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Abstract

Gugulipid is an extract of the guggul tree Commiphora mukul that is used to treat
hyperlipidemia in humans. The lipid-lowering activity is found in the stereoisomers and
plant sterols Z-guggulsterone and E-guggulsterone. The molecular basis for the lipid
lowering action of guggulsterone has been suggested to be antagonism of the farnesoid X
receptor, a member of the nuclear receptor superfamily of ligand activated transcription
factors. To determine whether guggulsterone has the ability to function as an agonist of
other nuclear receptor family members, we screened a pand of these proteins for their
ability to transactivate reporter genes. Here we show that guggulsterones activate the
estrogen receptor alpha isoform, progesterone receptor, and pregnane X receptor.
Concentration-response analysis using reporter gene assays indicate that guggulsterones
activate these three receptors with ECsy values in the low micromolar range.
Furthermore, we show that guggulsterone-mediated activation of the pregnane X receptor
induces the expression of CYP3A genes in both rodent and human hepatocytes. Protein
interaction assays indicate that guggulsterones interact directly with pregnane X receptor,
thereby modulating interaction with protein cofactors. We introduce a novel method to
screen herbal remedies for their ability to activate pregnane X receptor. Pregnane X
receptor activation is known to cause herb-drug interactions, and our data suggest that
gugulipid therapy should be used cautiously in patients taking prescription medications
that are metabolized by CYP3A family members. Moreover, our data suggests the need
for additional studies of guggulsterones agonist activity against estrogen receptor alpha

isoform and the progesterone receptor.
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Among the many herbal remedies available over-the-counter, gugulipids are made
from the gum resin of a tree from India called Commiphora mukul. Gugulipid therapy
has been used in Ayurvedic medicine to treat hyperlipidemia for nearly 3000 years (Dev,
1999). Experiments using animals and human clinical trials indicate that treatment with
gugulipid produces favorable serum lipid profiles (Kuppurgan et al., 1978; Baldwa et al.,
1981; Singh et a., 1990). The active ingredient in gugulipid is the cis and trans
stereoisomers of 4,17(20)-pregnadiene-3,16-dione, referred to as E-guggulsterone and Z-
guggulsterone, respectively (Beg et al., 1996).

Recent experiments suggest that guggulsterones lower hepatic cholesterol through
antagonism of the farnesoid X receptor (FXR, NR1H4) nuclear receptor superfamily
member. Induction of FXR-target gene expression by FXR ligands is abolished in mice
when guggulsterones are co-administered (Urizar et al., 2002; Wu et al., 2002). Other
research shows that guggulsterones enhance the action of specific FXR agonists toward
bile salt excretory protein gene expression in vivo and may function as a selective FXR
modulator that positively regulates expression of a subset of FXR-target genes (Cui et al.,
2003). A double blind, randomized, placebo-controlled study using standardized guggul
extract in hypercholesterolemic patients showed that short-term (eight weeks) treatment
did not significantly lower serum cholesterol (Szapary et a., 2003). However,
cholesterol-feeding studies show that guggulsterone treatment produces significantly
lower hepatic cholesterol levels in wild type mice when compared with FXR knockout
littermates (Urizar et al., 2002).

While guggulsterones modulate FXR activity, biochemical data suggests that they

may also function as pregnane X receptor (PXR, NR112) agonists (Urizar et al., 2002;
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Wu et al., 2002). Thisisimportant because patients taking prescription drugs that self-
medicate with gugulipid herbal remedies may induce herb-drug interactions by up-
regulating CYP3A4 expression (Willson and Kliewer, 2002). The identification of the
active ingredient in the herbal remedy St. John’s Wort as a PXR-activator exemplifies the
prototypical herb-drug interaction paradigm (Moore et a., 2000). People taking St.
John’s Wort are at risk of altering the serum levels of co-administered medications that
are CYP3A4 subgtrates, such as cyclosporin (Ruschitzka et al., 2000). It is therefore
important to determine if herbal remedies modulate the expression of CYP3A4 through
PXR activation.

