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Ginkgo biloba has been used for many thousand years as a tradi-
tional herbal remedy and its extract has been consumed for many
decades as a dietary supplement. Ginkgo biloba leaf extract is a
complex mixture with many constituents, including flavonol gly-
cosides and terpene lactones. The National Toxicology Program 2-
year cancer bioassay found that G. biloba leaf extract targets the
liver, thyroid gland, and nose of rodents; however, the mechanism
of G. biloba leaf extract-associated carcinogenicity remains un-
clear. In the current study, the in vitro genotoxicity of G. biloba leaf
extract and its eight constituents was evaluated using the mouse
lymphoma assay (MLA) and Comet assay. The underlying mech-
anisms of G. biloba leaf extract-associated genotoxicity were ex-
plored. Ginkgo biloba leaf extract, quercetin, and kaempferol re-
sulted in a dose-dependent increase in the mutant frequency and
DNA double-strand breaks (DSBs). Western blot analysis con-
firmed that G. biloba leaf extract, quercetin, and kaempferol ac-
tivated the DNA damage signaling pathway with increased expres-
sion of �-H2AX and phosphorylated Chk2 and Chk1. In addi-
tion, G. biloba leaf extract produced reactive oxygen species and
decreased glutathione levels in L5178Y cells. Loss of heterozy-
gosity analysis of mutants indicated that G. biloba leaf extract,
quercetin, and kaempferol treatments resulted in extensive chro-
mosomal damage. These results indicate that G. biloba leaf ex-
tract and its two constituents, quercetin and kaempferol, are mu-
tagenic to the mouse L5178Y cells and induce DSBs. Quercetin and
kaempferol likely are major contributors to G. biloba leaf extract-
induced genotoxicity.

Key Words: Ginkgo biloba leaf extract; genotoxicity; quercetin;
kaempferol; quercetin 3-�-d-glucoside; DNA damage; oxidative
stress.

Ginkgo biloba (ginkgo) is one of the world’s oldest living
tree species. It is a unique tree with no close living relatives.
The ginkgo tree has become popular as an ornamental tree and
has been cultivated around the world (Chan et al., 2007). Ginkgo

Disclaimer: The views presented in this article do not necessarily reflect
those of the U.S. FDA.

seeds have been used as a source of traditional Chinese medicine
for many thousand years for cough, asthma, enuresis, alcohol
misuse, pyogenic skin infections, and intestinal tract worm in-
fections (van Beek and Montoro, 2009). The seeds have been
occasionally cooked in Chinese and Japanese cuisines. Ginkgo
leaves have also been used to treat memory loss and cognitive
disorders, arrhythmias and ischemic heart disease, cancer, dia-
betes, and thromboses (EGb, 2003). Extracts of ginkgo leaves in
various forms can be purchased in many countries as a dietary
supplement. Ginkgo biloba is one of the most widely sold prod-
ucts in herbal supplement sales in the United States (Lindstrom
et al., 2013), with a total sales of $94 million in 2012 (NBJ,
2013).

Ginkgo biloba leaves contain numerous chemical con-
stituents; the flavonol glycosides and terpene lactones are the
two major classes of components that are purportedly associ-
ated with the reported therapeutic effects (van Beek and Mon-
toro, 2009). Within the class of terpene lactones, ginkgolide A,
ginkgolide B, ginkgolide C, bilobalide, and other ginkgolides
have been identified in G. biloba leaves. The flavonol gly-
cosides, most prevalent in G. biloba leaves and extracts, are
quercetin, quercetin 3-�-d-glucoside, quercitrin, kaempferol,
isorhamnetin, and rutin (Ding et al., 2006b; van Beek and Mon-
toro, 2009). The flavonol glycosides and terpene lactones are
easily released from extract products and 75% of both com-
ponents are dissolved in 0.1M HCl dissolution medium within
30 min (Kressmann et al., 2002b). When humans take pills,
tablets, or capsules of G. biloba leaf extract, the peak concen-
tration of terpene lactones in plasma is about 2 h (Kressmann
et al., 2002a). Ginkgolide A, ginkgolide B, and bilobalide are
excreted in the urine in their original form at relatively high con-
centrations, whereas ginkgolide C, quercitrin, kaempferol, and
isorhamnetin are metabolized to different forms and can be de-
tected in the urine at far lower concentrations than the ingested
amount (Ding et al., 2006a). Although G. biloba leaf extract
and some of its components have shown anticancer activities,
cardioprotective effects, and neuroprotection against neurovas-
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cular insults (Mahadevan and Park, 2008), data on the toxic ef-
fects of G. biloba including genotoxicity and carcinogenicity
have also been reported.

Recently, the National Toxicology Program (NTP) Techni-
cal Report on 2-year gavage studies concluded that there was
clear evidence of carcinogenic activity of G. biloba leaf extract
in mice based on an increased incidence of hepatocellular car-
cinoma and hepatoblastoma. There was also some evidence of
carcinogenic activity in rats based on an increased incidence of
thyroid gland follicular cell adenoma (NTP, 2013; Rider et al.,
2013). In a previous study, using the liver tissues from the NTP
2-year treated mice, we observed in a gene expression profiling
study that the top network response to G. biloba treatment was
the Myc-centered network, with the functions related to cell cy-
cle, cellular movement, and cancer (Guo et al., 2010). Overex-
pression of Myc has been frequently observed in tumors and is
an early and critical event in the pathogenesis of hepatocellular
carcinoma (Pelengaris et al., 2002).

In bacterial gene mutation assays, G. biloba leaf extract at
concentrations of 1–10 mg/plate was reported to be mutagenic
in Salmonella typhimurium strains TA98 and TA100, and in Es-
cherichia coli strain WP2 uvrA/pKM101 both with and with-
out metabolic activation, indicating the induction of frame shift
and base substitution mutations (NTP, 2013). So far, only a
few studies have investigated the genotoxicity of G. biloba
leaf extract in mammalian cells. The mutagenic and/or clas-
togenic activities induced by two of its constituents, quercetin
and kaempferol, were previously reported using the Ames test
(Resende et al., 2012), the mouse lymphoma gene mutation as-
say (MLA) (Meltz and MacGregor, 1981), micronucleus assay
in human lymphocytes and Chinese hamster lung cells (Caria
et al., 1995), and chromosomal aberration in Chinese hamster
ovary cells (Carver et al., 1983). It is of great interest to in-
vestigate the potential mechanisms of genotoxicity and carcino-
genicity of G. biloba leaf extract.

