
length SRC-1 was PCR amplified with NotI and SalI sites
using pCMX-SRC-1 (FL) (amino acids 1–1401) (gift from Drs.
Joseph Torchia, University of Western Ontario, London, On-
tario, Canada, and Michael G. Rosenfeld, University of Cali-
fornia-San Diego, San Diego, CA) (60) as plasmid template
with the following primer sequence: forward 5�tatagcggccg-
catgagtggcctcggggacagttcatcc3� and reverse 5�gcggtcgact-
tattcagtcagtagctg3�. The amplified fragment was subse-
quently inserted into NotI and SalI sites of pGADNot vector.
The reactions were carried out in a MasterCycler (Eppendorf,
Hamburg, Germany), and the conditions for PCR amplifica-
tion for both gene products was 94 C for 2 min, followed by
94 C for 45 sec, 55 C for 45 sec, and 72 C for 10 min using
PCR Supermix HiFi (Invitrogen, Carlsbad, CA).

Protein-Protein Interaction Assay

To test whether the two-hybrid system would detect human
PXR-SRC-1 interaction, two plasmids expressing GAL4-PXR
and GAD-SRC-1 fusions were constructed as above. Both
plasmids were used to transform strain CTY10-5d, replica
plated using nitrocellulose onto drug- and no-drug-contain-
ing plates and, upon formation of colonies, examined for
production of �-Gal by replicating onto nitrocellulose filters
and incubating in buffer containing X-Gal. The colonies
turned blue when both expression plasmids were used to
cotransform CTY10-5d but not when they were transformed
alone. This demonstrated that there was interaction of human
PXR and SRC-1 in our yeast two-hybrid system and that the
addition of ligand was not necessary for this interaction,
presumably because of endogenous yeast compounds that
may have served as ligands to human PXR. These methods
are in agreement with previously published yeast two-hybrid
interactions demonstrated for PXR and SRC-1 (7). Once the
assay was established, experiments were repeated in the
presence and absence of coumestrol (25 �M).

FP Competition Assays (14)

Antagonists coumestrol and coumestrol diacetate (Sigma)
were prepared in buffer A [50 mM phosphate (pH 7.8), 150 mM

NaCl, and 5% glycerol] with 25% DMSO. Antagonists for
filtered studies were injected through a 0.45-�m nonsterile
filter. Filtered and unfiltered antagonist solutions were serially
diluted by a factor of two for no less than five dilutions, and
200 nM Flc-labeled SRC-1 peptide (SLTERHKILHRLLQE)
(Sigma), 50-fold molar excess of SR12813 (Sigma), and
0.01% Triton were added to each antagonist dilution. A fu-
sion between the PXR LBD and the maltose-binding protein
(MBP) was then added according to the Kd established (�2.6
�M) by a binding assay between PXR-LBD�MBP, SRC-1
peptide, and SR12813. MBP control showed no binding to
Flc-labeled peptide. The 50-�l aliquots were added in an
enzyme immunoassay/RIA 96-well half-area plate (Costar,

Cambridge, MA) and read using a PHERAstar (BMG Labtech)
using the FP485, 520A, and 520B filters. Results were ana-
lyzed using the four-parameter logistic equation in Sig-
maPlot. FP values were normalized from 0 (FP value with
no protein in buffer A) to 1 (FP value with no antagonist in
buffer A).

Competition Ligand-Binding Assays

Full-length human recombinant, histidine-tagged PXR was
purchased from PanVera Corp. (Madison, WI; http://www.
panvera.com). Purified protein (25 nM) was coated on poly-
lysine SPA beads (Amersham Pharmacia, Piscataway, NJ)
and pretreated with BSA to block nonspecific binding sites.
NMTB (29) was radiolabeled on the nitrogen with 3H and used
as a radioligand (IC50 � 3.7 nM in binding assay). The recep-
tor/SPA bead/radioligand mix was added directly to test
compounds (coumestrol and SR12813) in the assay plates.
Coumestrol and SR12813 were prepared from powder
stocks by dissolving in DMSO and diluting in assay buffer [50
mM Tris (pH 8.0), 200 mM KCl, 10% glycerol, 1 mM CHAPS,
0.1 mg/ml BSA, and 2 mM dithiothreitol). Displacement of 10
nM [3H]NMTB was measured in a Wallac Microbeta counter.
Nonspecific binding was determined in the presence of 10 �M

NMTB. Data were expressed as percent inhibition of bound
[3H]NMTB relative to control. The CAR SPA has been de-
scribed previously (28).

