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Abstract

Podophyllotoxin (POD) is a lignan-type toxin existing in many herbs used in folk medicine. Until now, no effective strategy is
available for the management of POD intoxication. This study aims to determine the protective effects of avonoids
(quercetin and kaempferol) on POD-induced toxicity. In Vero cells, both avonoids protected POD-induced cytotoxicity by
recovering alleviating G2/M arrest, decreasing ROS generation and changes of membrane potential, and recovering
microtubule structure. In Swiss mice, the group given both POD and avonoids group had significantly lower mortality rate
and showed less damages in the liver and kidney than the group given POD alone. As compared to the POD group, the POD
plus avonoids group exhibited decreases in plasma transaminases, alkaline phosphatase, lactate dehydrogenase, plasma
urea, creatinine and malondialdehyde levels, and increases in superoxide dismutase and glutathione levels. Histological
examination of the liver and kidney showed less pathological changes in the treatment of POD plus avonoids group. The
protective mechanisms were due to the antioxidant activity of avonoids against the oxidative stress induced by POD and
the competitive binding of avonoids against POD for the same colchicines-binding sites. The latter binding was confirmed
by the tubulin assembly assay in combination with molecular docking analyses. In conclusion, this study for the first time
demonstrated that the coexisting flavonoids have great protective effects against the POD toxicity, and results of this study
highlighted the great potential of searching for effective antidotes against toxins based on the pharmacological clues.
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Introduction (gentian roots) and Radix et Rhizoma Clematidis (clematis roots).
They can be easily mixed up and further increase the frequency of
intoxication incidences of POD [13]. Recently, a series of human
poisoning cases have been reported resulting from either overdose
or accidental ingestion of podophyllotoxin [14-19]. Aside from
neurological disturbance [20], patients also exhibited clinical signs
and symptoms such as vomiting, diarrhea, abdominal pain and
abnormal hepatic functions [14,21]. Currently, the available
therapeutic approaches intend to reduce these symptoms [22]
but no specific treatment is available for POD intoxications. Thus
discovery of effective antidotes is urgently needed.

Although herbal medicines are gaining more acceptances in all
over the world, their safety is a major obstacle for further
advancement as therapeuticals. Podophyllotoxin (POD), a natural
aryltetralin-type lignan, is widely distributed in many plant genera
including Podophyllum [1], Dysosma (2], Diphylleia [3] and Juniperus
[4] of the plant kingdom. These plants have been used in folk
medicines because of their potential antitumor [5], antimitotic [6],
antiviral [7], and insecticidal [8] activities. However, POD is well
known for its potent cytotoxic and neurotoxic properties [9], and is
nowadays used as the lead compound for the synthesis of the
clinically used anticancer agents etoposide, etopophos and
teniposide [10]. POD is a mitotic inhibitor that irreversibly binds
to tubulin, and interrupts the dynamic equilibrium between the
assembly and disassembly of microtubules, thereby inducing cell
cycle arrest at the G2/M phase [5]. Its mode of action is
comparable to that of the alkaloid colchicine.

The main deficiencies of podophyllotoxin include its poor
selectivity against tumor cells and a narrow therapeutic window.
Thus overdose of POD and herbs containing POD often result in
serious adverse reactions [11,12]. In addition, the appearances of
the roots of the above plants are similar to Radix Genetianae

Interestingly, not only various podophyllotoxins but also high
amount of flavonoids such as quercetin (QUE) and kaempferol
(KAE) are coexisting in the same POD containing herbs [1-3,23].
Flavonoids are a group of naturally occurring phenolic compounds
widely distributed in the plant kingdom [24]. Similar to Dysosma
versipellis and Sinopodophyllum hexandrum 23], Catharanthus roseus also
produces high concentration of flavonoids complementary to the
toxic vinca alkaloids [25]. In plants, flavonoids may function as
detoxifying agents through removing the reactive oxygen species
(ROS) and chelating with toxins [26]. Flavonoids are found to
locate within or in the proximity of centers of ROS generation in
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severely stressed plants [27], and the mechanism underlying
flavonoid-mediated ROS reduction in plants might be related to
the flavonoid-peroxidase reaction [28]. In an ecological context,
stress-related oxidative pressure may have been found to be a
major trigger for the distribution and abundance of flavonoids
[29].