In the present study, we employed two in vitro genotox-
icity assays, the MLA and the Comet assay using L5178Y
cells, to evaluate the genotoxicity of G. biloba leaf extract
and its eight components, including quercetin, quercetin-3-�-d-
glucoside, kaempferol, isorhamnetin, ginkgolide A, ginkgolide
B, ginkgolide C, and bilobalide. The underlying mechanism
of G. biloba associated genotoxicity was explored by analyz-
ing loss of heterozygosity (LOH) in Tk mutants using five mi-
crosatellite markers spanning mouse chromosome 11, investi-
gating the DNA damage signaling pathways using Western blot
analysis, determining the oxidative stress using measurements
of intracellular reactive oxygen species (ROS) levels and the
glutathione (GSH) levels.

MATERIALS AND METHODS

Chemicals and Reagents

Ginkgo biloba leaf extract (lot GBE-50-001003, a tan pow-
dered solid) was obtained from Dr Po Chan at the National Insti-
tute of Environmental Health Sciences (Research Triangle Park,
NC). The details for the characterization methodology and ma-
jor components analysis are detailed in the NTP Technical Re-
port 578 and this extract is comparable in nature to standard-
ized extract EGB 761 that was widely distributed in commerce
(NTP, 2013). The same batch of material (lot GBE-50-001003)
was originally procured from Shanghai Xing Ling Science and
Technology Pharmaceutical Co. (Shanghai, China), and used
for the NTP study (the part of methods development) (NTP,
2013; Rider et al., 2013). The chemical characterization and
quality control were conducted by the analytical chemistry lab-
oratory at Midwest Research Institute (Kansas City, MO), and
the identity of the test article of the same lot was confirmed by
Battelle Columbus Operations (Columbus, OH; NTP, 2013).

Eight constituents of G. biloba leaf extract, quercetin,
quercetin-3-�-d-glucoside, kaempferol, isorhamnetin,
ginkgolide A, ginkgolide B, ginkgolide C, and bilobalide
were purchased from Sigma (St. Louis, MO) or LKT Lab-
oratories (St. Paul, MN). Dimethyl sulfoxide (DMSO),
trifluorothymidine (TFT), benzo(a)pyrene, 4-nitroquinoline-
N-oxide (4-NQO) were also obtained from Sigma. Fisher’s
medium for leukemic cells of mice was purchased from Quality
Biological Inc. (Gaithersburg, MD) and all other cell culture
supplies were obtained from Life Technologies Corporation
(Carlsbad, CA). PCR Master Mix was purchased from Promega
(Madison, WI). The primers used for LOH analysis at the Tk1
locus and the D11Mit20, D11Mit36, D11Mit42, and D11Mit74
loci were synthesized by Life Technologies. The cell-permeant
2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) was
obtained from Life Technologies.

Cell Culture and Treatments

The L5178Y/Tk+/−-3.7.2C mouse lymphoma cell line was
utilized for detecting mutagenicity at the Tk locus and primary
DNA damage using the Comet assay. Cells were grown accord-
ing to the methods described in our previous studies (Mei et al.,
2005, 2010). The growth medium was Fischer’s medium for
leukemic cells of mice supplemented with 10% heat-inactivated
horse serum, 0.1% pluronic F-68, 1mM sodium pyruvate, peni-
cillin (100 units/ml), streptomycin (100 �g/ml). The treatment
medium (F5p) and cloning medium (F20p) were different from
the growth medium (F10p) in their percentage of heat-inactivated
horse serum (5 and 20%, respectively). Cultures were main-
tained at 37◦C in a humidified incubator with 5% (vol/vol) CO2

in air.
For the treatment of L5178Y cells, a working solution (100×)

of G. biloba leaf extract or the eight constituents was made by
dissolving in DMSO. All test solutions were prepared just be-
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GENOTOXICITY OF G. BILOBA LEAF EXTRACT 3

fore use by a series of dilutions using DMSO. The cells (6 ×
106) were suspended in 50 ml centrifuge tubes containing 10 ml
of treatment media (F5p). The cultures were treated with differ-
ent concentrations by adding 100 �l of the working solutions of
G. biloba leaf extract or the eight constituents. Treatments were
conducted in the presence and/or absence of metabolic activa-
tion (S9), gassed with 5% CO2 in air, and placed on a roller
drum (15 rpm) at 37◦C in an incubator for 4 h. Positive controls
were 0.3 �g/ml benzo(a)pyrene with S9 and 0.1 �g/ml 4-NQO
without S9. After a 4-h treatment, the cells were centrifuged and
washed twice with fresh medium, and then were resuspended
in 20 ml growth medium. The cultures were placed on a roller
drum (15 rpm) in a 37◦C incubator to initiate the 2-day pheno-
typic expression and subsequent mutant selection.

The cultures used for the Comet assay were counted after the
treatment to estimate the cell viability (cytotoxicity). Cell counts
were conducted using 0.4% trypan blue (Life Technologies) and
a Countess automated cell counter (Life Technologies).

S9 Mix Preparation

The S9 fraction prepared from the livers of male Sprague
Dawley rats induced by Aroclor 1254 (Moltox, Boone, NC)
was mixed with a nicotinamide adenine dinucleotide phosphate
(NADPH)-generating system. The S9 mix was supplemented
with glucose-6-phosphate (180 mg/ml), NADP+ (25 mg/ml),
KCl (150mM), and rat liver S9 at the ratio 1:1:1:2. Total 250 �l
of S9 mix were added to 10 ml of treatment medium. The final
concentration of S9 in the treatment medium was 1% (0.38 mg
S9 protein/ml).