Mass Spectrometry

CV-1 cells were grown in six-well plates in triplicate and
scraped on ice. Fifteen strokes were performed using a
dounce homogenizer (on ice) (Global Spec Inc., Troy, NY).
After a quick spin (10,000 � g for 10 min at 4 C), 5-�l aliquots
of CV-1 cell lysates (supernatant) were injected directly into a
triple quadrupole mass spectrometer system (QuattroLC;
Waters, Milford, MA). The carrier liquid was 50% acetonitrile
plus 0.1% formic acid at a flow rate of 0.5 ml/min, provided
by a model 515 HPLC pump (Waters), operated isocratically.
The electrospray ion source was operated in the negative
mode (for compounds of this type of structure, the negative
mode provides higher sensitivity than the positive mode).
Source temperature was kept at 80 C; the cone voltage was
15 V. Analyte peaks were obtained using the technique of
selected reaction monitoring. The following transitions were
monitored: m/z from 309–266 for coumestrol diacetate and
m/z from 267–182 for coumestrol.

Subnuclear Localization Study Using Confocal
Microscopy

HEK293T cells were grown on glass coverslips in six-well
plates. After seeding, cells were cotransfected with either 0.5
�g GFP or GFP-PXR along with expression plasmids for
SRC-1 or empty vector. After 24 h, cells were treated with 10
�M rifampicin or 0.2% DMSO for 3–4 h in serum-free media.
Cells were fixed in 2% paraformaldehyde in PBS for 20 min,
mounted with mounting medium that contained 4�,6-dia-
midino-2-phenylindole, and subjected to confocal micros-
copy (Olympus CKX41 with filters).

Immunohistochemistry

For tissue specimens, 6-�m-thick frozen sections were cut
onto slides using a cryostat, washed with TBS, and then
subject to antigen retrieval using pH 6.0 citrate buffer in
steamer for 20 min. For immunostaining with human PXR
antibodies, tissues were first placed into paraffin blocks,
dewaxed with xylene followed by rehydration and antigen
retrieval (http://www.ihcworld.com). The tissue/cells were
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then sequentially blocked with 5% rabbit serum/2% BSA/
0.1% Triton X-100 for 60 min at room temperature. Tissues
were incubated with a 1:40 dilution of the primary polyclonal
human PXR antibody (Biolegend, Inc., San Diego, CA) or a
1:100 dilution of mouse PXR antibody (R-14; Santa Cruz
Biotechnology, Santa Cruz, CA) for 12 h or at 4 C overnight
followed by the biotinylated secondary antibody for 1 h. Cell
sections were then immunostained with the biotin-streptavi-
din system from Vector Laboratories (Burlingame, CA) per the
manufacturer’s instructions. Hematoxylin and eosin (H&E)
stains were performed on frozen sections using routine meth-
ods (http://www.histosearch.com). For controls, tissues were
incubated without primary antibody or with PXR protein
(hemagglutinin-tagged) in the presence of primary antibody.

Primary Culture of Human Hepatocytes and RNA
Analysis

Primary human hepatocytes were obtained from Biowhittaker
(East Rutherford, NJ). Cells were cultured in Matrigel-coated
six-well plates in serum-free William’s E medium (Life Tech-
nologies, Rockville, MD) supplemented with 100 nM dexa-
methasone and insulin-transferrin-selenium (ITS-G; Life
Technologies). At 48 h after isolation, hepatocytes were
treated with bisphosphonate ester SR12813 (1 �M), rifampi-
cin (10 �M), and/or coumestrol (25 �M), which were added to
the culture medium as 1000� stocks in DMSO. Control cul-
tures received vehicle alone. Cells were cultured for an ad-
ditional 48 h with drug treatments repeated at 24 h to refresh
media and compounds. RNA was isolated using Trizol (Life
Technologies) according to the manufacturer’s instructions.
Total RNA (10 mg) was resolved using a 1% agarose/2.2 M

formaldehyde denaturing gel and transferred to a nylon mem-
brane (Hybond N�; Amersham Pharmacia). Blots were hy-
bridized sequentially with 32P-labeled CYP3A4 (bases 790-
1322 of the published cDNA sequence, GenBank accession
no. M18907), CYP2B6 (bases 7–1527 of the published cDNA
sequence, Genbank accession no. NM_009998), and �-actin
(Clontech) probes.

Animal Treatment and LORR Studies in PXR (�/�),
Humanized PXR, and PXR (�/�) Mice

Adult female PXR wild-type and PXR (	/	) mice were main-
tained on standard laboratory chow and were allowed food
and water ad libitum. Mice (n � 5 per treatment group) were
treated with either corn oil vehicle (d 1–6), PCN (150 mg/kg�d
ip, d 3–6), coumestrol (100 mg/kg�d divided three times per
day sc, d 1–6), coumestrol diacetate (100 mg/kg�d divided
three times per day sc, d 1–6), or the combination of the same
dose/schedule of PCN and coumestrol or coumestrol diac-
etate. On d 3 and 6, LORR studies were performed as pre-
viously published (23). All animal experimentation described
in the submitted manuscript was conducted in accord with
accepted standards of humane animal care, as outlined in the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.
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