Besides the physiological role in plants, flavonoids also
demonstrate displayed interesting pharmacological activities. They
have no significant safety concern and exhibit strong antioxidant
activity [30]. A large number of epidemiological studies suggest
that flavonoids may reduce the incidence of cancers, cardiovas-
cular and all-cause mortality [31-33]. Recently the flavonoid
QUE was found to bind to tubulin at the same colchicine site as
POD [34].

Due to the significant physiological role against the oxidative
stress in plants and the pharmacological role of binding to the
same colchicine site of tubulin as POD, we hypothesized that the
flavonoids coexisting in POD-containing plants might be used to
alleviate POD toxicity. In this work we used both i vitro and in vivo
assays to determine whether or not (a) QUE and KAE have any
protective effects against POD toxicity, and (b) the protective
effects are related to antioxidants.

Materials and Methods

Materials

POD, QUE and KAE (purity =99%, HPLC grade) were
purchased from Aladdin Reagent Co. (Shanghai, China). All cell
culture reagents were purchased from Invitrogen (Carlsbad, CA,
USA), and cell culture dishes and plates were obtained from
Corning Inc. (New York, USA). FITC-conjugated antibody was
from Millipore (Billerica, MA, USA). 3-[4,5 dimethylthiazol-2yl]-
2,5 diphenyl tetrazolium bromide (MTT), propidium iodide,
RNase A, rhodamine 123 (Rh123), 4',6-diamidino-2-phenyl-
indole  (DAPI), 2',7'-dichlorodihydrofluorescein  diacetate

150+

Cell viability(% control)

Figure 1. Effect of QUE, KAE, POD and their co-treatment on
cell viability changes in Vero cells in 48 h. Cell viability was
determined by MTT assay. The cell viability of cells treated with 0.5 uM
POD was reduced compared to the control. A significant increase of cell
viability was observed when cells were co-treated with QUE or KAE.
Cont-control, POD-podophyllotoxin, QUE-quercetin, KAE-kaempferol,
*p=0.05 compared to the control group, **p=0.01 compared to the
control group, #p=0.05 compared to the POD group, ##p=0.01
compared to the POD group.

doi:10.1371/journal.pone.0072099.g001
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(DCFH-DA), Rosup and mouse monoclonal anti-tubulin antibody
were purchased from Sigma-Aldrich Co. (St. Louis, USA).

Ethics Statement

This study was conducted in strict accordance with the “Guide
for Care and Use of Laboratory Animals” published by the
National Institutes of Health and the ethical guidelines of the
International Association for the Study of Pain. The protocol was
approved by the Animal Care and Use Committee of the Institute
of Traditional Chinese Medicine and Natural Products, Jinan
University, China (Permit Number: 20100927).

Cell Culture

Green monkey kidney cells (Vero) were gifts from Prof. Yi-Fei
Wang in Jinan University, which was obtained from American
type culture collection (Manassas, VA, USA). Cells were main-
tained as monolayer cultures in RPMI-1640 medium supplement-
ed with 10% fetal bovine serum, 100 units/ml penicillin and
streptomycin at 37°C in a 5% COy humidified atmosphere before
tests.

Cell Viability - MTT Assay

Cell viability was determined using the MTT colorimetric assay
[35]. Briefly, 5000 cells per well were seeded into the 96-well plates
and allowed to adhere overnight. Cells were then treated with
samples at the indicated concentrations. MTT reagent (0.5 mg/
ml) was added after 48 h incubation and then incubated for 4 h.
Then, culture fluids were removed, 200 pl DMSO was added.
Positive drug controls (Paclitaxel) were included to monitor drug
sensitivity of each of the cell lines. Results were determined using a
microplate reader (TECAN Spectra II Plate Reader, Research
Triangle Park, N.C.) at 570 nm.