Tk Gene Mutation Assay

Mutant selection using the microwell method was performed
as described previously (Mei et al., 2005). During the 2-day ex-
pression period, all cultures were counted at 24 and 48 h post
treatment. TFT (3 �g/ml) was added into cultures in cloning
medium for mutant enumeration, and cells were seeded into
four 96-well flat-bottom plates using 200 �l of cell culture in
each well with a final density of 2000 cells/well. For measuring
the plating efficiency, the cultures were adjusted to 8 cells/ml
medium (without TFT) and then aliquoted in 200 �l per well
into two 96-well plates. The plates were incubated at 37◦C with
5% CO2 in air. Following 11 days of incubation, the colonies in
all plates were counted visually, and mutant colonies in TFT-
selection plates were categorized as small colony (SC) or large
colony (LC). SC mutants are defined as those smaller than a
25% of the diameter of the well, whereas LC mutants are more
than a quarter of the diameter of the well. Mutant frequencies
(MFs) were calculated using the Poisson distribution (Mei et al.,
2014). Cytotoxicity was measured using relative total growth
(RTG), which includes measurements of treated cell growth rel-
ative to the negative control during the treatment (4-h), expres-
sion (2-day), and cloning (11-day) phases of the assay.

Comet Assay

The Comet assay was performed according to established
methods (Ostling and Johanson, 1984; Singh et al., 1988) with
slight modifications. L5178Y cells were treated with different
concentrations of G. biloba leaf extract or its eight constituents
for 4 h. After treatment, the cells were washed with cold PBS,
then resuspensed in cold PBS to form single cell suspensions
with a cell density of 1 × 105/ml. Fifty-microliter of cell sus-
pensions was mixed with 450 �l of 0.5% molten low melting
point agarose (LMPA) (0.5 g in 100 ml PBS) at 37◦C in a 1.5-
ml microtube for each sample, and 50 �l of this mixture was
rapidly transferred onto the surface of a 2-well CometSlide (Tre-
vigin Inc., Gaithersburg, MD). The slides were placed on a mi-
croscope slide tray at 4◦C. After the gel was set, the slides were
immersed in a Coplin jar with prechilled lysis solution at 4◦C for
30 min. The slides were gently transferred into a container with
prechilled Tris-Borate-EDTA (TBE) buffer or freshly made al-
kaline solution (300mM NaOH, 1mM EDTA, pH > 13) for 30
min at 4◦C in the dark to unwind the DNA. After the DNA
unwinding, the slides were electrophoresed using CometAssay
ES at 21 V. The slides were washed with dH2O or neutralizing
buffer (0.4M Tris, adjusted to pH 7.5 with HCl) three times for
5 min each, then were immersed into 70% ethanol for 5 min,
and dried at room temperature. Before scoring, the slides were
stained with 100 �l of a SYBR Gold working solution (Life
technologies) diluted 1:10,000 with TE buffer. A total of 100
cells per sample (50 cells from each duplicate slide) were scored
and the data were pooled together. The slides were scored us-
ing an imaging analysis system consisting of a Nikon 501 fluo-
rescent microscope (Nikon Instruments Inc., Melville, NY) and
CometAssay IV digital analysis system (Perceptive Instruments
Ltd., Bury St. Edmunds, UK). The percentage of DNA in the tail
was used as the parameter for the evaluation of DNA damage.

Western Blot Analysis

After the 4-h treatment, L5178Y cells treated with G.
biloba leaf extract (0.4–1.2 mg/ml), quercetin (10–100�M),
or kaempferol (10–200�M) were obtained from the cultures
used for the Comet assay. The cells were centrifuged and
washed twice, solubilized with radio immuno precipitation as-
say (RIPA) lysis buffer (150mM NaCl, 1.0% NP-40, 0.5%
DOC, 0.1% SDS, and 50mM Tris-HCl with pH 8.0), and boiled
for 5 min at 95◦C. The protein concentration of the cell lysate
was determined using a Pierce BCA protein assay kit (Thermo
Fisher Scientific Inc., Waltham, MA). Equal amounts of protein
lysate (40 �g) were loaded and separated on in 8–20% SDS-
PAGE, and then transferred onto PVDF membranes (Milli-
pore Corporation, Billerica, MA). The primary antibodies were
antiphospho-Chk1 (Ser345), antiphospho-Chk2 (Thr68), anti-
phospho-ATM (Ser1981), anti-phospho-ATR (Ser428), anti-� -
H2AX (Ser139) (Cell Signaling Technology, Inc., Danvers,
MA), and anti-�-actin (internal control, Santa Cruz Biotech-
nology, Santa Cruz, CA). All primary antibodies were used
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4 LIN ET AL.

at 1:1000 dilution, except anti-�-actin which was used at
a 1:10,000 dilution. The secondary antibody with a goat
antimouse or antirabbit monoclonal IgG, conjugated with
horseradish peroxidise (HRP), was purchased from Santa Cruz.

Measurement of ROS levels

H2DCF-DA staining was used to measure the intracellular
ROS production. For each concentration of G. biloba leaf ex-
tract or its six constituents (quercetin, kaempferol, ginkgolide A,
ginkgolide B, ginkgolide C, and bilobalide), 6 × 105 L5178Y
cells/ml were suspended in 50 ml RPMI-1640 medium (phe-
nol free) containing 10�M H2DCF-DA and placed in a 37◦C
incubator with 5% CO2 in air for 30 min (in the dark). Then
the cells were washed to remove unincorporated H2DCF-DA
by centrifugation with fresh medium. Subsequently, the cells
were treated with different concentrations of G. biloba leaf ex-
tract (0.2–1.2 mg/ml), quercetin (10–100�M), or kaempferol
(10–200�M) in 1.5-ml microtubes. Hydrogen peroxide (H2O2)
served as a positive control in the assay. The treated cells were
immediately transferred into 96-well plates with a concentra-
tion of 6 × 105 cells/well (eight wells per concentration). The
plates were incubated at 37◦C with 5% CO2 and the fluores-
cence intensity for each well was measured at 10 min, 0.5, 1, 2,
3, 4, 6, and 24 h using a fluorescence reader (Biotek Instrument,
Winooski, VT) with wavelengths of 485 nm excitation and 530
nm emission.

