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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 panel 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 EC50 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 (Kuppurajan et al., 1978; Baldwa et al., 

1981; Singh et al., 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 al., 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, NR1I2) agonists (Urizar et al., 2002; 
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Wu et al., 2002).  This is important 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 al., 2000).  People taking St. 

John’s Wort are at risk of altering the serum levels of co-administered medications that 

are CYP3A4 substrates, 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 et 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 CYP3A4. 

The CYP3A4 gene has two PXR/RXR heterodimer binding sites separated by 

approximately 8000 base pairs, and an hepatocyte nuclear factor 4 alpha 

(HNF4α, 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 al., 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 al., 1999).  Over-expression of HNF4α 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 (ERα, NR3A1), the progesterone 

receptor (PR, NR3C3), and the pregnane X receptor (PXR, NR1I2).  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 ERα and PR are 

warranted. 
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Materials and 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 

HNF4α 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 I and Bgl II restriction sites. 

 

Nuclear Receptor Panel Screen.  CV-1 cells were maintained and transiently transfected 

as previously described (Moore and Kliewer, 2000). The following receptors were 

transfected as Gal4-LBD chimera constructs (PPARα, PPARδ, PPARγ, RARα, VDR, 

TRα, and TRβ) with a UAS(5X)-tk-Luciferase reporter as previously described (Parks et 

al., 1999).  LXRα, LXRβ, and FXR were also 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, RXRα, PXR, ERα, and ERβ) were 

tested using full-length receptor expression constructs 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 ERE(2X)-tk-SPAP for ERα and ERβ (Goodwin et al., 

2000). The ERα and ERβ assays were run in T47D cells instead of CV-1.  The cells were 

treated with 10 µM 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 al., 2001b).   Adult male wild-type mice and PXR-KO mice were maintained on 

standard laboratory chow and were allowed 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 commercially available reagent (Trizol, Invitrogen, 

Carlsbad, CA) according to the manufacturer’s instructions.   For northern blot analysis, 

total RNA (15 µg) 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 32P-labeled cDNAs corresponding to the 

cDNA sequences for mouse Cyp3a11 (bases 69 to 1609, GenBank NM 007818), human 

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

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 9

ClonTech, Palo Alto, CA).  For Q-PCR analysis, total RNA was further purified using 

RNA-EZ columns (Qiagen, Valencia, CA) following DNaseI (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 the first 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- HNF4α (3 ng), pSV-β-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 µM), RIF (10 µM), ethanol extracts of gugulipid, 

or Z-guggulsterone (1, 5, 10, and 20 µM).  Luciferase and β-galactosidase reporter gene 

activities were determined using the Dual-Light Kit (Applied Biosystems, Foster City, 

CA).  Following heat-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 Isolation, Maintenance, and Treatment.  Unless otherwise specified, all 

chemicals and reagents were purchase from Sigma-Aldrich (St. Louis, MO).  Mouse 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 10

hepatocytes were isolated using a modification of the two-step perfusion as described 

(LeCluyse et al., 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 I collagenase 

(Invitrogen, Carlsbad, CA) and 2 mM Glucose.  The suspension was filtered through a 

100 µm cell strainer (Becton Dickinson, Palo Alto, CA).  The cells were pelleted at 129 x 

g for 5 min at 4ºC and washed twice in DMEM supplemented with 5% fetal bovine 

serum, 100 nM dexamethasone, 1 µM 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 a density of 1 x 105 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 µM) (Steraloids, Newport, RI), 

dexamethasone (10 µM), gugulipid (1:4000 diluted in ethanol), rifampicin (10 µM), or 

PCN (10 µM) as described in the legend for figure 3.  Unless otherwise specified, all 

compounds were added to the culture medium as 1000 x stocks in DMSO. 
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Q-PCR Analysis of Mouse Cyp3a11.  One microgram of DNaseI-treated RNA was 

reverse transcribed using random primers following the manufacturers instructions 

(Promega, Madison, WI).  Equal amounts of cDNA were used in real-time quantitative 

PCR reactions using the Cepheid Smart Cycler (Sunnyvale, CA).  Reactions included 200 

nM fluorogenic probe and 150 nM primers specific for β-actin and Cyp3a11.  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 are as follows:  Cyp3a11, forward primer 