PXR is activated by a wide variety of drugs, xenobiotics, bile acids and bile acid
precursors (Bertilsson et al., 1998; Blumberg et al., 1998; Lehmann et al., 1998; Goodwin
et al., 1999; Staudinger et al., 2001b; Xie et al., 2001; Dussault et al., 2003; Goodwin et
al., 2003). PXR knockout mouse models show that PXR functions as a master regulator
of the inducible expression of CYP3A family members (Xie et al., 2000; Staudinger €t al.,
2001a; Staudinger et al., 2001b). The CYP3A4 gene encodes the most abundant drug-
metabolizing cytochrome P450 in human liver and is responsible for the
biotransformation of nearly 60% of all clinically prescribed drugs (Maurel, 1996;
Guengerich, 1999). The administration of PXR activators should thus be avoided in
patients prescribed medications that are metabolized by CY P3A4.

The CYP3A4 gene has two PXR/RXR heterodimer binding sites separated by
approximately 8000 base pairs, and an hepatocyte nuclear factor 4 apha
(HNF40, NR2A1) binding site in its promoter (Goodwin et al., 1999). Removal of the

intervening DNA sequences places these PXR-response elements in tandem and produces
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a highly responsive xenobiotic response element (XREM). This artificial CYP3A4
promoter has been placed upstream of the luciferase reporter gene and is termed XREM -
LUC (Goodwin et a., 1999). The XREM-LUC reporter gene has been used to assay
activation of human and rodent PXR in CV-1 cells using transient transfection (Goodwin
et a., 1999). Over-expression of HNF4o confers maximal transactivation capacity to
XREM-LUC in non-hepatic cell lines (Tirona et al., 2003).

Here we show that guggulsterones function as agonists for at least three nuclear
receptor proteins- the estrogen receptor alpha isoform (ERo, NR3A1), the progesterone
receptor (PR, NR3C3), and the pregnane X receptor (PXR, NR1I12). We show that
gugulipid and guggulsterones induce CYP3A gene expression both in cell-based assays
and in cultured hepatocytes through PXR activation. In vitro assays suggest a direct
interaction of guggulsterone with the PXR ligand-binding domain. We introduce a novel
high-throughput assay that utilizes the secreted placental alkaline phosphatase (SPAP)
gene under the control of XREM for use as a tool in screening herbal remedies for PXR
activation. These data suggest that patients taking prescription medications metabolized
by the CYP3A4 pathway should avoid gugulipid therapy. Our data suggest that
additional studies of guggulsterones’ agonist activity against the ERo and PR are

warranted.
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Materialsand Methods

Plasmids. The full-length mammalian expression vectors encoding human PXR
(Lehmann et al., 1998) and mouse PXR (Kliewer et al., 1998) were described previously.
The pGEX-PXR ligand binding domain (LBD) fusion protein was also previously
described (Kliewer et al., 1998). The mammalian expression vector encoding human
HNF4a was previously described (Wisely et al., 2002). The SRC1 expression vector was
previously described (Onate et al., 1995). The XREM-SPAP reporter gene was
constructed using PCR primers to amplify XREM and insert it into the pTAL-SEAP (BD

Biosciences ClonTech, Palo Alto, CA) using Kpn | and Bgl Il restriction sites.

Nuclear Receptor Panel Screen. CV-1 cells were maintained and transiently transfected
as previoudy described (Moore and Kliewer, 2000). The following receptors were
transfected as Gal4-LBD chimera constructs (PPARa, PPARS, PPARYy, RARa, VDR,
TRa, and TRP) with a UAS;sx)-tk-Luciferase reporter as previously described (Parks et
al., 1999). LXRa,LXRB, and FXR were aso transfected as Gal4-LBD chimera
constructs as described above except in these transfections an expression plasmid
encoding the coactivator SRC-1 was included as described previously (Moore et al.,
2002). The remaining receptors (GR, PR, AR, MR, RXRa, PXR, ERa, and ERP) were
tested using full-length receptor expression congtructs and the reporter genes used were
pLM253-MMTV-Luciferase for GR, PR, AR, and MR, pCRBPII-tk-SPAP for RXR,
XREM-Luciferase for PXR, and ERExx)-tk-SPAP for ERo. and ER3 (Goodwin et al.,
2000). The ERo and ERp assays were run in T47D cellsinstead of CV-1. The cells were