Measurement of GSH levels

Cell viability and intracellular GSH levels were measured
immediately after the 4-h treatments with G. biloba leaf ex-
tract (0.2–1.2 mg/ml), quercetin (10–100�M), kaempferol (10–
200�M), and four terpene lactones. Cell viability was measured
using 0.4% trypan blue dye exclusion and a Countess auto-
mated cell counter. Cellular GSH and GSSG levels were mea-
sured according to the GSH/GSSG-Glo assay kit instructions
(Promega). After a 4-h treatment, the cells were harvested by
centrifugation and resuspended in PBS. A total of 1 × 104 cells
in 50 �l of PBS were dispensed into 96-well white, opaque
polystyrene flat-bottom plates (four wells per concentration),
and then 50 �l freshly prepared Luciferin Generation Reagent
was added into each well following 25 �l/well freshly prepared
Total Glutathione Lysis Reagent/or Oxidized Glutathione Ly-
sis Reagent. After a 30-min incubation at room temperature, 100
�l of Luciferin Detection Reagent was added into each well and
the plates were incubated at room temperature for another 15
min. Luminescence was read with a microplate reader (Biotek
Instrument, Winooski, VT).

LOH Analysis of Tk Mutants

LOH analysis was conducted using a microsatellite maker
within the Tk locus and four other microsatellite loci (D11Mit42,
D11Mit36, D11Mit20, and D11Mit74) spanning the entire chro-
mosome 11. Mutant cells were directly taken from TFT-
selection plates after the 11-day incubation. Forty eight LC

mutants and 48 SC mutants were isolated from TFT-selection
plates from cultures treated with the highest concentration of
G. biloba leaf extract (1.2 mg/ml), quercetin (100�M), or
kaempferol (200�M). The mutant cells were centrifuged and
washed once with PBS. Cell pellets were quickly frozen and
stored at −20◦C. The procedures for genomic DNA extraction,
PCR analysis, and agarose gel electrophoresis were performed
as previously described (Guo et al., 2011). The amplification
products were evaluated for the presence of one band (indicat-
ing LOH) or two bands (retention of heterozygosity at the given
locus) after 2% agarose gel electrophoresis with 1% ethidium
bromide and visualization by UVA photography.

Data analysis

Data were presented as the mean ± 1 standard deviation from
at least three independent experiments. For the thymidine ki-
nase gene mutation assays, the data evaluation criteria devel-
oped by the MLA Expert Workgroup of the International Work-
group for Genotoxicity Tests (IWGT) were used to determine
whether or not a response is positive or negative (Moore et al.,
2006). Positive responses in the microwell version of the MLA
are defined as those where the induced mutant frequency (MF)
in one or more treated cultures exceeds the global evaluation
factor (GEF) of 126 mutants per 106 cells and there is also a dose
related increase with MF. LOH patterns of mutants were com-
pared using the computer program described previously (Mei
et al., 2005, 2006). For all other endpoints, analyses were per-
formed using SigmaPlot 11.0 (Systat Software Inc., San Jose,
CA). Statistical significance was assessed with one-way analy-
sis of variance (ANOVA), followed by Dunnett’s tests for pair-
wise comparisons to the control.

RESULTS

Cytotoxicity and Mutagenicity of Ginkgo biloba Leaf Extract
and its Eight Constituents in the MLA

Figure 1 shows the relative total growth (RTG) values and
Tk mutant frequency (MF) from four independent MLA experi-
ments where cells were treated with G. biloba leaf extract (0.2–
1.2 mg/ml) in the absence of metabolic activation (S9). Both cy-
totoxicity and mutagenicity showed dose-dependent increases.
The mean induced MF (by subtracting the background MF from
total MF of the treated culture) at concentrations of 1.0 and 1.2
mg/ml of G. biloba leaf extract were 167 × 10−6 and 499 ×
10−6, respectively. Both MFs exceeded the GEF of 126 × 10−6

(Moore et al., 2006), indicating a positive mutagenic response.
We also examined eight constituents of G. biloba leaf extract
in the MLA (Table 1). Under the concentration ranges that we
tested, isorhamnetin, ginkgolide A, ginkgolide B, ginkgolide C,
and bilobalide gave negative responses both in the absence and
presence of S9. In contrast, quercetin (≥30�M), kaempferol
(≥50�M), and quercetin 3-�-d-glucoside (≥400�M) increased
the MF over that of the vehicle control in the absence of S9
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GENOTOXICITY OF G. BILOBA LEAF EXTRACT 5

FIG. 1. Cytotoxicity (relative total growth) and mutagenicity (mutant
frequency) of Ginkgo biloba leaf extract in L5178Y cells in the absence of
metabolic activation. Data points present the mean ± 1 standard deviation from
four independent experiments. * indicates the positive mutagenic response by
the induced mutant frequency exceeding the global evaluation factor (GEF) of
126 × 10−6 when compared with the control.

resulting in clear positive mutagenic responses (Table 1). The
RTG, Tk MF, percentage of small colonies from one represen-
tative MLA experiment with treatment of G. biloba leaf extract
and eight constituents in the absence of metabolic activation are
presented in Supplementary table 1.

DNA Double-Strand Breaks Induced by Ginkgo biloba Leaf
Extract and its Eight Constituents

Assessment of double-strand breaks (DSBs) was carried out
using the neutral Comet assay and the same treatment proce-
dure as that for MLA. Prior to the performance of the Comet
assay, cell viability was determined using 0.4% trypan blue
dye exclusion and no significant toxicities were observed af-
ter 4-h treatments with >75% cell viability in each treatment
group (data not shown). The treatments with G. biloba leaf ex-
tract, quercetin, or kaempferol resulted in a dose-dependent in-
crease in the percentage of tail DNA intensity (Fig. 2). Signifi-
cant DNA damage was observed with 1.0 mg/ml G. biloba leaf
extract showing about 26% DNA in the tail (Fig. 2A), 30�M
quercetin and 50�M kaempferol having about 34 and 18%
tail DNA intensity, respectively (Fig. 2B), whereas only 3–4%
DNA in the tail appeared with the concurrent vehicle controls.
We also conducted an analysis for the other six constituents
(Supplementary fig. 1). With the concentrations tested, five con-
stituents had negative responses, Quercetin-3-�-d-glucoside at
a concentration of 600�M showed a 2-fold higher DNA damage
than the negative control.