Cell Cycle Analysis - Flow Cytometry

To evaluate the percentages of cells at the various stages of the
cell cycle, flow cytometric analysis of nuclear DNA content was
performed. Following 48 h treatment, cells were harvested with
trypsin, washed with PBS, fixed in cold (—20°C) 75% ethanol in
PBS, and then stored in 75% ethanol at 4°C. Immediately before
FACS analysis, fixed cells were washed with PBS, resuspended in
DNA staining solution (0.02 mg/ml propidium iodide and 20 mg/
ml RNase A in PBS), and incubated at room temperature for
30 min. Subsequently, cell cycle distribution (DNA histograms)
was analyzed by FACSCalibur analysis (Cytomics FC500 ow
cytometer, Beckman Colter, Miami, FL, USA). Data analysis was
performed using ModFit L'T' software for cell cycle profiles.

Analysis of Cell Membrane Potential and Generation of
Reactive Oxygen Species (ROS)

The changes of the mitochondrial membrane potential with
various treatments in Vero cells were measured by Rh123 using
flow cytometer. Briefly, after pretreated with different samples for
48 h, cell membrane potential was measured directly using 10 g/
ml Rh123. Fluorescence was measured after staining the cells for
5-10 min at 37°C. At least 10000 events were evaluated with
excitation set at 485 nm and emission monitored at 530 nm.

DCFH-DA is a nonfluorescent compound that is oxidized to the
fluorescent 2’,7'-dichlorofluorescin (DCFH) in the presence of
oxidants, which could be quantified using a microplate reader.
Vero cells were plated into a 24-well plate for 24 h prior the
experiment. On the following day, cells were incubated with
10 uM of DCFH-DA at 37°C for 20 min, then cells were rinsed
with PBS and were subsequently treated with different samples for
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Figure 2. Protective effects of QUE and KAE on POD induced cell cycle arrest. A: control group, B: KAE-50 uM, C: POD-0.5 uM +KAE-
12.5 uM, D: POD-0.5 UM +KAE-25 uM, E: POD-0.5 uM +KAE-50 uM, F: POD-0.5 uM, G: QUE-50 uM, H: POD-0.5 UM +QUE-12.5 uM, I: POD-0.5 uM
+QUE-25 uM, J: POD-0.5 uM + QUE-50 uM. After 48 h exposure, cells were harvested and stained with PI, and the cell cycle distribution was analyzed

by flow cytometry. POD-podophyllotoxin, QUE-quercetin, KAE-kaempferol.

doi:10.1371/journal.pone.0072099.9002

about 1 h. As a positive control experiment, cells were treated with
50 mg/ml Rosup for 30 min at 37°C before performing the assay.
And the fluorescent signals were measured with 488 nm excitation
and 525 nm emission wavelengths using a microplate reader
(TECAN Spectra II Plate Reader, Research Triangle Park, N.C.).
Experiments were done in triplicate.

Immunouorescence Microscopy

Immunouorescence microscopy was performed as described
previously [36]. Briey, cells seeded on cover-slips in 6-well plates
were treated with each compound for 48 h in duplicate. Cells were
fixed with 4% paraformaldehyde and nonspecific antibody binding

Ovarlay Plot 1

Bc E F

sites were blocked by incubating with 5% BSA in PBS at 37°C for
15 min. Primary antibody for tubulin and fluorescence-labeled
secondary antibody were subsequently added to the cells. Cell nuclei
were stained by DAPI. Images were taken by using a Confocal Laser
Scanning Microscope (Olympus, Japan) with overlays from separate
images of tubulin (green) and nuclei (blue).

Inhibition of Purified Tubulin Assembly

Polymerization assays for purified tubulin were performed using
the Tubulin Polymerization Assay kit (BKOO6P, Cytoskeleton,
Denver, CO) according to the instructions of manufacturer.
Briefly, tubulin protein (>99% purity, 3 mg/ml) was mixed with

Figure 3. Protective effects of QUE and KAE on POD induced change of cell membrane potential. A: control group. B: QUE-20 uM. C:
KAE-20 uM. D: POD-0.5 uM + QUE-20 uM; E: POD-0.5 uM +KAE-20 uM; F: POD-0.5 uM. Cells were harvested after treated 48 h and stained with

Rh123, and the cell membrane potential was analyzed by flow cytometry.

doi:10.1371/journal.pone.0072099.g003
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Figure 4. QUE and KAE suppressed POD induced ROS
generation. Quantifications of ROS in Vero cells determined by the
oxidation of DCFH-DA dye. Cont-control, POD-podophyllotoxin, QUE-
quercetin, KAE-kaempferol.