(CAAGGAGATGTTCCCTGTCA), fluorogenic probe (FAM-

AGAAGGCAAAGAAAGGCAAGCCTG-BHQ1), reverse primer 

(CCACGTTCACTCCAAATGAT); β-actin, forward primer 

(CAAGATCATTGCTCCTCCTG), fluorogenic probe (ROX-

CAGCAGATGTGGATCAGCAAGCAG-BHQ2), reverse primer 

(TAACAGTCCGCCTAGAAGCA).  Cycling conditions were 95ºC for 2 minutes 

followed by 45 cycles of 95ºC for 15 seconds, 60ºC for 30 seconds, 72ºC 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 KCl, 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 µl of lysate containing GST-PXR-

LBD, GST-p75 fusion proteins or control GST, 100 µl of incubation buffer (50 mM KCl, 

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

5 µl 
35

S-SRC-1 and PCN (10 µM), E-guggulsterone (10 µM) or control DMSO (0.1% 

DMSO).  The mixtures were incubated for 25 min at 4°C with gentle mixing prior to the 

addition of 15 µl 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 µl 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 gel 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 EC50 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 µM Z-

guggulsterone.  Guggulsterone treatment activated three nuclear receptor family members 

above three-fold including the ERα isoform, PR, and PXR (Table 1).  Eleven-point 

concentration-response experiments were performed with these three receptors to 

determine the EC50 values for Z-guggulsterone.  Additionally, the percent maximal 

activation at 10 µM concentrations of Z-guggulsterone was determined for purposes of 

comparison.  Guggulsterone treatment activated PR with an EC50 value of approximately 

5.9 µM and produced approximately 52 % maximal activation at a concentration of 10 

µM when compared with progesterone at 1 µM (data not shown).  Strikingly, Z-

guggulsterone activated ERα with an EC50 value of approximately 4.6 µM and produced 

approximately 137% maximal activation at a concentration of 10 µM when compared 

with β-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 cells in 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 (EC50) of approximately 1.4 µM (Fig. 
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2A), whereas human PXR was activated with an EC50 value of approximately 2.4 µM 

(Fig. 2B).  Z-guggulsterone produced approximately 50% maximal activation at a 

concentration of 10 µM when compared with 10 µM PCN or 10 µM rifampicin against 

mouse and human PXR, respectively (data not shown). 

To determine whether PXR is required for the induction of the mouse Cyp3a11 

gene, real-time quantitative polymerase chain reaction (Q-PCR) was performed using a 

probe that specifically detects Cyp3a11.  Treatment of cultured hepatocytes isolated from 

wild type mice with increasing dosages of E-guggulsterone resulted in a dose-dependent 

increase of Cyp3a11 gene expression, while Cyp3a11 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 [35S]-radiolabeled steroid receptor 

coactivator proteins.  [35S]-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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JPET #64329  Brobst et al. 15

guggulsterone stimulated the interaction between GST-PXR and [35S]-SRC1 (Fig. 4A, 

lanes 5 and 6).  As a control, [35S]-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 [35S]-

SRC1, (Fig. 4B).  Very similar results were obtained using Z-guggulsterone with [35S]-

SRC2 and [35S]-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 HNF4α together with the XREM-SPAP reporter 

gene into CV-1 cells elicits 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 EC50 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 EC50 value of 1.2 µM, a value 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 basis 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 

al., 2002; Wu et al., 2002).  Our findings extend those results and show that purified 

guggulsterones activate full-length PXR, ERα, and PR nuclear receptor superfamily 

members using target-gene specific reporter gene assays in transfected cells.  

Guggulsterone activates these receptors with EC50 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 ERα and PR nuclear receptor family members are warranted.  

It is interesting to note that while Z-guggulsterone activates ERα, it does not activate the 

ER beta isoform.  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.  

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 19

References 

Arya VP (1988) Gugulipid. Drugs of the Future 13:618-619. 

 

Baldwa VS, Bhasin V, Ranka PC and Mathur KM (1981) Effects of Commiphora Mukul 

(Guggul) in experimentally induced hyperlipemia and atherosclerosis. J Assoc Physicians 

India 29:13-17. 

 

Beg M, Singhal KC and Afzaal S (1996) A study of effect of guggulsterone on 

hyperlipidemia of secondary glomerulopathy. Indian J Physiol Pharmacol 40:237-240. 

 

Bertilsson G, Heidrich J, Svensson K, Asman M, Jendeberg L, Sydow-Backman M, 

Ohlsson R, Postlind H, Blomquist P and Berkenstam A (1998) Identification of a human 

nuclear receptor defines a new signaling pathway for CYP3A induction. Proc Natl Acad 

Sci U S A 95:12208-12213. 

