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Abstract
Pregnane × receptor (PXR; NR1I2) is a ligand-activated transcription factor that plays a role not only
in drug metabolism and transport but also in various other biological processes. Ginkgo biloba is a
herbal medicine commonly used to manage memory impairment. Treatment of primary cultures of
rat hepatocytes with G. biloba extract increases the mRNA expression of CYP3A23, which is a target
gene for rat PXR. The present study was conducted to test the hypothesis that G. biloba extract
activates PXR. Treatment of mouse PXR (mPXR) or human PXR (hPXR)-transfected HepG2 cells
with G. biloba extract at 200 μg/ml increased mPXR and hPXR activation by 3.2- and 9.5-fold,
respectively. Dose-response analysis showed a log-linear increase in hPXR activation by the extract
over the range of 200 to 800 μg/ml. To determine whether G. biloba extract induces hPXR target
gene expression, cultured LS180 human colon adenocarcinoma cells were treated for 72 h with the
extract. G. biloba extract at 200, 400, and 800 μg/ml increased CYP3A4 mRNA expression by 1.7-,
2.4-, and 2.5-fold, respectively. The same concentrations of the extract increased CYP3A5 (1.3−3.6-
fold) and P-glycoprotein (ABCB) 1 (2.7−6.4-fold) mRNA expression. At concentrations (5 and 10
μM) that did not down-regulate PXR gene expression and were not cytotoxic, L-sulforaphane (an
hPXR antagonist) decreased CYP3A4, CYP3A5, and ABCB1 gene expression in cells treated with
G. biloba extract. In summary, G. biloba extract activated mPXR and hPXR in a cell-based reporter
gene assay and induced CYP3A4, CYP3A5, and ABCB1 gene expression in hPXR-expressing
LS180 cells.

Pregnane × receptor (PXR; gene designation NR1I2) is a ligand-activated transcription factor
that belongs to the superfamily of nuclear receptors (Kliewer et al., 1998). It plays an important
role in the regulation of numerous genes involved not only in drug metabolism and transport
but also in various other biological processes, including lipid metabolism, glucose homeostasis,
thyroid hormone synthesis, and inflammatory response (Nakamura et al., 2007; Moreau et al.,
2008). Upon binding to a ligand, the activated PXR translocates from the cytoplasm to the
nucleus, forms a heterodimer with retinoic acid receptor α, recruits coactivators, and binds to
the promoter region of target genes, resulting in increased gene transcription (Squires et al.,
2004).

Numerous structurally diverse chemicals have been shown to activate PXR; for example,
endogenous substances, such as certain vitamins and hormones, and other chemicals, such as
drugs, naturally occurring compounds, and herbal medicines (Chang and Waxman, 2006).
Examples of herbal medicines identified to activate PXR include St. John's wort (Moore et al.,
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2000), gugulipid (Brobst et al., 2004), traditional Chinese medicines, such as wu wei zi
(Schisandra chinensis Baill) (Mu et al., 2006), gan cao (Glycyrrhiza uralensis Fisch) (Mu et
al., 2006), and tian xian (also known as tien hsien, which is a cocktail of 14 medicinal herbs,
including Panax ginseng and Radix glycyrrhizae) (Lichti-Kaiser and Staudinger, 2008), and
various Tanzanian plant extracts (e.g., Jatropha multifida) with traditional medicinal
application (van den Bout-van den Beukel et al., 2008).

Ginkgo biloba is one of the most popular herbal medicines. A common use of this herbal
medicine is to improve age-related memory impairment and cognitive function; for example,
in the management of primary degenerative dementia in patients with Alzheimer's disease
(Luo, 2006). The dietary ingestion of G. biloba extract by rats has been reported to alter the
pharmacokinetics [i.e., decreases the area under the plasma concentration-time curve (AUC)]
of an orally administered CYP3A substrate, nicardipine, and this was accompanied by
decreased hypotensive action of this calcium channel blocker (Shinozuka et al., 2002). The
extract also increases rat hepatic CYP3A expression (Shinozuka et al., 2002) and its associated
microsomal testosterone 6β-hydroxylation activity (Umegaki et al., 2002). As demonstrated
in primary cultures of rat hepatocytes, G. biloba extract increases CYP3A2, CYP3A18, and
CYP3A23 mRNA levels (Chang et al., 2006). The in vivo administration of G. biloba extract
has also been shown to increase CYP3A-mediated testosterone 6β-hydroxylation activity in
mouse hepatic microsomes (Umegaki et al., 2007). Given that PXR controls the transcriptional
regulation of CYP3A genes (Kliewer et al., 1998), our hypothesis is that G. biloba extract
activates PXR.