doi:10.1371/journal.pone.0072099.g004

different concentrations of POD, QUE, KAE in Tubulin Glycerol
Buffer (BST05-001, Cytoskeleton, Denver, CO). Buffer composi-
tion was 80 mM piperazine-N,N'-bis (2-ethanesulfonic acid)

Alleviation of Podophyllotoxin Toxicity

sequisodium salt; 2.0 mM magnesium chloride; 0.5 mM ethylene
glycol-bis(b-amino-ethyl ether) NNV N -tetraacetic acid, 60% v/
v glycerol, pH 6.9. Microtubule polymerization was monitored at
37°C by light scattering at 340 nm using a multi-well spectropho-
tometer (Synergy HT, Bio-Tek). The resulting plateau absorbance
values were used for all subsequent calculations. 10.0 uM
pacilitaxel was used as positive control.

Molecular Docking

The structures of POD, QUE and KAE were minimized using
the Tripos force field and Gasteiger-Hiickel charge with distance
dependent dielectric and conjugate gradient method with conver-
gence criterion of 0.01 kcal/mol by Sybyl 7.3 (Tripos, Inc). The
crystal structure of tubulin protein complex with inhibitor
podophyllotoxin was retrieved from Brookhaven Protein Data
Bank (PDB entry:1SA1) [37]. Then the GTP molecules, ligand
POD and all waters were removed, and the complex composed of
protein chains A and B was retained after manual inspection.
Hydrogen atoms and charges were added during a brief relaxation
performed using the Protein Preparation module in Maestro with
the “preparation and refinement” option, and a restrained partial
minimization was terminated when the root-mean-square devia-
tion (rmsd) reached a maximum value of 0.3 A in order to relieve
steric-clashes. After the structures of protein, POD, QUE and
KAE were carefully prepared, the prediction by Glide was
performed with Maestro v7.5 (Schrodinger, Inc.) [38] in extra-
precision mode, with up to 10 poses saved per molecule. And the

Figure 5. The effects of QUE and KAE on the interphase microtubules of Vero cells examined using immunouorescence microscopy.
A: Control group; B: QUE-50 uM; C: POD-0.5 uM +QUE-50 uM; D: POD-0.5 puM; E: KAE-50 uM; F: POD-0.5 pM +KAE-50 uM. POD-podophyllotoxin, QUE-

quercetin, KAE-kaempferol.
doi:10.1371/journal.pone.0072099.g005
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Figure 6. Effect of various concentration of QUE, KAE, POD and their co-treatment on microtubule polymerization. Paclitaxel was
used as positive control. POD-podophyllotoxin, QUE-quercetin, KAE-kaempferol.

doi:10.1371/journal.pone.0072099.g006

docking results were evaluated by G-score. Finally, the interactions
between the POD, QUE and KAE with tubulin protein were
carefully analyzed by Pymol and Ligplot (DeLiano Scientific, San
Carlos, CA, 2002) [39].

Animals, Experimental Design, Plasma and Tissue
Collections

Male Swiss mice (202 g) were procured from the Center of
Experimental Animals in Sun Yat-sen University, Guangzhou,
China. Animals were caged in groups of five and given food and
water ad libitum. After one week of acclimation, animals were
randomized into 6 groups (10 animals each). The first group was
served as the control. Group 2, 3 and 4 were treated with POD
(40 mg/kg body weight), QUE (150 mg/kg body weight) and KAE
(150 mg/kg body weight), respectively. Group 5 and 6 were treated
with POD in combination with QUE or KAE. POD, QUE or KAE
were firstly dissolved in dimethyl sulfoxide (DMSO) to prepare the
stock solutions and stored at —20°C until use. Then POD, QUE and
KAE were diluted with 0.5% carboxymethyl cellulose (CMC) for
oral administration. All groups were administered daily for 3 days,
and observed for mortality up to 7 days.