 

Bilderback TR, Gazula VR, Lisanti MP and Dobrowsky RT (1999) Caveolin interacts 

with Trk A and p75(NTR) and regulates neurotrophin signaling pathways. J Biol Chem 

274:257-263. 

 

Blumberg B, Sabbagh W, Jr., Juguilon H, Bolado J, Jr., van Meter CM, Ong ES and 

Evans RM (1998) SXR, a novel steroid and xenobiotic-sensing nuclear receptor. Genes 

Dev 12:3195-3205. 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 20

Cui J, Huang L, Zhao A, Lew JL, Yu J, Sahoo S, Meinke PT, Royo I, Pelaez F and 

Wright SD (2003) Guggulsterone Is a Farnesoid X Receptor Antagonist in Coactivator 

Association Assays but Acts to Enhance Transcription of Bile Salt Export Pump. J Biol 

Chem 278:10214-10220. 

 

Dev S (1999) Ancient-modern concordance in Ayurvedic plants: some examples. 

Environ Health Perspect 107:783-789. 

 

Dussault I, Yoo HD, Lin M, Wang E, Fan M, Batta AK, Salen G, Erickson SK and 

Forman BM (2003) Identification of an endogenous ligand that activates pregnane X 

receptor-mediated sterol clearance. Proc Natl Acad Sci U S A 100:833-838. 

 

Goodwin B, Gauthier KC, Umetani M, Watson MA, Lochansky MI, Collins JL, 

Leitersdorf E, Mangelsdorf DJ, Kliewer SA and Repa JJ (2003) Identification of bile acid 

precursors as endogenous ligands for the nuclear xenobiotic pregnane X receptor. Proc 

Natl Acad Sci U S A 100:223-228. 

 

Goodwin B, Hodgson E and Liddle C (1999) The orphan human pregnane X receptor 

mediates the transcriptional activation of CYP3A4 by rifampicin through a distal 

enhancer module. Mol Pharmacol 56:1329-1339. 

 

Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, Galardi C, 

Wilson JG, Lewis MC, Roth ME, Maloney PR, Willson TM and Kliewer SA (2000) A 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 21

regulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid 

biosynthesis. Mol Cell 6:517-526. 

 

Guengerich FP (1999) Cytochrome P-450 3A4: regulation and role in drug metabolism. 

Annu Rev Pharmacol Toxicol 39:1-17. 

 

Kliewer SA, Moore JT, Wade L, Staudinger JL, Watson MA, Jones SA, McKee DD, 

Oliver BB, Willson TM, Zetterstrom RH, Perlmann T and Lehmann JM (1998) An 

orphan nuclear receptor activated by pregnanes defines a novel steroid signaling pathway. 

Cell 92:73-82. 

 

Kuppurajan K, Rajagopalan SS, Rao TK and Sitaraman R (1978) Effect of guggulu 

(Commiphora mukul--Engl.) on serum lipids in obese, hypercholesterolemic and 

hyperlipemic cases. J Assoc Physicians India 26:367-373. 

LeCluyse EL, Bullock PL, Parkinson A and Hochman JH (1996) Cultured rat 

hepatocytes. Pharm Biotechnol 8:121-159. 

 

Lehmann JM, McKee DD, Watson MA, Willson TM, Moore JT and Kliewer SA (1998) 

The human orphan nuclear receptor PXR is activated by compounds that regulate 

CYP3A4 gene expression and cause drug interactions. J Clin Invest 102:1016-1023. 

 

Maurel P (1996) The CYP3 Family, in Cytochromes P450, metabolic and toxicological 

aspects (Ioannides C ed) pp 241-270, CRC, Boca Raton, FL. 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 22

Mester L, Mester M and Nityanand S (1979) Inhibition of platelet aggregation by 

"guggulu" steroids. Planta Med 37:367-369. 

 

Moore JT and Kliewer SA (2000) Use of the nuclear receptor PXR to predict drug 

interactions. Toxicology 153:1-10. 

 

Moore LB, Goodwin B, Jones SA, Wisely GB, Serabjit-Singh CJ, Willson TM, Collins 

JL and Kliewer SA (2000) St. John's wort induces hepatic drug metabolism through 

activation of the pregnane X receptor. Proc Natl Acad Sci U S A 97:7500-7502. 

 

Moore LB, Maglich JM, McKee DD, Wisely B, Willson TM, Kliewer SA, Lambert MH 

and Moore JT (2002) Pregnane X Receptor (PXR), Constitutive Androstane Receptor 

(CAR), and Benzoate X Receptor (BXR) Define Three Pharmacologically Distinct 

Classes of Nuclear Receptors. Mol Endocrinol 16:977-986. 