In the present study, we determined the effect of G. biloba extract on rodent and human PXR
activity and extended the findings by investigating the effect of the extract on the expression
of various PXR target genes (CYP3A4, CYP3A5, and ABCB1) in PXR-expressing LS180
human colon adenocarcinoma cells in culture. Our results show G. biloba extract as a novel
activator of mouse and human PXR.

Materials and Methods
Extracts, Chemicals, and Reagents

G. biloba extract (isolated from leaves and supplied in a powder form) was obtained as three
individual lots from Indena S.A. (Milan, Italy). The total amount of terpene trilactones [i.e.,
ginkgolide A, ginkgolide B, ginkgolide C, ginkgolide J, and bilobalide; see van Beek (2002)
for the chemical structures] in lots A to C was 6.2, 6.2, and 6.8% (w/w), respectively, as
quantified by gas chromatography (ChromaDex, Irvine, CA). The total amount of flavonols
[i.e., quercetin, kaempferol, and isorhamnetin as the aglycone and glycosides; see van Beek
(2002) for the chemical structures] in lots A to C was 21.0, 24.4, and 24.4% (w/w), respectively,
as quantified by liquid chromatography-mass spectrometry (ChromaDex). The levels of
terpene trilactones and flavonol glycosides contained in the extract used in the current study
are similar to those present in a commonly studied G. biloba extract known as EGb 761 (van
Beek, 2002). HepG2 human hepatoma cells and LS180 human colon adenocarcinoma cells
were purchased from the American Type Culture Collection (Manassas, VA). FuGENE 6
transfection reagent was purchased from Roche Diagnostics (Mannheim, Germany). The Dual-
Luciferase Reporter Assay System was purchased from Promega (Madison, WI). Minimum
essential medium, Opti-MEM, heat-inactivated fetal bovine serum, L-glutamine, penicillin G,
streptomycin, and trypsin-EDTA were purchased from Invitrogen Canada Inc. (Burlington,
ON, Canada). Triton X-100, dextran, and L-sulforaphane were purchased from Sigma-Aldrich
(St. Louis, MO). The suppliers for the chemical and reagents used in the isolation of total RNA,
reverse transcription, real-time polymerase chain reaction, and the lactate dehydrogenase
(LDH) assay are detailed elsewhere (Chang et al., 2006; Rajaraman et al., 2006). Human
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CYP3A4, CYP3A5, ABCB1, and PXR gene-specific primers were synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA).

Plasmid Constructs
hPXR and mPXR full-length coding cDNAs were cloned into BamHI and XhoI sites of pCR3.
XREM-CYP3A4-Luc, where XREM is the xenobiotic-responsive enhancer module originally
named as p3A4−362(7836/7208ins) (Goodwin et al., 1999), was a kind gift from Bryan
Goodwin (GlaxoSmithKline, Research Triangle Park, NC). The phRL-TK Renilla luciferase
plasmid was purchased from Promega.

Cell Culture
HepG2 human hepatoma cells and LS180 human colon adenocarcinoma cells were cultured
in T-75 flasks at 37°C in a humidified, 5% CO2 incubator. Cells were grown in minimal
essential medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-
glutamine, 100 U/ml penicillin G, and 100 μg/ml streptomycin. Culture medium was changed
once every 2 to 3 days, and cells were subcultured once weekly.

Transient Transfection
HepG2 cells were plated in 24-well microplates at a density of 100,000 cells/well. At 1 day
after plating, cells were transfected for 24 h with XREM-CYP3A4-Luc (50 ng/well) and pCR3-
mPXR (100 ng/well), pCR3-hPXR (100 ng/well), or pCR3 (100 ng/well; empty vector control)
using FuGENE 6 (0.6 μl diluted in 20 μl of Opti-MEM/well), according to the manufacturer's
instructions. Cells were also transfected with phRL-TK (50 ng/well), which was used as an
internal control to normalize the firefly luciferase activity in each sample.