treated with 10 uM Z-guggulsterone.
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Maintenance and Treatment of PXR Knockout and Wild-Type Mouse Populations.
Generation of the PXR knockout (PXR-KO) mice was previously described (Staudinger
et a., 2001b). Adult male wild-type mice and PXR-KO mice were maintained on
standard laboratory chow and were alowed food and water ad libitum. All animal
experiments described in this manuscript were conducted in accord with accepted

standards of humane animal care.

Gugulipid Extract Preparation. A commercial capsule preparation of gugulipid extract
was obtained from the General Nutrition Corporation (Pittsburgh, PA). Gugulipid from
one capsule (600 mg) was transferred to an amber glass vial and extracted with 1 ml of
absolute ethyl alcohol (Aaper Alcohol and Chemical Co., Shelbyville, KY) by gentle
agitation for 30 minutes. The extract was centrifuged at 300 x g for 5 minutes, and the
alcohol layer was transferred to a clean centrifuge tube and re-centrifuged at 425 x g for

30 minutes. Ethanol extracts were decanted and stored in amber glass vials at -20°C.

RNA Isolation for Northern Blot and Q-PCR Analysis. Total RNA was isolated from
cultured hepatocytes using a commercialy available reagent (Trizol, Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. For northern blot analysis,
total RNA (15 ug) was resolved on a 1% agarose/ 2.2 M formaldehyde denaturing gel
and transferred to nylon membrane (Hybond N+, Amersham Pharmacia Biotech Inc.,
Piscataway, NJ). Blots were hybridized with *P-labeled cDNAs corresponding to the
cDNA sequences for mouse Cyp3all (bases 69 to 1609, GenBank NM 007818), human

CYP3A4 (bases 790 to 1322, GenBank NM 017460), and B-actin (BD Biosciences

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 1, 2004 as DOI: 10.1124/jpet.103.064329
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #64329 9 Brobst et al.

ClonTech, Palo Alto, CA). For Q-PCR analysis, total RNA was further purified using
RNA-EZ columns (Qiagen, Vaencia, CA) following DNasel (Sigma, St. Louis, MO)

treatment.

PXR Transactivation Assays. CV1 Cells were maintained in DMEM containing 10%
fetal bovine serum supplemented with L-glutamine and antibiotics. On thefirst day, cells
were plated in 96 well plates at a density of 20,000 cells per well. After 24 h, cells were
transfected using Lipofectamine (Invitrogen, Carlsbad, CA) according to the
manufacturers instructions.  The PXR transactivation assays used transfection mixtures
containing 110 ng total DNA per well and were composed of XREM-LUC or XREM-
SPAP (25 ng), pSG5-PXR (5 ng), pSG5- HNF4a (3 ng), pSV-B-galactosidase (40 ng),
and pBluescript (40 ng). After 6 h, transfection mixtures were removed and replaced
with phenol red free DMEM/F12 (Invitrogen, Carlsbad, CA) containing 10% charcoal-
stripped de-lipidated fetal bovine serum (Sigma, St. Louis, MO). Transfected cells were
treated 24 h later for 48 h with PCN (10 uM), RIF (10 uM), ethanol extracts of gugulipid,
or Z-guggulsterone (1, 5, 10, and 20 uM). Luciferase and (3-galactosidase reporter gene
activities were determined using the Dual-Light Kit (Applied Biosystems, Foster City,
CA). Following hesat-inactivation (65°C for 20 min), alkaline phosphatase activity in
cell-culture media was determined using the SEAP Reporter Gene Assay kit (Roche,

Indianapolis, IN).