Mice were monitored daily for health status, and sacrificed
under anesthesia 24 h after the last treatment. This assay was
repeated for three times. Blood was drawn from the heart for
serum biochemical assays of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), lactate dehydrogenase (LDH),
blood urea nitrogen (BUN) and creatinine (Cr), and stored at
—80°C until assay. Portions of the liver and kidney were
immediately removed, weighed and washed using chilled saline
solution. For histopathological analysis, one lobe of the liver and

PLOS ONE | www.plosone.org

right kidney was fixed in 10% formalin. The remaining parts of
the liver and kidney were minced and homogenized (10% w/v) in
ice-cold 0.15% KCI-0.1 M phosphate buffer (pH 7.4) in a Potter-
Elvehjem homogenizer. The tissue homogenates were stored at
—20°C for the assays of alkaline phosphatase (AKP), level of
reduced glutathione (GSH), malondialdehyde (MDA), superoxide
dismutase (SOD) and protein content.

Histopathological Section Preparation

For each mouse, three specimens from different regions of liver
and kidney were collected and fixed in 10% formalin in PBS at
room temperature overnight. Dehydration of tissue specimens in
ascending grades of alcohol was performed. Impregnation of
tissues in melted paraffin wax was done in the oven at 60°C for
one hour. Tissues were embedded with melted hard paraffin, then
left to solidify at room temperature to form blocks. The paraffin-
embedded tissue sections (5 mm) were stained with hematoxylin
and eosin (H&E) using standard techniques. Examination of
sections from all groups under light microscope and assessment of
various groups was performed.

Biochemical Parameters

The activities of AST, ALT, LDH, Cr and BUN in serum and the
levels of AKP, MDA, SOD and GSH in liver homogenate were
determined photometrically in accordance with the manufacturer’s
protocol by using commercially available enzymatic assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing City, P. R.
China). All the experiments described in this section were performed
in triplicate to obtain means and standard deviations (SD).

August 2013 | Volume 8 | Issue 8 | 72099
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Figure 7. The binding mode of POD, KAE or QUE with tubulin. (A) POD. (B) KAE. (C) QUE. All interactions were analyzed by Pymol and Ligplot.
POD-podophyllotoxin, QUE-quercetin, KAE-kaempferol.
doi:10.1371/journal.pone.0072099.g007
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Figure 8. Effects of QUE, KAE, POD and their co-treatment on food taken, body weights of mice. Cont-control, POD-podophyllotoxin,
QUE-quercetin, KAE-kaempferol. *p=0.05 compared to the control group, **p=0.01 compared to the control group, #p=0.05 compared to the POD

group, #*#p=0.01 compared to the POD group.
doi:10.1371/journal.pone.0072099.g008

Statistical Evaluation

Data were expressed as mean = SD. Statistical analysis was
carried out using SPSS 18.0 software. Statistical significance was
determined by Student’s ¢ test. A probability of less than or equal
to 0.05 was considered to be statistically significant.

Results

Effect of QUE, KAE, POD and their Co-treatment on Cell
Viability Changes

The protective effects of QUE and KAE against POD-induced
cell death were measured in cultured Vero cells by MTT. Cells
were either treated with POD alone or co-treated with QUE and
KAE for 48 h. POD alone significantly inhibited the cell viability
with an IC5q of ~0.47 uM. At 0.5 uM, POD showed ~43.3% cell
viability. Therefore, 0.5 UM POD was chosen for subsequent
experiments. However, the viability of cells showed no significant
change when they were treated with QUE or KAE up to 50 uM
as compared to that of the control. As shown in Fig. 1, a significant
increase of cell viability was observed when cells were co-treated
with POD and QUE (>25 uM) or POD and KAE (>12.5 uM) as
compared with POD alone, and this protective effect was in a dose
independent manner. Taken together, it suggests that POD
induced a significant inhibition of proliferation in Vero cells, while
QUE and KAE had a protective effect on POD-induced
cytotoxicity.