Treatment of Transfected HepG2 Cells and Luciferase Reporter Assay
Transfected cells were treated for 24 h with G. biloba extract (30, 100, 200, 400, or 800 μg/
ml) or culture medium (vehicle control for G. biloba). As controls, cells were treated with
rifampin (10 μM), pregnenolone 16α-carbonitrile (PCN; 10 μM), or dimethyl sulfoxide
(DMSO) (0.1% v/v, vehicle control for rifampin and PCN). Firefly luciferase and Renilla
luciferase levels were determined using the Dual-Luciferase Reporter Assay System
(Promega), according to the manufacturer's instructions. Luminescence was measured using a
Glomax 96 luminescence microplate reader (Promega).

Treatment of LS180 Cells
Cultured LS180 cells were plated at a density of 1 × 106 cells in T-25 flasks. Drug treatment
was initiated 3 days later. LS180 cells were treated once every 24 h for a total of 72 h with
varying concentrations of G. biloba extract or L-sulforaphane, as indicated in each figure
legend. Control cells were treated with DMSO [0.1% (v/v); vehicle for L-sulforaphane] or
culture medium (vehicle for G. biloba extract).

Isolation of Total RNA, Reverse Transcription, and Real-Time Polymerase Chain Reaction
At the end of the treatment period, total RNA was isolated from LS180 cells using TRIzol and
reverse transcribed using Superscript II reverse transcriptase, as described previously (Chang
et al., 2006). Total RNA concentration and total cDNA concentration were quantified by the
RiboGreen RNA Quantitation Kit and PicoGreen dsDNA Quantitation Kit, respectively
(Chang et al., 2006). Polymerase chain reaction (PCR) was performed in a real-time DNA
thermal cycler (LightCycler; Roche Diagnostics). Each 20-μl PCR reaction contained 1 U of
Platinum Taq DNA polymerase in 1× PCR II buffer (20 mM Tris-HCl, pH 8.4, and 50 mM
KCl), 3 mM MgCl2 (except that 4 mM was used in the amplification of CYP3A4 cDNA), 0.25
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mg/ml bovine serum albumin, 0.2 mM dNTP, 0.2 μM forward and reverse primers specific for
CYP3A4, CYP3A5, and ABCB1, 1:30,000 SYBR Green I, and 10 ng of total cDNA. The
sequences of the forward and reverse primers to amplify human CYP3A4 cDNA were 5′-CCT-
TAC-ACA-TAC-ACA-CCC-TTT-GGA-AGT-3′ and 5′-AGC-TCA-ATG-CAT-GTA-CAG-
AAT-CCC-CGG-TTA-3′, respectively (Schuetz et al., 1996). The sequences of the forward
and reverse primers to amplify human CYP3A5 cDNA were 5′-CCT-TAC-ATA-TAC-ACA-
CCC-TTT-GGA-AC-3′ and 5′-GTT-GAA-GAA-GTC-CTT-GCG-TGT-C-3′, respectively
(Yamaori et al., 2005). The sequences of the forward and reverse primers to amplify human
ABCB1 cDNA were 5′-GGC-CTA-ATG-CCG-AAC-ACA-TT-3′ and 5′-CAG-CGT-CTG-
GCC-CTT-CTT-C-3′, respectively (Liu et al., 2002). The sequences of the forward and reverse
primers to amplify human PXR cDNA were 5′-CAA-GCG-GAA-GAA-AAG-TGA-ACG-3′
and 5′-CAC-AGA-TCT-TTC-CGG-ACC-TG-3′, respectively (Chang et al., 2003). The
cycling conditions for the real-time amplification (LightCycler; Roche Diagnostics) were 94°
C for 5 s (denaturation), 60°C for 10 s (annealing), and 72°C for 15 s (extension) for CYP3A4,
95°C for 1 s (denaturation), 65°C for 6 s (annealing), and 72°C for 10 s (extension) for CYP3A5,
95°C for 1 s (denaturation), 61°C for 6 s (annealing), and 72°C for 10 s (extension) for ABCB1,
and 95°C for 5 s (denaturation), 65°C for 10 s (annealing), and 72°C for 15 s (extension) for
PXR. The initial denaturation was performed at 95°C for 5 min. Calibration curves were
constructed by plotting the cross-point against known amounts of purified amplicon, as
determined by the PicoGreen dsDNA Quantitation Kit. Initial experiments were performed to
verify the specificity of the primers by purifying and sequencing the amplicons. Purification
was carried out using the QIAquick Gel Extraction Kit, according to the manufacturer's
instructions (QIAGEN, Valencia, CA). Purified amplicons were sequenced using the Applied
Biosystems 377 DNA sequencer (Applied Biosystems, Inc., Foster City, CA) at the Nucleic
Acid and Protein Service Unit at the University of British Columbia. The identity of the purified
amplicons was confirmed using the BLAST program (http://www.ncbi.nlm.nih.gov).