Hepatocyte |solation, Maintenance, and Treatment. Unless otherwise specified, all

chemicals and reagents were purchase from Sigma-Aldrich (St. Louis, MO). Mouse
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hepatocytes were isolated using a modification of the two-step perfusion as described
(LeCluyse et a., 1996). Briefly, the liver was cleared with wash medium (0.15 M
Sodium Chloride, 5 mM Potassium Chloride, 0.5 mM EGTA, 50 mM HEPES, and 2 mM
Glucose) at a flow rate of 16 ml/min for 4 min. The liver was digested for 8 min at a
flow rate of 8 ml/min with digestion medium containing 0.5 M Sodium Chloride, 5 mM
Potassium Chloride, 6 mM Calcium Chloride, 100 mM HEPES, 0.07% type | collagenase
(Invitrogen, Carlsbad, CA) and 2 mM Glucose. The suspension was filtered through a
100 um cell strainer (Becton Dickinson, Palo Alto, CA). The cells were pelleted at 129 x
g for 5 min at 4°C and washed twice in DMEM supplemented with 5% fetal bovine
serum, 100 nM dexamethasone, 1 uM insulin, and antibiotics. Cell viability was
determined using trypan blue staining. Generally, 70-90% viability was achieved.
Mouse hepatocytes were plated in 12 well collagen-coated cell culture plates (Becton
Dickinson, Palo Alto, CA) at adensity of 1 x 10° live cells per ml. After 2h, DMEM was
aspirated and replaced with 1 ml of William's Media E (Invitrogen, Carlsbad, CA)
supplemented with 100 nM dexamethasone, antibiotics, and ITS+ (Invitrogen, Carlsbad,
CA).

Human hepatocytes were purchased from In Vitro Technologies (Baltimore, MD) and
were cultured as described (Moore et al., 2000). Two days post-plating hepatocytes were
treated for 48 h with either purified guggulsterones (10 uM) (Steraloids, Newport, RI),
dexamethasone (10 uM), gugulipid (1:4000 diluted in ethanol), rifampicin (10 uM), or
PCN (10 uM) as described in the legend for figure 3. Unless otherwise specified, all

compounds were added to the culture medium as 1000 x stocksin DM SO.
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Q-PCR Analyss of Mouse Cyp3all. One microgram of DNasel-treated RNA was
reverse transcribed using random primers following the manufacturers ingtructions
(Promega, Madison, WI). Equal amounts of cDNA were used in real-time quantitative
PCR reactions using the Cepheid Smart Cycler (Sunnyvale, CA). Reactionsincluded 200
nM fluorogenic probe and 150 nM primers specific for f-actin and Cyp3all. The
fluorogenic probe and primer sets were designed using the Primer3 program. BioSearch
Technologies (Novato, CA) synthesized the fluorogenic probes. The sequences (5’ to 3')

for the primers and probes ae as follows: Cyp3all, forward primer

(CAAGGAGATGTTCCCTGTCA), fluorogenic probe (FAM-
AGAAGGCAAAGAAAGGCAAGCCTG-BHQL), reverse primer
(CCACGTTCACTCCAAATGAT); B-actin, forward primer
(CAAGATCATTGCTCCTCCTG), fluorogenic probe (ROX-
CAGCAGATGTGGATCAGCAAGCAG-BHQ2), reverse primer

(TAACAGTCCGCCTAGAAGCA). Cycling conditions were 95°C for 2 minutes
followed by 45 cycles of 95°C for 15 seconds, 60°C for 30 seconds, 72°C for 30 seconds
using the Cepheid SmartCycler system (Sunnyvale, CA). Fold-induction was calculated

as described (Schmittgen et al., 2000).

GST Pull-down Assay. GST-PXR.1LBD, GST-p75 (Bilderback et al., 1999), and GST
proteins were expressed in BL21DE3 cells and bacterial extracts were prepared by
sonication. Protein lysis buffer contained 10 mM Tris pH 8.0, 50 mM KCI, 10 mM DTT,
and 1% NP-40. Lysates were centrifuged at 4000 rpm for 20 min. Glycerol was added to

the supernatant to a final concentration of 10% and lysates were stored at —80°C.
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Radiolabeled SRC-1 was generated using the TNT rabbit reticulocyte system (Promega,
Madison, WI). Coprecipitation reactions included 100 ul of lysate containing GST-PXR-
LBD, GST-p75 fusion proteins or control GST, 100 ul of incubation buffer (50 mM KCl,