Protective Effects of QUE and KAE on POD Induced Cell
Cycle Arrest

Uncontrolled cell division can lead to programmed cell death.
The percentages of cell cycle were determined by flow cytometry.
After a 48 h treatment exposure to 0.5 pM POD, ~66.6% of cells
were observed at G2/M phase as compared with ~10.2% of
control cells (Fig. 2). Thus POD caused a significant G2/M phase
arrest. In contrast, the cell cycle distributions of either QUE- or
KAE-treated cells seemed similar to the vehicle controls. In
addition, the ratios of cells at G2/M phase were reduced to
~46.0%, 12.0%, 9.3% by POD co-treatment with QUE in the
concentration of 12.5 uM, 25 uM and 50 uM, and to ~43.4%,
13.2%, 8.7% by POD co-treatment with KAE at the concentra-
tions of 12.5 uM, 25 pM and 50 UM, respectively (Fig. 2). Thus,
both QUE and KAE had protective effects on POD-induced cell
cycle arrest at G2/M phase.

Protective Effects of QUE and KAE on POD-induced

Changes of Cell Membrane Potential
Mitochondrial membrane potential is a marker of mitochondria
functions, and is often associated with ROS generation. The cell

PLOS ONE | www.plosone.org

membrane potential was measured based on the mean fluores-
cence intensity of live Vero cells through Rh123 staining. As
shown in Fig. 3 higher level of fluorescence was achieved after a
48 h exposure to 0.5 UM of POD (~36.8) as compared with the
control (~9.5). Meanwhile, the fluorescence level of either QUE-
and KAE-treated cells seemed similar to that of the vehicle
controls. The fluorescence levels for POD (0.5 pM) co-treatment
with QUE (20 uM) or KAE (20 uM) were ~21.1 and ~21.4,
respectively (Fig. 3). In concordance with MTT result and cell
cycle analyses shown above, co-treatment of QUE or KAE could
decrease POD-induced increase of fluorescence level in a dose
dependent manner. Therefore, QUE and KAE had protective
effects on POD-induced changes of cell membrane potential.

QUE and KAE Suppressed POD-induced ROS Generation

Since ROS played an important role in cell death and the
change of mitochondrial membrane potential was considered to be
related to ROS production, we next investigated the intracellular
ROS formation using a fluorescent sensitive probe (DCFH-DA).
As presented in Fig. 4, the generation of ROS was due to POD
toxicity. POD at 0.5 UM increased ROS level by about 1.5-fold
when compared with the control. Simultaneous treatment with
QUE or KAE with POD caused a decrease in the ROS level as
compared to the POD alone, and sometimes even reduced ROS
below the basal level, which was similar to the treatment with
either QUE or KAE alone. Therefore, POD-induced ROS
generation could be blocked by flavonoids at both 25 and 50 uM.

Effects of QUE and KAE on POD-induced Microtubules
Depolymerization

The effects of QUE and KAE on the interphase microtubules of
Vero cells were examined using Immunouorescence microscopy
(Fig. 5). Control cells showed typical interphase microtubule
organization. As shown in Fig. 5, treatment of cells with 0.5 pM
POD for 48 h led to a complete depolymerization of the
microtubule cytoskeleton. Some cells were micronucleated or
arrested in prometaphase with a ball or rosette of condensed DNA
and no mitotic spindle was observed [6]. The POD-induced
mitotic arrest was accompanied by net microtubule depolymer-
ization. However, the effect of 50 M either QUE or KAE on the
interphase microtubule network was not apparent. Meanwhile, the
QUE or KAE in combination with POD group had a significant
higher microtubule density than the POD alone group. Therefore,
QUE and KAE could antagonize the POD-induced microtubules
depolymerization.

Polymerization assays on purified tubulin were performed by
a tubulin polymerization assay kit. POD showed inhibitory
effect on tubulin polymerization in a dose-dependent manner.
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Figure 9. Histological changes of the liver and kidney tissues treated with POD alone and in combination with flavonoids. (A) Control
of liver tissues. (B) QUE treatment of liver tissues. (C) KAE treatment of liver tissues. (D) POD treatment of liver tissues. (E) POD+QUE treatment of liver
tissues. (F) POD+KAE treatment of liver tissues. (G) Control of kindney tissues. (H) QUE treatment of kindney tissues. (I) KAE treatment of kindney
tissues. (J) POD treatment of kindney tissues. (K) POD+QUE treatment of kindney tissues. (L) POD+KAE treatment of kindney tissues. Sections were
stained with hematoxylin and eosin (400 x). POD-podophyllotoxin, QUE-quercetin, KAE-kaempferol.