LDH Assay
Leakage of intracellular LDH into the culture medium was used to assess cellular toxicity in
a method described previously (Rajaraman et al., 2006), but with the following modifications:
1) cells were plated at a density of 100,000 cells/well in 24-well plates; 2) 5 μl of the supernatant
from each well containing cultured cells was transferred to a well in a 96-well microplate
containing 95 μl of phosphate-buffered saline, pH 7.4, and 100 μl of the reaction mixture
(provided in the Cytotoxicity Detection Kit; Roche Diagnostics); and 3) cells were lysed with
500 μl of lysis buffer (20 mM EDTA and 2% Triton X-100 in phosphate-buffered saline, pH
7.4), and the microplates were placed on an orbital shaker for 2 h. Results are expressed as a
percentage of the total cellular LDH content (i.e., the level of LDH released to the culture
medium divided by the sum of the LDH levels in the culture medium and in the cell lysate).

Data Analysis
Student's t test was used when analyzing data from two groups. In experiments where there
were more than two groups, the data were analyzed by the Kruskal-Wallis one-way analysis
of variance test and, if appropriate, was followed by the Newman-Keuls multiple comparison
test. The level of statistical significance was set a priori at p < 0.05.

Results
Effect of G. biloba Extract, PCN, and Rifampin on Mouse and Human PXR Activity

The initial experiment was to determine whether G. biloba extract activates mouse and human
PXR. Therefore, mouse PXR- and human PXR-transfected HepG2 cells were treated for 24 h
with G. biloba extract (200 μg/ml) or culture medium (vehicle control). As shown in Fig. 1,
the extract increased mouse PXR activation by 3.2 ± 0.3-fold, whereas it increased human PXR
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activation by 9.5 ± 0.9-fold. In comparison, PCN increased mouse PXR activation by 13.8 ±
4.0-fold, and rifampin increased human PXR activation by 31 ± 10-fold. Based on our initial
findings, all subsequent experiments focused on human PXR because of the greater increase
in human PXR activity by the extract.

Comparative Effect of Different Lots of G. biloba Extract on Activation of Human PXR
To compare the effect of different lots of G. biloba extract on human PXR activity, human
PXR-transfected HepG2 cells were treated for 24 h with one of three lots of G. biloba extract
at a concentration of 200 μg/ml. Each of the three lots increased human PXR activation, when
compared with the vehicle-treated control group. Lots A to C increased human PXR activation
by 10 ± 2.6-, 9.5 ± 0.9-, and 10.5 ± 3.6-fold, respectively, and the effects among the three lots
were not significantly different. Based on this finding, lot A was used in all subsequent
experiments.

Dose-Response Relationship in the Activation of Human PXR by G. biloba Extract
Human PXR-transfected HepG2 cells were treated for 24 h with varying concentrations of G.
biloba extract (30, 100, 200, 400, or 800 μg/ml) or culture medium (vehicle control). As shown
in Fig. 2, the 30 μg/ml concentration of the extract had no effect on human PXR activity,
whereas the 100, 200, 400, and 800 μg/ml concentrations increased PXR activation by 2.9 ±
0.4-, 6.4 ± 1.4-, 14.4 ± 2.4-, and 32.2 ± 10.1-fold, respectively. A log-linear increase in PXR
activation was obtained at concentrations of 200 to 800 μg/ml.

Effect of G. biloba Extract on Human PXR Target Gene Expression in LS180 Human Colon
Adenocarcinoma Cells in Culture