Activation of the DNA Damage Signaling Pathway after
Ginkgo biloba Leaf Extract, Quercetin, or Kaempferol
Treatments

To support the observations from the Comet assay results that
G. biloba leaf extract, quercetin, and kaempferol induce DNA

FIG. 2. DNA damage in L5178Y cells treated with Ginkgo biloba leaf
extract (A), quercetin, and kaempferol (B) using the neutral Comet assay. Data
points present the mean ± 1 standard deviation as the percentage of DNA in tail
measured from at least three independent experiments. * indicates significant
difference versus concurrent vehicle control (p < 0.05).

DSBs, we investigated the activation of DNA damage signaling
pathways using Western blot analysis (Fig. 3). Ginkgo biloba
leaf extract and quercetin treatments increased the level of the
activated ATM and consequently activated Chk2 and Chk1 (Fig.
3). Furthermore, the level of phosphorylated H2AX (� -H2AX)
was increased in a dose-response manner. Similarly, kaempferol
increased the levels of phosphorylated Chk2 and Chk1 as well
as � -H2AX, but activated ATM was not detectable (Fig. 3).
Ginkgo biloba leaf extract, quercetin, or kaempferol treatments
did not change the expression of the phosphorylated ATR.

Intracellular ROS Levels after Ginkgo biloba Leaf Extract,
Quercetin, or Kaempferol Treatment

To explore whether G. biloba leaf extract-induced genotoxic-
ity is associated with oxidative stress, the intracellular ROS pro-
duction was measured in L5178Y cells exposed to G. biloba leaf
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TABLE 1
Mutagenicity in L5178Y Cells Exposed to Eight Constituents of Ginkgo biloba Leaf Extract in the Absence or Presence of Metabolic

Activation

Chemical Concentration (�M) S9 Mutagenicitya

Quercetin 10–100 − Positive (≥30�M)
Kaempferol 10–200 − Positive (≥50�M)
Quercetin 3-�-d-glucoside 200–1000 − Positive (≥400�M)
Isorhamnetin 100–1000 − Negative

30–1000 +
Bilobalide 10–2000 − Negative

50–3000 +
Ginkgolide A 2000–7000 − Negative

250–3000 +
Ginkgolide B 500–8000 − Negative

25–1000 +
Ginkgolide C 30–2000 − Negative

30–1000 +

aPositive mutagenic response means the induced mutant frequency exceeding the global evaluation factor (GEF) of 126 × 10−6 when compared with the
concurrent control. Data are measured from three or four independent experiments.

FIG. 3. Western blot analysis of protein expressions in L5178Y cells after exposure to Ginkgo biloba leaf extract (0.4–1.2 mg/ml), quercetin (10–100�M),
and kaempferol (10–200�M). Total cellular protein was extracted after 4-h treatment. The levels of different proteins in response to DNA damage were detected
by Western blot analysis. �-actin was used as a loading control. Similar results were obtained from at least three independent experiments.

extract, quercetin, or kaempferol for various length of time from
10 min to 6 and 24 h. The intracellular ROS levels with G. biloba
leaf extract treatments (0.2–1.2 mg/ml) were increased starting
at 0.4 mg/ml and treatments ranging from 3 to 24 h (Fig. 4A).
The positive control (100�M H2O2 treatment) had an 8.5-fold
increase compared with the negative control at 2 h of treatment
(data not shown). Quercetin (10–100�M) treatments decreased
the intracellular ROS levels at all concentrations after 30-min
treatment (Fig. 4B). Kaempferol at concentrations of 50�M and
above transiently increased the intracellular ROS levels but only
at the 10 min treatment. Longer treatments (an additional 20 min
and more) decreased the ROS level, even lower than that of the
negative control (Fig. 4C). We also measured the ROS level af-
ter treatments with four terpene lactones (Supplementary fig. 2).
The treatments with ginkgolide A, ginkgolide B, and ginkgolide
C slightly decreased the ROS level, whereas 1 and 2mM bilob-
alide increased the ROS level during 2–4-h treatments.

Intracellular GSH Levels after Ginkgo biloba Leaf Extract,
Quercetin, or Kaempferol Treatment

GSH is a tripeptide whose major role is to maintain the intra-
cellular redox balance and to eliminate ROS toxicity. Intracel-
lular GSH and GSSG production were measured in the L5178Y
cells after 4-h treatment with G. biloba leaf extract, quercetin,
or kaempferol (Fig. 5). The intracellular GSH/GSSG ratio at
concentrations of 0.4–1.2 mg/ml G. biloba leaf extract was dra-
matically decreased (from 41.4 to 2.8). The GSH/GSSG ratios
after quercetin and kaempferol 4-h treatments were slightly in-
creased when compared with that of the vehicle control. In addi-
tion, we determined the intracellular GSH level after treatments
with four terpene lactones (Supplementary fig. 3). Ginkgolide B
(5mM) decreased the GSH level by 20% when compared with
the control, whereas ginkgolide A, ginkgolide B, and bilobalide
showed a little decrease (<10%).
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GENOTOXICITY OF G. BILOBA LEAF EXTRACT 7

FIG. 4. Measurement of reactive oxygen species (ROS) in L5178Y cells treated with Ginkgo biloba leaf extract (A), quercetin (B), and kaempferol (C).
L5178Y cells were treated with different concentrations of G. biloba leaf extract (0.2–1.2 mg/ml), quercetin (10–100�M), and kaempferol (10–200�M). The
ROS values were measured at 10 min, 0.5–6 h, and 24 h after adding the chemicals. Data are presented as mean ± 1 standard deviation measured from at least
three independent experiments with four parallel samples per concentration in each experiment.
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8 LIN ET AL.

FIG. 5. Measurement of GSH levels in L5178Y cells treated with Ginkgo
biloba leaf extract, quercetin, and kaempferol. L5178Y cells were treated with
different concentrations of G. biloba leaf extract (0.2–1.2 mg/ml), quercetin
(10–100�M), and kaempferol (10–200�M) for 4 h. Data are presented as mean
± 1 standard deviation measured from three independent experiments with four
parallel samples per concentration in each experiment.