40 mM HEPES pH 7.5, 5 mM B-mercaptoethanol; 1% Tween-20, 1% non-fat dry milk),

5ul ®3.8RC-1 and PCN (20 uM), E-guggulsterone (10 uM) or control DM SO (0.1%
DMSO). The mixtures were incubated for 25 min at 4°C with gentle mixing prior to the
addition of 15 ul of glutathione-sepharose 4B beads (Amersham Biosciences,
Piscataway, NJ) that had been extensively washed with PBS. The mixtures were
incubated with gentle mixing at 4°C for an additional 20 min. The beads were pelleted at
2000 rpm in a microfuge and washed three times with protein lysis buffer containing
PCN, E-guggulsterone or control DMSO. After the last wash, the beads were
resuspended in 25 ul of 2X-SDS-PAGE sample buffer containing 1mM DTT. Samples
were heated at 100°C for 5 min and loaded onto a 10% SDS-PAGE gel. The gd was
dried and autoradiography was performed overnight at -80°C. Band intensities were

determined using the KODAK 1D Image Analysis software program (Rochester, NY).

Computer Software and Statistical Analysis. The Microsoft Excel spreadsheet program
was used to perform statistical analysis (t-test). The GraphPad Prism program was used
to fit the concentration-response relationship curves and determine ECso values.
Quantitation of the northern blotting and GST-pulldown assays was performed using

Kodak 1D Image Analysis Software.
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Results

As part of a systematic study of the potential effects of purified guggulsterones
against nuclear receptor family members, a panel of eighteen nuclear receptors was
screened in agonist mode for their ability to respond to treatment with 10 uM Z-
guggulsterone. Guggulsterone treatment activated three nuclear receptor family members
above three-fold including the ERa isoform, PR, and PXR (Table 1). Eleven-point
concentration-response experiments were performed with these three receptors to
determine the ECsy values for Z-guggulsterone. Additionally, the percent maximal
activation at 10 uM concentrations of Z-guggulsterone was determined for purposes of
comparison. Guggulsterone treatment activated PR with an ECsy value of approximately
5.9 uM and produced approximately 52 % maximal activation at a concentration of 10
uM when compared with progesterone at 1 uM (data not shown). Strikingly, Z-
guggulsterone activated ERo with an ECsp value of approximately 4.6 uM and produced
approximately 137% maximal activation at a concentration of 10 uM when compared
with B-estradiol at 100 nM (data not shown).

We examined whether ethanol extracts of gugulipid activate mouse and human
PXR using the XREM-LUC reporter gene and CV-1 cellsin transient transfection assays.
This analysis revealed that gugulipid extract induced XREM-LUC reporter gene activity
in a concentration-dependent manner in the presence of mouse or human PXR (Fig. 1A).
Additionally, increasing concentrations of Z-guggulsterone partially antagonized full
activation of both mouse and human PXR by PCN and RIF, respectively (Fig. 1B). Full
concentration-response analysis showed that purified Z-guggulsterone activated mouse

PXR with a half-maximal effective concentration (ECsg) of approximately 1.4 uM (Fig.
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2A), whereas human PXR was activated with an ECs, value of approximately 2.4 uM
(Fig. 2B). Z-guggulsterone produced approximately 50% maximal activation at a
concentration of 10 uM when compared with 10 uM PCN or 10 uM rifampicin against
mouse and human PXR, respectively (data not shown).

To determine whether PXR is required for the induction of the mouse Cyp3all
gene, real-time quantitative polymerase chain reaction (Q-PCR) was performed using a
probe that specifically detects Cyp3all. Treatment of cultured hepatocytes isolated from
wild type mice with increasing dosages of E-guggulsterone resulted in a dose-dependent
increase of Cyp3all gene expression, while Cyp3all gene expression was largely
unaffected by any dosage of E-guggulsterone tested using hepatocytes isolated from
PXR-KO mice (Fig. 3A). To determine whether guggulsterone treatment of cultured
human and rodent hepatocytes can induce the expression of surrogate markers of PXR
activation, we performed northern blotting experiments using radiolabeled cDNA probes
that detect the steady-state expression levels of human and rodent CYP3A family
members, respectively. This analysis revealed that both E-guggulsterone and gugulipid
extract induced the expression of human CYP3A family members (Fig. 3B). Similarly,
cultured mouse hepatocytes exhibited marked induction of PXR-target gene expression
following treatment with either E- or Z-guggulsterone (Fig. 3C).