Human PXR regulates the expression of a broad array of genes, including CYP3A4, CYP3A5,
and ABCB1 (Stanley et al., 2006). Therefore, to corroborate the findings obtained from the
reporter gene assays (e.g., Figs. 1 and 2), we investigated the effect of G. biloba extract on the
expression of PXR target genes in LS180 human colon adenocarcinoma cells previously shown
to express PXR endogenously (Thummel et al., 2001) and where CYP3A4, CYP3A5, and
ABCB1 are expressed constitutively and inducible in this cell line (Schuetz et al., 1996; Gupta
et al., 2008). Cultured LS180 cells were treated for 72 h with G. biloba extract (200, 400, or
800 μg/ml) or culture medium (vehicle control). As shown in Fig. 3A, these concentrations of
the extract increased CYP3A4 mRNA expression. The -fold increase (2.5 ± 0.1-fold) obtained
at the highest concentration (800 μg/ml) of the extract was considerably less than the 49.4 ±
12.1-fold increase obtained with rifampin (10 μM). G. biloba extract at 200, 400, and 800 μg/
ml also increased CYP3A5 (Fig. 3B) and ABCB1 mRNA levels (Fig. 3C), and the extent of
induction by the extract at the highest concentrations tested was similar to or greater than that
by rifampin.

Effect of G. biloba Extract on Viability of Cultured LS180 Cells
The LDH assay was performed to determine the viability of cultured LS180 cells treated with
concentrations of G. biloba extract that were effective in modulating PXR target gene
expression (Fig. 3). The results indicated that treatment of cultured LS180 cells for 72 h with
G. biloba extract (200, 400, or 800 μg/ml) did not increase LDH release (data not shown). The
positive [1% (v/v) Triton X-100] and negative [1% (w/v) dextran] controls produced the
expected outcomes (data not shown).

PXR Expression in Cultured LS180 Cells Treated with G. biloba Extract
Next, we determined whether the increase in CYP3A4 (Fig. 3A), CYP3A5 (Fig. 3B), and
ABCB1 (Fig. 3C) gene expression by G. biloba extract was associated with an increase in PXR
gene expression. Therefore, real-time PCR analysis was performed to measure PXR mRNA
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levels in LS180 cells treated with G. biloba extract (200, 400, or 800 μg/ml) or culture medium
(vehicle control). In agreement with previous data (Thummel et al., 2001), PXR mRNA was
expressed in control LS180 cells (data not shown). Our finding indicated that the levels in G.
biloba-treated cells were not significantly different from those in vehicle-treated cells (data
not shown).

Effect of a PXR Antagonist, L-Sulforaphane, on the Induction of CYP3A4, CYP3A5, and ABCB1
Gene Expression by G. biloba Extract

As demonstrated in a recent study, sulforaphane is an antagonist of human PXR, whereas it
does not affect the activity of retinoid × receptor, constitutive androstane receptor (CAR),
vitamin D receptor, or peroxisome proliferator-activated receptors α and γ (Zhou et al.,
2007). Therefore, to investigate the role of endogenous PXR in the induction of CYP3A4,
CYP3A5, and ABCB1 gene expression by G. biloba extract, cultured LS180 cells were treated
for 72 h with G. biloba extract (400 μg/ml) and L-sulforaphane (5, 10, or 20 μM) or DMS0
(0.1% v/v; vehicle control). Each of these concentrations of L-sulforaphane attenuated the
increase in CYP3A4 (Fig. 4A), CYP3A5 (Fig. 4B), and ABCB1 (Fig. 4C) mRNA levels by
G. biloba extract.

Assessment of Viability of Cultured LS180 Cells Treated with L-Sulforaphane and G. biloba
Extract

We performed the LDH assay to determine whether treatment of LS180 cells with G. biloba
extract and L-sulforaphane resulted in cytotoxicity and thereby led to the observed decrease in
CYP3A4 (Fig. 4A), CYP3A5 (Fig. 4B), and ABCB1 (Fig. 4C) gene expression. As shown in
Fig. 5, G. biloba extract (400 μg/ml) did not affect the extent of LDH release when compared
with the vehicle-treated control group. Similarly, the combination of L-sulforaphane (5, 10, or
20 μM) and G. biloba extract (400 μg/ml) did not increase LDH release. Control analysis with
1% (v/v) Triton X-100 (positive control) and 1% (w/v) dextran (negative control) yielded the
expected results.

Effect ofL-Sulforaphane on PXR Expression in Cultured LS180 Cells Treated with G. biloba
Extract

To rule out the possibility that decreased PXR expression is an explanation for the attenuating
effect of L-sulforaphane on the induction of CYP3A4 (Fig. 4A), CYP3A5 (Fig. 4B), and
ABCB1 (Fig. 4C) by G. biloba extract, real-time PCR analysis was conducted to determine
PXR mRNA expression. As shown in Fig. 6, the administration of 5 or 10 μM L-sulforaphane
did not affect PXR mRNA levels in LS180 cells treated with G. biloba extract (400 μg/ml).
By comparison, PXR mRNA expression was decreased by 55% in cells cotreated with 20 μM
L-sulforaphane and the extract. The extract alone did not affect PXR mRNA expression, when
compared with the levels in vehicle-treated control cells (data not shown).