 

Nityanand S, Srivastava JS and Asthana OP (1989) Clinical trials with gugulipid. A new 

hypolipidaemic agent. J Assoc Physicians India 37:323-328. 

 

Onate SA, Tsai SY, Tsai MJ and O'Malley BW (1995) Sequence and characterization of 

a coactivator for the steroid hormone receptor superfamily. Science 270:1354-1357. 

 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 23

Parks DJ, Blanchard SG, Bledsoe RK, Chandra G, Consler TG, Kliewer SA, Stimmel JB, 

Willson TM, Zavacki AM, Moore DD and Lehmann JM (1999) Bile acids: natural 

ligands for an orphan nuclear receptor. Science 284:1365-1368. 

 

Ruschitzka F, Meier PJ, Turina M, Luscher TF and Noll G (2000) Acute heart transplant 

rejection due to Saint John's wort. Lancet 355:548-549. 

 

Schmittgen TD, Zakrajsek BA, Mills AG, Gorn V, Singer MJ and Reed MW (2000) 

Quantitative reverse transcription-polymerase chain reaction to study mRNA decay: 

comparison of endpoint and real-time methods. Anal Biochem 285:194-204. 

 

Singh V, Kaul S, Chander R and Kapoor NK (1990) Stimulation of low density 

lipoprotein receptor activity in liver membrane of guggulsterone treated rats. Pharmacol 

Res 22:37-44. 

 

Staudinger J, Liu Y, Madan A, Habeebu S and Klaassen CD (2001a) Coordinate 

regulation of xenobiotic and bile acid homeostasis by pregnane X receptor. Drug Metab 

Dispos 29:1467-1472. 

 

Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, MacKenzie KI, LaTour A, Liu 

Y, Klaassen CD, Brown KK, Reinhard J, Willson TM, Koller BH and Kliewer SA 

(2001b) The nuclear receptor PXR is a lithocholic acid sensor that protects against liver 

toxicity. Proc Natl Acad Sci U S A 98:3369-3374. 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 24

 

Szapary PO, Wolfe ML, Bloedon LT, Cucchiara AJ, DerMarderosian AH, Cirigliano MD 

and Rader DJ (2003) Guggulipid for the treatment of hypercholesterolemia: a randomized 

controlled trial. Jama 290:765-772. 

Tirona RG, Lee W, Leake BF, Lan LB, Cline CB, Lamba V, Parviz F, Duncan SA, Inoue 

Y, Gonzalez FJ, Schuetz EG and Kim RB (2003) The orphan nuclear receptor 

HNF4alpha determines PXR- and CAR-mediated xenobiotic induction of CYP3A4. Nat 

Med 9:220-224. 

 

Tripathi YB, Malhotra OP and Tripathi SN (1984) Thyroid stimulating action of Z-

guggulsterone obtained from Commiphora mukul. Planta Med:78-80. 

 

Urizar NL, Liverman AB, Dodds DT, Silva FV, Ordentlich P, Yan Y, Gonzalez FJ, 

Heyman RA, Mangelsdorf DJ and Moore DD (2002) A natural product that lowers 

cholesterol as an antagonist ligand for FXR. Science 296:1703-1706. 

 

Wentworth JM, Agostini M, Love J, Schwabe JW and Chatterjee VK (2000) St John's 

wort, a herbal antidepressant, activates the steroid X receptor. J Endocrinol 166:R11-16. 

Willson TM and Kliewer SA (2002) PXR, CAR and drug metabolism. Nat Rev Drug 

Discov 1:259-266. 

 

Wisely GB, Miller AB, Davis RG, Thornquest AD, Jr., Johnson R, Spitzer T, Sefler A, 

Shearer B, Moore JT, Willson TM and Williams SP (2002) Hepatocyte nuclear factor 4 is 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 25

a transcription factor that constitutively binds fatty acids. Structure (Camb) 10:1225-

1234. 

Wu J, Xia C, Meier J, Li S, Hu X and Lala DS (2002) The hypolipidemic natural product 

guggulsterone acts as an antagonist of the bile Acid receptor. Mol Endocrinol 16:1590-

1597. 

 

Xie W, Barwick JL, Downes M, Blumberg B, Simon CM, Nelson MC, Neuschwander-

Tetri BA, Brunt EM, Guzelian PS and Evans RM (2000) Humanized xenobiotic response 

in mice expressing nuclear receptor SXR. Nature 406:435-439. 