LOH Analysis of the Tk Mutants Induced by Ginkgo biloba
Leaf Extract and its Two Constituents

LOH analysis of the Tk mutants was conducted using five
polymorphic microsatellite markers, including a marker within
the Tk locus, D11Mit42, D11Mit36, D11Mit20, and D11Mit74.
These microsatellite markers are distributed along the full
length of mouse chromosome 11. DNA was isolated from 93
mutants (48 LC and 45 SC) from the 1.2 mg/ml G. biloba
leaf extract treatment; 96 mutants (48 LC and 48 SC) from the
100�M quercetin treatment; and 94 mutants (48 LC and 46 SC)
from the 200�M kaempferol treatment (Table 2). All of the SC
mutants analyzed showed loss of heterozygosity at the Tk locus.
The LC mutants from the treatment with G. biloba leaf extract,
quercetin, or kaempferol showed Tk LOH in 44 of 48 (91.7%),
45 of 48 (93.8%), and 45 of 48 (93.8%), respectively. When
compared with the spontaneous mutant spectrum from 36 LC
and 33 SC previously reported in our lab (Wang et al., 2007), the
mutational spectra induced by G. biloba leaf extract, quercetin,
and kaempferol were all significantly different from those of the
vehicle control (p < 0.0001). Ginkgo biloba leaf extract (1.2
mg/ml) induced primarily mutants with chromosomal damage
<34 Mbp (from the Tk locus to D11Mit42). Quercetin (100�M)
treatment resulted in more mutants with damage ranging from
the Tk locus to D11Mit42, the Tk locus to D11Mit20, and the
Tk locus to D11Mit74. Kaempferol (200�M) treatment induced
more mutants from the Tk locus to D11Mit36 and D11Mit74
(Fig. 6).

DISCUSSION

There are many commercial products containing G. biloba
leaf extract and as with many natural products they can vary

FIG. 6. Comparison of the percentage of mutational types for all (large
and small) colonies produced in L5178Y cells treated with Ginkgo biloba leaf
extract, quercetin, and kaempferol. The mutants were collected from the MLA
conducted with top concentrations of G. biloba extract (1.2 mg/ml), quercetin
(100�M), and kaempferol (200�M). The data for vehicle control is from our
previous study (Wang et al., 2007). Data points are weighted sum of mutant
percentages from large and small colony mutants (the proportion of small colony
mutants for G. biloba leaf extract, quercetin, and kaempferol was 50, 48, and
62%, respectively).

in chemical analysis depending on many factors, e.g., strain,
climate, growth phase, processing, etc. Several initiatives have
been made to establish standardized preparative procedures,
analysis, and content of these products. Furthermore, target
analysis of major components may be achieved by mixing
different preparations (e.g., see van Beek and Montoro, 2009
for detailed discussions). Extract EGB 761, a standardized
G. biloba leaf extract commercially available in Europe, is a
well-defined product and contains about 24% flavonol glyco-
sides, 6% terpene lactones, and other constituents including
ginkgolic acids (<5 ppm), proanthocyanadins, glucose, rham-
nose, organic acids, and d-glucaric (EGb, 2003). Using the
traditional quality control method of high-performance liquid
chromatography (HPLC) separation with ultraviolet (UV) de-
tection, five commercial samples in the United Kingdom had
5.6–10.6% terpene lactones and 28.0–35.3% flavonoids (Ding
et al., 2006b). A survey of 27 G. biloba leaf extracts in the
U.S. market reported variations of 23–35% for flavonol gly-
cosides and 3.8–11.3% for terpene lactones, and a wide range
from <500 to 90,000 ppm for ginkgolic acids (Kressmann
et al., 2002b). Three pharmaceutical products and eight di-
etary supplements in Poland have also been analyzed and re-
ported to contain 0.17–7.26% terpene lactones, 0.53–27.98%
flavonoids, and 2–8053 ppm ginkgolic acids (Gawron-Gzella
et al., 2010). When compared with the declared amount, an-
other survey with 29 products in the Netherlands indicated that
the amount of terpene lactones varies between 27–358% and
the amount of flavonoids is between 86–418% (Fransen et al.,
2010). It should be noted that the G. biloba leaf extract used
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TABLE 2
Tk Mutants Analysis from L5178Y Cells Exposed to Ginkgo biloba Leaf Extract, Quercetin, and Kaempferol for the Loss of

Heterozygosity (LOH) at Five Loci Along the Chromosome 11

Microsatellites
Locationa

(Mbp (cM)) No. of large colony mutants (%) No. of small colony mutants (%)

Controlc GBE Que Kae Controlc GBE Que Kae

Non-LOHb 21 (58.3) 4 (8.3) 3 (6.3) 3 (6.3) 1 (3.0) 0 (0) 0 (0) 0 (0)
Tk 117.8 (82.96) 15 (41.7) 44 (91.7) 45 (93.8) 45 (93.8) 32 (97.0) 45 (100) 48 (100) 46 (100)
D11Mit42 113.1 (78.7) 12 (33.3) 32 (66.7) 41 (85.4) 44 (91.7) 29 (87.9) 38 (84.4) 37 (77.1) 40 (87.0)
D11Mit36 83.8 (51.23) 11 (30.6) 16 (33.3) 40 (83.3) 36 (75.0) 16 (48.5) 13 (28.9) 17 (35.4) 18 (39.1)
D11Mit20 44.7 (27.23) 5 (13.9) 11 (22.9) 19 (39.6) 36 (75.0) 13 (39.4) 4 (8.9) 13 (27.1) 11 (23.9)
D11Mit74 5.3 (3.52) 5 (13.9) 10 (20.8) 18 (37.5) 22 (45.8) 9 (27.3) 3 (6.7) 12 (25.0) 11 (23.9)
Mutants screened 36 48 48 48 33 45 48 46

Note. GBE: Ginkgo biloba leaf extract; Que: quercetin; Kae: kaempferol.
aLocus locations on chromosome 11 according to the database (Jackson Laboratory, Bar Harbor, ME, http://www.informatics.jax.org).
bRetain heterozygosity.
cData from the untreated control from Wang et al. (2007).

in the current study was not from commercial sources. It con-
tained 36.93% flavonol glycosides (19.58% quercetin, 14.54%
kaempferol, and 2.81% isorhamnetin), 13.09% terpene lactones
(6.88% bilobalode, 2.98% ginkgolide A, 1.20% ginkgolide B,
and 2.03% ginkgolide C) (NTP, 2013), which are comparable
to the products in market surveys.