Discussion
Although many studies conducted to date have investigated the role of individual chemicals,
particularly synthetic drugs, as agonists or antagonists of PXR, considerably less is known as
to which herbal medicine is capable of activating this receptor (Chang and Waxman, 2006).
The present study provides the first demonstration that a novel action of G. biloba extract is
the activation of mouse and human PXR, as assessed by an in vitro cell-based reporter gene
assay. The activation of mouse PXR by G. biloba extract is consistent with the previous finding
that the in vivo administration of this herbal medicine to mice increases the hepatic microsomal
enzyme activity of CYP3A, which is a PXR target gene product (Umegaki et al., 2007).
However, G. biloba extract was more effective in activating human PXR than in activating
mouse PXR. When analyzed at the same concentration (200 μg/ml), G. biloba extract increased
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human PXR activation by 9.5-fold, whereas it increased mouse PXR activation by only 3.2-
fold. It is important to assess not only rodent PXR activity, but also human PXR activity,
because of the well established species-dependent chemical activation of PXR. For example,
as demonstrated previously (Jones et al., 2000) and confirmed in our control experiments,
rifampin activates human PXR, but not mouse PXR, whereas PCN activates mouse PXR, but
not human PXR. These differences in PXR activation reflect the relatively modest degree
(77%) of sequence identity in the ligand binding domain of mouse and human PXR (Moore et
al., 2002).

As shown in our dose-response experiments, a log-linear increase in human PXR activation
was obtained with G. biloba extract at a concentration range of 200 to 800 μg/ml. A complete
dose-response experiment was not performed because of solubility problems. As a
consequence, it was not possible to calculate the EC50 (concentration required to achieve half
of the maximal activity) or Emax (maximal activity) values for the activation of human PXR
by G. biloba extract. However, the magnitude of the increase (32-fold) in human PXR
activation by the 800 μg/ml concentration of the extract was comparable with the 31-fold
increased by 10 μM rifampin. This concentration of rifampin was previously shown to be a
near-maximal concentration in the in vitro activation of human PXR (El-Sankary et al.,
2001).

Our data obtained from the reporter gene assay were corroborated by the finding that G.
biloba extract increased the expression of PXR target genes, namely CYP3A4, CYP3A5, and
ABCB1, as determined in LS180 human colon adenocarcinoma cells. LS180 cells were chosen
because of their: 1) endogenous expression of PXR (Thummel et al., 2001); 2) constitutive and
inducible expression of CYP3A4, CYP3A5, and ABCB1 (Schuetz et al., 1996; Gupta et al.,
2008); and 3) lack of CAR expression (Gupta et al., 2008). The absence of CAR in the LS180
cell line renders it a useful model to study PXR-mediated gene transcription because the
expression of some of the PXR target genes, including CYP3A4, CYP3A5, and ABCB1
(Stanley et al., 2006), is also controlled, at least in part, by CAR. As shown in the present study,
PXR plays a role in the induction of CYP3A4, CYP3A5, and ABCB1 expression by G.
biloba extract in LS180 cells. This conclusion is based on the results obtained from our gene
expression experiment conducted with L-sulforaphane, which is an antagonist of human PXR
(Zhou et al., 2007). At 5 and 10 μM, which was not cytotoxic and did not alter PXR gene
expression, L-sulforaphane was effective in attenuating the increase in CYP3A4, CYP3A5, and
ABCB1 gene expression in LS180 cells treated with G. biloba extract.