To determine whether guggulsterones directly interacts with PXR, we performed
pulldown assays with bacterially expressed glutathione-S-transferase-PXR-ligand-
binding domain fusion protein (GST-PXR) and [*S]-radiolabeled steroid receptor
coactivator proteins. [*S]-SRC-1 interacted minimally with the GST-PXR fusion protein

in the absence of ligand (Fig. 4A, lane 4), whereas the addition of PCN or purified E-
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guggulsterone stimulated the interaction between GST-PXR and [*S]-SRC1 (Fig. 4A,
lanes 5 and 6). Asa control, [*°S]-SRC1 protein did not interact with either GST alone or
GST-p75 neurotrophin (Fig. 4A, lanes 2 and 3). Quantitative analysis of three
independent experiments showed that E-guggulsterone stimulated interaction with [**S]-
SRC1, (Fig. 4B). Very similar results were obtained using Z-guggulsterone with [*S]-
SRC2 and [*S]-SRC3 protein interaction experiments (data not shown).

To create a high-throughput assay that can be used to screen a large number of
herbal mixtures or discrete chemical compounds for PXR activation, we fused XREM to
the secreted placental alkaline phosphatase (SPAP) reporter gene. We chose the SPAP
reporter gene because it encodes a gene product that can be assayed using the media of
cultured cells because it is the heat stable and secreted form of alkaline phosphatase. The
use of 96-well plates for cell culture and reporter gene assays ensures that this system has
the potential to rapidly test large numbers of herbal mixtures or discrete chemical
compounds for their ability to induce hepatic CYP3A4 expression at the transcriptional
level through activation of PXR, while minimizing both the expense and the amount of
reagents required.

Co-transfection of PXR and HNF4a. together with the XREM-SPAP reporter
gene into CV-1 cells dlicits maximal reporter gene expression and enables accurate dose-
response analysis of herbal mixtures and discrete compounds (Tirona et al., 2003). In
order to validate this reporter gene system we determined the ECsy value of rifampicin
against human PXR to be approximately 800 nanomolar, a value in close agreement with
previously published results obtained using the CAT reporter gene (Lehmann et al.,

1998). Full dose response analysis of Z-guggulsterone using the XREM-SPAP reporter
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gene indicated activation of human PXR with an ECs, value of 1.2 uM, avalue in close
agreement with that which we obtained using the XREM-LUC reporter gene assay (Fig

5).
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Discussion

Guggulsterones are plant sterols derived from the gum resin of the tree
Commiphora mukul. Guggulsterones are contained in over-the-counter herbal remedies
as a complex mixture of compounds termed gugulipid and are used for their serum lipid-
lowering properties (Nityanand et al., 1989). Guggulsterones have been shown to be the
active ingredient in gugulipid (Beg et al., 1996). Guggulsterones also exhibit thyroid-
stimulating activity (Tripathi et al., 1984) and inhibit platelet aggregation (Mester et al.,
1979). Recent studies indicate that guggulsterones may lower cholesterol through
antagonism of FXR, a member of the nuclear receptor superfamily of ligand-activated
transcription factors.

A systematic screen with a panel of yeast protein GAL4 nuclear receptor ligand-
binding domain fusions was used to identify purified Z-guggulsterone as an FXR
antagonist (Urizar et al., 2002; Wu et al., 2002). Our discovery that guggulsterones can
function as agonists for at least three nuclear receptors raises the intriguing possibility
that, in addition to antagonism of FXR, the molecular bass of the lipid lowering
properties of gugulipid therapy may be multifactorial. Previous studies of guggulsterone-
mediated activation of PXR utilized the GAL4-ligand-binding domain format (Urizar et
a., 2002; Wu et a., 2002). Our findings extend those results and show that purified
guggulsterones activate full-length PXR, ERo, and PR nuclear receptor superfamily
members using target-gene specific reporter gene assays in transfected cells.
Guggulsterone activates these receptors with ECsp values in the low micromolar range,
concentrations achieved in serum during gugulipid therapy (Arya, 1988). Moreover, we