In the present study, we first evaluated the in vitro genotox-
icity of G. biloba leaf extract and its eight constituents includ-
ing quercetin, quercetin-3-�-d-glucoside, kaempferol isorham-
netin, ginkgolides A, ginkgolide B, ginkgolide C, and bilob-
alide in the MLA. Gingko biloba leaf extract (Fig. 1) and three
of its constituents, quercetin, kaempferol, and quercetin 3-�-d-
glucoside (Table 1) induced significant MFs in the absence of
metabolic activation. Quercetin (at 30�M) showed a positive
response at lower concentrations than kaempferol (≥50�M) or
quercetin 3-�-d-glucoside (≥400�M). None of the four terpene
lactones tested showed a positive response without S9 metabolic
activation. Therefore, we evaluated these four chemicals and
isorhamnetin with S9 activation and found them to also be neg-
ative (nonmutagenic) in the presence of metabolic activation.
Based on the actual percentages of terpene lactones and flavonol
glycosides in G. biloba leaf extract that we used for this study,
the concentration of 1 mg/ml G. biloba leaf extract would be
approximately equivalent to about 647�M quercetin, 508�M
kaempferol, and 20–210�M for the other six constituents tested
in this study (Supplementary table 2). Therefore, the two com-
ponents, quercetin and kaempferol, appear to account for the
mutagenicity observed with the 1 mg/ml G. biloba leaf extract.

We further investigated if exposures to G. biloba leaf extract,
quercetin, or kaempferol result in DNA damage as measured
using the Comet assay. The Comet assay is a sensitive method
to detect DNA damage and the in vitro Comet assay can be a
useful alternative to cytogenetic assays in early genotoxicity or
photogenotoxicity screening of drug candidates (Witte et al.,
2007). The neutral Comet assay typically detects DNA DSBs

(Ostling and Johanson, 1984), whereas the alkaline Comet as-
say can measure DNA single-strand breaks, DSBs, and alkali-
labile sites (Singh et al., 1988). In our study, under the same
treatment conditions used with the MLA, the neutral Comet
assay demonstrated that G. biloba leaf extract, quercetin, and
kaempferol caused DSB DNA damage (Fig. 2). We also ob-
served DNA damage induced by G. biloba leaf extract (1.0
mg/ml), quercetin (≥30�M), and kaempferol (≥50�M) in the
alkaline Comet assay (data not shown). Although quercetin-3-
�-d-glucoside at concentration of 600�M induced 2-fold higher
DNA damage when compared with the control (Supplementary
fig. 1), this concentration is much higher than the concentra-
tion contained in 1 mg/ml G. biloba leaf extract. In addition,
quercetin-3-�-d-glucoside at concentration of 200�M and other
five constituents with the concentrations tested did not induce
DNA damage (Supplementary fig. 1).

It was previously reported that G. biloba leaf extract was
mutagenic in the Ames test with the strongest response in
strain TA98 in the presence of S9 (NTP, 2013), and it also
exhibited damage to human red blood cells by increasing cell
fragility and changing cellular morphology (He et al., 2009).
Both concentration- and exposure time-dependent cytotoxicity
following treatment with G. biloba leaf extract was observed in
human normal gingival HF-1 fibroblasts as well as human car-
cinoma SCC 1483, HSG, and HSC-2 cell lines (Babich et al.,
2009). Although toxicity data on G. biloba extract are limited,
the genotoxicity of some constituents of G. biloba leaf extract
has been well investigated. Quercetin was first shown in 1977
to be mutagenic in the Ames test both with and without S9
(Bjeldanes and Chang, 1977). Meltz and MacGregor (1981)
demonstrated that 20 �g/ml (66�M) quercetin increased (about
9-fold) the Tk mutant frequency in L5178Y cells and caused
DNA single-strand breaks using the alkaline elution technique.
Quercetin was shown to cause DNA damage using the alka-
line Comet assay in the bone marrow of mice (da Silva et al.,
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2002) and normal human lymphocytes and HepG2 cells (Duthie
et al., 1997). In addition, quercetin showed some evidence of
carcinogenic activity in an NTP 2-year study (NTP, 1992) and
it was carcinogenic to the rat intestine, bladder, and kidney
(Dunnick and Hailey, 1992; Pamukcu et al., 1980). Incuba-
tion of isolated rat liver nuclei with quercetin and kaempferol
resulted in a concentration-dependent decrease in the double-
strand DNA content concurrent with an increase in lipid per-
oxidation (Sahu and Gray, 1994; Sahu and Washington, 1991).
Both quercetin and kaempferol produced positive responses in
human lymphocytes using the Comet assay (Anderson et al.,
1997). The potency of quercetin was shown to be higher than
that of kaempferol at inducing chromosomal aberrations in V79
cells (Silva et al., 1997).

DNA damage, in particular generation of DSBs, triggers
phosphorylation of histone H2AX (� -H2AX) at serine-139 by
PI3-K like kinases, including ATM, ATR, and DNA-PKcs
(Burma et al., 2001). � -H2AX is often considered to be a bench-
mark of DNA damage, and it may be mediated by ATM or
ATR (Ward and Chen, 2001). When ATM or ATR is acti-
vated, they subsequently regulate the downstream proteins via
the phosphorylation, such as Chk2, Chk1, p53, or p21; all are
involved in DNA repair pathway and cell cycle (Kitagawa and
Kastan, 2005; McManus and Hendzel, 2005). In this study,
we detected expression changes in phosphorylated ATM, � -
H2AX, Chk2, and Chk1 after exposure to G. biloba leaf ex-
tract, quercetin, or kaempferol (Fig. 3). These protein expres-
sion changes support the observation that G. biloba leaf extract,
quercetin, and kaempferol indeed cause DSBs as indicated by
the neutral Comet assay (Fig. 2).