The human CYP3A subfamily consists of CYP3A4, CYP3A5, CYP3A7, and CYP3A43 (Plant,
2007). Among these enzymes, CYP3A4 and CYP3A5 are the most important in adult human
tissues, such as liver and small intestine. Our findings in cultured LS180 cells that G. biloba
extract increases CYP3A4 and CYP3A5 expression are consistent with those reported in a
recent study conducted with primary cultures of human hepatocytes. In that study, treatment
of cultured hepatocytes with an extract of G. biloba (reported to contain 24% flavonol
glycosides and 6% terpene trilactones) was shown to increase the levels of CYP3A4 mRNA,
CYP3A protein, and CYP3A-mediated testosterone 6β-hydroxylation activity (Deng et al.,
2008). Collectively, results from the cell culture studies with LS180 cells and human
hepatocytes indicate that G. biloba extract is an inducer of CYP3A. Consistent with the cell
culture data, a study involving healthy human volunteers demonstrated that the oral ingestion
of G. biloba extract at a dosage of 120 mg twice daily for 28 days led to a decrease in the AUC
for midazolam, which was employed as a CYP3A-selective substrate (Robertson et al.,
2008). In another human study, G. biloba extract (120 mg twice daily for 14 days) decreased
the AUC for another CYP3A substrate, alprazolam (Markowitz et al., 2003). In contrast, a
study suggested inhibition of CYP3A-catalyzed drug metabolism, based on the finding that
G. biloba extract (120 mg three times daily for 28 days) decreased the apparent oral clearance
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of midazolam (Uchida et al., 2006). Another study reported that G. biloba extract (60 mg four
times daily) did not affect the serum 1′-hydroxymidazolam/midazolam ratio (Gurley et al.,
2002), which was used as an in vivo index of CYP3A-mediated drug metabolism. The reasons
for the conflicting data from the human studies are not known, but G. biloba extract is able to
inhibit the in vitro catalytic activity of CYP3A4 (Gaudineau et al., 2004). Therefore, the lack
of inductive effect of G. biloba extract reported previously (Gurley et al., 2002; Uchida et al.,
2006) may relate to the specific experimental design employed. In those human studies, the
inhibitory effect of CYP3A4 may have masked any inductive effect of the extract on the
pharmacokinetics of the CYP3A drug substrate.

The ABCB1 gene encodes P-glycoprotein, which is an efflux pump that controls the
bioavailability of orally administered drugs and plays an important role in anticancer drug
resistance (Sharom, 2008). Recent data from in vitro experiments indicate that G. biloba extract
inhibits the efflux activity of P-glycoprotein (Hellum and Nilsen, 2008). The present study
shows a novel action of G. biloba extract. It up-regulates ABCB1 gene expression, as
demonstrated in cultured LS180 cells. A human study reported that the administration of G.
biloba extract does not affect the pharmacokinetics of fexofenadine (Robertson et al., 2008).
However, fexofenadine is transported not only by P-glycoprotein but also by various other
transporters, including multidrug resistance-associated protein 2 (Matsushima et al., 2008).
Overall, further studies will be required to determine the consequences of the increase in
ABCB1 expression by G. biloba extract.

G. biloba extracts contain terpene trilactones (e.g., ginkgolide A, ginkgolide B, ginkgolide C,
and ginkgolide J) and flavonols (e.g., aglycones and glycosides of quercetin, kaempferol, and
isorhamnetin) (van Beek, 2002). In a previous study, we reported that ginkgolide A accounted
for part of the observed increase in the expression of a PXR target gene, CYP3A23, by G.
biloba extract in primary cultures of rat hepatocytes (Chang et al., 2006). Therefore, this
compound may be capable of activating PXR. In a recent study, ginkgolide A and B at 10, 50,
and 100 μM concentrations were shown to increase human PXR activity in an in vitro cell-
based reporter gene assay (Satsu et al., 2008). By comparison, it is not clear whether bilobalide
contributes to the activation of PXR by G. biloba extract. The in vivo administration of this
compound to mice has been reported to increase hepatic microsomal enzyme activity of a PXR
target gene product, CYP3A (Umegaki et al., 2007). However, as shown in primary cultures
of rat hepatocytes, bilobalide does not increase CYP3A23 gene expression or its associated
testosterone 6β-hydroxylation activity (Chang et al., 2006). In future investigations, detailed
chemical analysis of G. biloba extract will be required to identify the specific chemical
constituents responsible for the activation of human and rodent PXR by G. biloba extract.
Studies are planned to address these issues.