 

Xie W, Radominska-Pandya A, Shi Y, Simon CM, Nelson MC, Ong ES, Waxman DJ 

and Evans RM (2001) An essential role for nuclear receptors SXR/PXR in detoxification 

of cholestatic bile acids. Proc Natl Acad Sci U S A 98:3375-3380. 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 26

Footnotes 

 

A) Financial Support 

 † This work was supported by NIH COBRE grant RR17708-01. 

 

 

B) Name and Address for Reprint Requests 

Jeff L. Staudinger, Ph.D., Pharmacology and Toxicology, University of Kansas, 5046 

Malott Hall, Lawrence, Kansas 66045, Phone: 785-864-3951, Fax: 785-864-5219, Email: 

stauding@ku.edu 

 

 

 

 

C) Authors’ Footnotes 

1Department of Pharmacology and Toxicology, University of Kansas, Lawrence, Kansas 

 

2Discovery Research, GlaxoSmithkline, Research Triangle Park, North Carolina, 27709 

 

 

 

 

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

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #64329  Brobst et al. 27

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 µM 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 statistically 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 β-galactosidase activity. 

FXR 1.0 0.1 

LXR alpha 1.4 0.1 

LXR beta 1.1 0.1 

RXR alpha 1.4 0.4 

RAR alpha 0.7 0.0 

VDR 1.0 0.0 

PXR *7.5 1.9 

TR beta 1.3 0.1 

TR alpha 0.9 0.1 

PPAR alpha 0.8 0.0 

PPAR delta 1.1 0.1 

PPAR gamma 1.0 0.0 

GR 0.1 0.0 

PR *37.2 5.6 

AR 1.1 0.9 

MR 0.3 0.0 

ER alpha *3.4 0.3 

ER beta 0.9 0.0 

Receptor 
Fold-

Activation   S.D. 

TABLE 1.  Guggulsterone Activates PXR, PR, and ERα. 
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Figure Legends: 

Fig. 1. (A) Gugulipid Extract Activates Human and Mouse PXR.  CV-1 cells were 

transfected with plasmids encoding human PXR or mouse PXR, the β-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 β-galactosidase reporter gene, and the XREM-LUC 

reporter gene.  Twenty-four hours later, cells were co-treated with 10 µM PXR activators 

(10 µM rifampicin for human PXR or 10 µM PCN for mouse PXR) and increasing 

concentrations of Z-guggulsterone (1, 5, 10 and 20 µM) for twenty-four hours.  The data 

represent the mean of assays performed in triplicate ± SE and is normalized to β-

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 β-

galactosidase reporter gene, and the XREM-LUC reporter gene.  Concentration-response 

analysis was performed using dilutions of Z-guggulsterone (diluted 1:1,000 in DMSO).  

Cells were subsequently assayed for luciferase activity.  The data represent the mean of 

assays performed in triplicate ± SE and is normalized to β-galactosidase activity. EC50 

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 µM) or 

three doses of E-guggulsterone (1, 10, and 20 µM) was subjected to Q-PCR analysis 

utilizing probe sets specific for Cyp3a11 and β-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 Cyp3a11 gene expression levels between wild type and PXR knockout 

hepatocytes within the respective experimental group (P<0.05).  (B) Total RNA (15 

µg/lane) isolated from cultured human hepatocytes treated with vehicle (0.1% ethanol), 

E-guggulsterone (10 µM), gugulipid extract (1:16,000 fold dilution in ethanol), or 

rifampicin (10 µM) 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) Total RNA (15 µg/lane) isolated from cultured mouse 

hepatocytes treated with vehicle (0.1% DMSO), PCN (10 µM), dexamethasone (10 µM), 

Z-guggulsterone (10 µM), or E-guggulsterone (10 µM) 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 Cyp3a11.  The northern 

blots were stripped and subsequently re-probed with a β-actin cDNA probe.  Fold-

induction values were calculated by normalizing relative intensities of the CYP3A gene 

expression levels to β-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 [35S]-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).   [35S]-SRC-1 was mixed with GST, GST-p75, or GST-PXR LBD in the 

presence of vehicle (0.1% DMSO), PCN (10 µM), or E-guggulsterone (10 µM).  (B) 

Quantitative analysis of three independent experiments was performed using KODAK 

image analysis software.  The data are plotted as relative intensities of the [35S]-SRC-1 

band as compared with the vehicle control and are reported as the mean + SE of three 

independent experiments. 

 

Fig. 5.  XREM-SPAP as a 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 β-galactosidase activity.  EC50 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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