show that both gugulipid and purified guggulsterones induce expression of the CYP3A
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family members in both rodent and human cultured hepatocytes through PXR activation.
This is an important observation in the light of the recent finding that the active
ingredient in St. John’s Wort, hyperforin, is a potent PXR agonist that induces herb-drug
interaction through induction of CYP3A4 enzyme activity in patients on combination
therapy (Moore et al., 2000; Wentworth et al., 2000).

Gugulipid is an herbal remedy that is available over-the-counter and is not subject
to the rigorous testing that formal drug candidates undergo. These studies further extend
the range of human and rodent PXR ligands to include purified guggulsterones. Taken
together, our data suggest the CYP3A drug-metabolizing pathway may be induced in
patients during gugulipid therapy, which is likely to alter the disposition of any co-
administered medications that are metabolized by CYP3A enzymes. Our findings further
support the notion that herbal remedies should be tested for their ability to activate PXR
to identify potential herb-drug interactions. The medium-throughput 96-well plate assay
that we present here is likely to be helpful and may serve as an important predictor of
herb-drug interactions. Moreover, our data suggest that studies of guggulsterone's
agonist activity against the ERoc and PR nuclear receptor family members are warranted.
It isinteresting to note that while Z-guggulsterone activates ERa., it does not activate the
ER betaisoform. Finally, our data suggest that it may be possible to identify and develop
safer guggulsterone analogs that retain their lipid lowering activity but that do not

activate PXR and promote drug metabolism.
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TABLE 1. Guggulsterone Activates PXR, PR, and ERa..

Fold-
Receptor Activation S.D.
FXR 1.0 0.1
LXR alpha 14 0.1
LXR beta 11 0.1
RXR alpha 14 04
RAR alpha 0.7 0.0
VDR 1.0 0.0
PXR *7.5 1.9
TR beta 13 0.1
TR alpha 0.9 0.1
PPAR alpha 0.8 0.0
PPAR delta 11 0.1
PPAR gamma 10 0.0
GR 0.1 0.0
PR *37.2 56
AR 11 0.9
MR 0.3 0.0
ER alpha *3.4 0.3
ER beta 0.9 0.0

TABLE 1. Effects of Guggulsterone on Nuclear Receptor Activity. Transactivation
by guggulsterone was assessed across a broad panel of nuclear receptors. Transfected
cells were treated with 10 uM Z-guggulsterone for 24 hr and reporter activity was
measured and normalized to appropriate internal control for each assay. Effect of
guggulsterone is expressed as fold activation relative to a vehicle (dimethylsulfoxide)
control (n=3). Asterisks indicate datistically significant activation of reporter gene
activity over vehicle controls (P<0.05). The data represent the mean of assays performed

in triplicate + standard deviation (S.D.) and is normalized to 3-galactosidase activity.
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Figure L egends:

Fig. 1. (A) Gugulipid Extract Activates Human and Mouse PXR. CV-1 cells were
transfected with plasmids encoding human PXR or mouse PXR, the (-galactosidase
reporter gene, and the XREM-LUC reporter gene. Twenty-four hours post-transfection,
concentration-response analysis was performed using two-fold serial dilutions of
gugulipid extract (diluted 1:1,000 in ethanol). Cells were treated for twenty-four hours
and luciferase activity was determined. (B) CV-1 cells were transfected with plasmids
encoding human or mouse PXR, the 3-galactosidase reporter gene, and the XREM-LUC
reporter gene. Twenty-four hours later, cells were co-treated with 10 uM PXR activators
(10 uM rifampicin for human PXR or 10 uM PCN for mouse PXR) and increasing
concentrations of Z-guggulsterone (1, 5, 10 and 20 uM) for twenty-four hours. The data
represent the mean of assays performed in triplicate £+ SE and is normalized to B-

galactosidase activity and is expressed as fold-activation over vehicle control.