In summary, G. biloba extract activated mouse and human PXR, as assessed by an in vitro
cell-based assay. Our novel finding was corroborated by the observation that the extract
increased the expression of CYP3A4, CYP3A5, and ABCB1 in PXR-expressing LS180 cells,
and that the effects were attenuated by a PXR antagonist. Given that PXR regulates the
expression of a broad array of genes that are of fundamental importance in mammalian biology
(Stanley et al., 2006; Nakamura et al., 2007; Moreau et al., 2008), results from the present study
will provide an impetus to conduct studies in the future to delineate novel physiological,
pharmacological, and toxicological actions of G. biloba.
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Fig. 1.
Effect of G. biloba extract, PCN, and rifampin on mouse and human PXR activation. Cultured
HepG2 cells were transfected for 24 h with XREM-CYP3A4-Luc, phRL-TK along with pCR3-
hPXR, pCR3-mPXR, or pCR3 (empty vector). Cells were then treated for 24 h with G.
biloba extract (200 μg/ml), culture medium (vehicle control for G. biloba extract), PCN (10
μM), rifampin (10 μM), or DMSO [0.1% (v/v), vehicle control for PCN and rifampin]. Firefly
and Renilla luciferase levels were quantified and normalized as described under Materials and
Methods. Data are shown as mean ± S.E.M. for three independent experiments. *, significantly
different from the vehicle-treated control group (p < 0.05).
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Fig. 2.
Dose-response curve for the activation of human PXR by G. biloba extract. Cultured HepG2
cells were transfected for 24 h with XREM-CYP3A4-Luc, phRL-TK, and either pCR3-hPXR
or pCR3 (empty vector). Cells were then treated for 24 h with G. biloba extract (30, 100, 200,
400, or 800 μg/ml) or culture medium (vehicle control). Firefly and Renilla luciferase levels
were quantified and normalized as described under Materials and Methods. Data are presented
as mean ± S.E.M. for four independent experiments. *, significantly different from the vehicle-
treated control group (p < 0.05).
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Fig. 3.
Effect of G. biloba extract on PXR target gene expression in cultured LS180 human colon
adenocarcinoma cells. Cultured LS180 cells were treated once every 24 h for a total of 72 h
with G. biloba extract (200, 400, or 800 μg/ml) or culture medium (vehicle control). As
controls, cells were treated with PCN (10 μM), rifampin (10 μM), or DMSO [0.1% (v/v);
vehicle for PCN and rifampin]. At the end of the treatment period, total RNA was isolated and
reverse transcribed. CYP3A4 (A), CYP3A5 (B), and ABCB1 cDNA (C) were amplified by
real-time PCR with gene-specific primers. Data are presented as mean ± S.E.M. for four
independent experiments. *, significantly different from the vehicle-treated control group (p
< 0.05).
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Fig. 4.
Effect of a PXR antagonist, L-sulforaphane, on CYP3A4, CYP3A5, and ABCB1 gene
expression in cultured LS180 cells treated with G. biloba extract. Cultured LS180 cells were
treated once every 24 h for a total of 72 h with G. biloba extract (400 μg/ml) and L-sulforaphane
(5, 10, or 20 μM) or DMSO (0.1% v/v, vehicle control). At the end of the treatment period,
total RNA was isolated and reverse transcribed. CYP3A4 (A), CYP3A5 cDNA (B), and
ABCB1 (C) were amplified by real-time PCR with gene-specific primers. Data are presented
as mean ± S.E.M. for four independent experiments. *, significantly different from the vehicle-
treated control group (p < 0.05).

Yeung et al. Page 15

Drug Metab Dispos. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
LDH release in cultured LS180 cells treated with L-sulforaphane and G. biloba extract. Cultured
LS180 cells were treated once every 24 h for a total of 72 h with G. biloba extract (400 μg/ml)
and L-sulforaphane (5, 10, or 20 μM) or DMSO [0.1% (v/v), vehicle control for L-sulforaphane].
In the same experiment, cells were treated for the same length of time with 1% (v/v) Triton
X-100 (positive control), 1% (w/v) dextran (negative control), or culture medium (vehicle
control for G. biloba extract, Triton X-100, and dextran). At the end of the treatment period,
the LDH assay was performed as described under Materials and Methods. Data are presented
as mean ± S.E.M. for four independent experiments. *, significantly different from the vehicle-
treated control group (p < 0.05).
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Fig. 6.
Human PXR mRNA expression in cultured LS180 cells treated with L-sulforaphane and G.
biloba extract. Cultured LS180 cells were treated once every 24 h for a total of 72 h with G.
biloba extract (400 μg/ml) and L-sulforaphane (5, 10, or 20 μM) or DMSO [0.1% (v/v), vehicle
control for L-sulforaphane]. At the end of the treatment period, total RNA was isolated and
reverse transcribed. Human PXR cDNA was amplified by real-time PCR with gene-specific
primers. Data are presented as mean ± S.E.M. for four independent experiments.
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