It is believed that some flavonoids such as quercetin
and kaempferol have both cytotoxicity/genotoxicity and
cytoprotective/genoprotective effects and the balance between
the protection of DNA from oxidative damage and prooxida-
tive effects is strongly dependent on flavonoid concentration
and the incubation period (Rusak et al., 2010). In this study,
we also investigated whether oxidative stress is a contributor to
G. biloba leaf extract, quercetin and kaempferol-induced geno-
toxicity in L5178Y cells. Ginkgo biloba leaf extract produced
dose-dependent pro-oxidant effects after 3-h treatment, based
on a time course measurement of intracellular ROS in L5178Y
cells (Fig. 4A). The increase in intracellular ROS (Fig. 4A) and
the parallel decrease in GSH levels (Fig. 5) are consistent with
the cytotoxicity and mutagenicity of G. biloba leaf extract (Fig.
1) being mediated by oxidative stress. This finding is consistent
with previous reports that G. biloba leaf extract (0.25–1 mg/ml)
yielded a linear increase in peroxide (H2O2 and superoxide an-
ion) in cell culture medium after a 2-h incubation with a dose-
dependent GSH depletion (Babich et al., 2009), and the con-
centrations of 0.1–0.2 mg/ml decreased the cellular GSH level
with a dose-dependent manner in human red blood cells (He
et al., 2009), both indicating the induction of oxidative stress.
In addition, G. biloba leaf extract has a dual action, both protec-
tive and disruptive, depending on whether an exogenous stress

is present and depending on the condition of the assays and dose
range used (He et al., 2009).

Interestingly, it seemed that the cytotoxicity and mutagenic-
ity of quercetin and kaempferol in L5178Y cells after 4-h treat-
ments (Table 1) did not result in oxidative stress under the
experimental conditions we applied, because both treatments
generally decreased the intracellular ROS, except for the ROS
levels at 10 min (Fig. 4B & 4C), and only slightly increased
GSH levels (Fig. 5). The reasons for this response, the oppo-
site of G. biloba leaf extract, are not clear. These results indi-
cated that both quercetin and kaempferol act as ROS scavengers
and antioxidants in our experimental conditions, although both
chemicals also have pro-oxidant activity and may be a source
of the ROS (Galati and O’Brien, 2004; Galati et al., 2002;
Sahu and Gray, 1996). Considering the natural flavonoids may
have polyvalent target sites in the cells, more studies involv-
ing different cell lines or primary cells and using precursors
are needed. It has been reported that quercetin with the concen-
trations <200�M increased intracellular GSH levels after 18-h
treatment in HepG2 cells whereas quercetin with the concen-
trations >200�M decreased GSH levels (Duthie et al., 1997),
and the depletion of the nuclear GSH and GST is responsible
for quercetin- and kaempferol-induced lipid peroxidation and
oxidative DNA damage (Sahu and Gray, 1996).

Oxidative stress could induce DNA strand breaks and dele-
tions. This DNA damage, which could be repaired by mitotic re-
combination or other mechanisms in the cells, may result in the
LOH (Wang et al., 2009) that we observed in the Tk mutants.
LOH is a common mutational event in the etiology of human
cancer (Honma et al., 2001). In our study, all small colony mu-
tants and >92% of large colony mutants induced by G. biloba
leaf extract, quercetin, and kaempferol lost heterozygosity at
the Tk locus (Table 2). Ginkgo biloba leaf extract, quercetin,
and kaempferol caused chromosomal effects involving different
lengths of chromosome 11 (Fig. 6) and their mutational spec-
tra were significantly different from those of the negative con-
trol. These results suggest that the mutagenicity caused by treat-
ment with these three test materials was generated by a clasto-
genic mode-of-action in L5178Y cells. It is clear, however that,
G. biloba leaf extract, quercetin, and kaempferol can also in-
duce point mutations because they are positive in the Ames test
(NTP, 1992, 2013; Resende et al., 2012). Previous studies in
other cell lines demonstrating both the induction of micronuclei
and chromosomal aberrations support our observed clastogenic-
ity induced by quercetin, and kaempferol (Carver et al., 1983;
Gaspar et al., 1994; NTP, 1992).

Few studies have investigated the mutagenicity of G. biloba
leaf extract in mammalian cells. In this study using mouse lym-
phoma L5178Y cells, we investigated the genotoxicity of G.
biloba leaf extract and its eight constituents, and explored its
underlying mechanisms. Ginkgo biloba leaf extract induced mu-
tations in the MLA and DNA damage in the Comet assay at the
dose of 1 mg/ml, and had a pro-oxidative effects with increased
intracellular ROS levels and decreased GSH levels when ap-
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plied at the doses over 0.4 mg/ml. Considering the percentages
of each constituent tested in this study, it is tempting to attribute
these observations with whole leaf extracts to the two compo-
nents of quercetin and kaempferol. However, it is worth noting
that at least 37 components have been identified in this extract
(NTP, 2013) and not all have been studied for their genotoxi-
city. The constituent(s) of G. biloba leaf extract which may be
responsible for the mutagenicity/genotoxicity and/or carcino-
genicity have not been definitively identified, and there could
be effects of the complex mixture that are not accounted for by
evaluation of select constituents as was done in this study.

Recently, the NTP carcinogenicity study indicated that G.
biloba leaf extract induced liver tumors in rodents and also tar-
geted thyroid and nose (NTP, 2013; Rider et al., 2013). Human
clinical studies have also been conducted using standardized
Gingko products against a placebo group (Biggs et al., 2010).
Although overall cancer incidence was similar in both groups,
statistically significant increases were observed in breast and
colon cancers, whereas prostate cancer was reduced in the treat-
ment group compared with the control group. These findings
should be cautiously viewed due to the small number of cancer
cases used in the study (Biggs et al., 2010). Our study provides
additional support for a genotoxic mechanism for G. biloba leaf
extract-induced carcinogenesis in rodents. Gingko products are
widely available in commercial products as dietary supplements
and top the list of the best-selling herbal products. Because they
are derived from botanical products using different methods
of preparation, the final product could vary considerably in its
chemical composition. Therefore, more studies on the mecha-
nism of genotoxicity and carcinogenicity of G. biloba leaf ex-
tract are warranted.

SUPPLEMANTARY DATA
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