Fig. 2. Guggulsterone Concentration-response Analysis. CV-1 cells were transfected
with plasmids encoding either mouse (A) or human PXR (B), together with the B-
galactosidase reporter gene, and the XREM-LUC reporter gene.  Concentration-response
analysis was performed using dilutions of Z-guggulsterone (diluted 1:1,000 in DM SO).
Cdlls were subsequently assayed for luciferase activity. The data represent the mean of
assays performed in triplicate + SE and is normalized to B-galactosidase activity. ECs
values were obtained by fitting the data to sigmoidal curve. The data is expressed as

fold-activation over vehicle control.
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Fig. 3. Guggulsterone and Gugulipid Induces the Expression of CYP3A Family Members
in Cultured Hepatocytes Through Activation of PXR. (A) Purified RNA from wild type
or PXR-KO mouse hepatocytes treated with vehicle (0.1% DMSO), PCN (10 uM) or
three doses of E-guggulsterone (1, 10, and 20 uM) was subjected to Q-PCR analysis
utilizing probe sets specific for Cyp3all and B-actin. The data are expressed as fold
induction relative to the wild type vehicle experimental group and are reported as the
mean + SE of three independent experiments. Asterisks indicate statistically significant
difference in Cyp3all gene expression levels between wild type and PXR knockout
hepatocytes within the respective experimental group (P<0.05). (B) Total RNA (15
ug/lane) isolated from cultured human hepatocytes treated with vehicle (0.1% ethanol),
E-guggulsterone (10 uM), gugulipid extract (1:16,000 fold dilution in ethanol), or
rifampicin (10 uM) was resolved on a 3.7% formaldehyde 1% agarose gel. Following
transfer to positively charged nylon, northern blot analysis was performed using a cDNA
probe for CYP3A4. (C) Tota RNA (15 ug/lane) isolated from cultured mouse
hepatocytes treated with vehicle (0.1% DM SO), PCN (10 uM), dexamethasone (10 uM),
Z-guggulsterone (10 puM), or E-guggulsterone (10 uM) was resolved on a 3.7%
formaldehyde 1% agarose gel. Following transfer to positively charged nylon, northern
blot analysis was performed using a cDNA probe for mouse Cyp3all. The northern
blots were stripped and subsequently re-probed with a 3-actin cDNA probe. Fold-
induction values were calculated by normalizing relative intensities of the CYP3A gene
expression levels to B-actin expression as determined using KODAK image analysis

software.
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Fig. 4. Guggulsterone Modulates PXR Interaction with Nuclear Receptor Cofactors. (A)
GST-pulldown assays were performed with [*S]-SRC-1 synthesized in vitro (lane 1),
bacterially expressed GST alone (lane 2), GST-p75 (lane 3), or GST-PXR LBD (lane 4,
5, and 6). [*S]-SRC-1 was mixed with GST, GST-p75, or GST-PXR LBD in the
presence of vehicle (0.1% DMSO), PCN (10 uM), or E-guggulsterone (10 uM). (B)
Quantitative analysis of three independent experiments was performed using KODAK
image analysis software. The data are plotted as relative intensities of the [*S]-SRC-1
band as compared with the vehicle control and are reported as the mean + SE of three

independent experiments.

Fig. 5. XREM-SPAP asa Tool for Screeining Additional Herbal Remedies for PXR
Activation. A concentration-response analysis was performed using the XREM-SPAP
reporter gene in the presence of mouse and human PXR. Twenty-four hours after
transfection, CV-1 cells were treated with increasing concentrations of Z-guggulsterone
for an additional twenty-four hours. The cell culture media was then assayed for SPAP
activity as described in materials and methods. The data represent the mean of assays
performed in triplicate £ SE and is normalized to 3-galactosidase activity. ECsg values
were obtained by fitting the data to sigmoidal curve and are reported as the mean + SE of

three independent experiments.
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FOLD INDUCTION

Cyp3a

B-actin

figure 3C
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figure 4A
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Relative Intensity

figure 4B
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Fold I nduction
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