doi:10.1371/journal.pone.0072099.g009

As shown in Fig. 6, POD exhibited about 50% inhibitory
activities on tubulin polymerization at 5.0 uM. Interestingly,
QUE or KAE enhanced the tubulin polymerization at
concentrations of 20.0 uM and 50.0 uM. The lines of
combination groups, POD (5.0 uyM+QUE (20.0 uM), POD
(5.0 UM)+KAE (20.0 uM), POD (5.0 uM)+QUE(50.0 pM), and

PLOS ONE | www.plosone.org

POD (5.0 uM+KAE (50.0 uM), were between the lines of
POD, QUE and KAE, and the inhibition rates were about

22.2%, 23.5%, 17.9%, 19.7%, respectively. These results
implied that QUE and KAE could decrease POD-induced
inhibition of tubulin polymerization.
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Figure 10. Protective effects of QUE and KAE on POD induced liver damages. Cont-control, POD-podophyllotoxin, QUE-quercetin, KAE-
kaempferol, AKP-alkaline phosphatase, ALT-alanine aminotransferase, AST-aspartate aminotransferase, LDH-lactate dehydrogenase, *p=0.05
compared to the control group, **p=0.01 compared to the control group, #p=0.05 compared to the POD group, #*#p=0.01 compared to the POD

group.
doi:10.1371/journal.pone.0072099.g010

Comparison of the Interaction Modes between the POD,
QUE or KAE with Tubulin

We compared the binding modes of tubulin with POD, QUE or
KAE. The modeling data of POD (Fig. 7A) indicated that the C-4
hydroxyl group hbonded with the carboxyl group of Thr179 in
chain A and C-12 carbonyl group hbonded with the backbone of
Leu255 in chain B. While in the tubulin/QUE complex (Fig. 7C),
the 5-OH and 7-OH groups hbonded with Thr179 in chain A and

Thr353 in chain B, respectively, and both 3’-OH and 4'-OH in
the phenyl ring hbonded with Val238 in chain B. Similarly, in the
tubulin/KAE complex (Fig. 7B), 5-OH and 7-OH groups also
hbonded with Thrl79 in chain A and Thr353 in chain B,
respectively, and the only 4'-OH hbonded with Val238 in chain B.
The docking G-score for POD-, QUE- and KAE-docking results
of G-score were —9.78, —9.08, and —8.16, respectively. Thus,
though POD, QUE and KAE exhibited strong interactions with

Table 1. Protective effects of QUE and KAE on Liver function in mice®.

Group AST(U/L) ALT(U/L) AKP-Serum(U/L) AKP-Liver(U/gprot) LDH (U/L)
Control 14.97£0.997# 19.94+0.847# 15.52+0.80% 23.83+4.247 3778.02+1037.92%
QUE 15.64+1.567% 20.32+1.47%# 14.89+3.86% 24.47+4.22% 3829.04+902.50%
KAE 15.07+£1.23%# 19.58+0.97%# 15.73£2.79% 23.64+3.53% 3689.06+873.76%
POD+QUE 45.12+497%+#7# 60.74+6.17**#7# 17.55+6.35 28.93+3.81 4521.74+1032.67%
POD-+KAE 46.56+4.36**77 78.22+9.47% 16.29+5.06 31.87+851% 5854.32+991.02
POD 154.01+14.75%¢ 109.17+8.85** 24.47+7.07* 31.44+8.23* 6357.84+674.30*

*indicates significantly different from control at p=0.05.
**indicates significantly different from control at p=<0.01.
#indicates significantly different from POD group at p=0.05.
##indicates significantly different from POD group at p=0.01.
doi:10.1371/journal.pone.0072099.t001
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“Mice were given a dose of QUE (150 mg/kg), KAE (150 mg/kg), POD (40 mg/kg), POD (40 mg/kg)+QUE(150 mg/kg), POD (40 mg/kg)+KAE (150 mg/kg), treated by
intragastrical administration for 3 days. Mice were sacrificed under anesthesia 24 h after the last treatment. Values represent mean=SE.
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Figure 11. Protective effects of QUE and KAE on POD induced kidney damages. Cont-control, POD-podophyllotoxin, QUE-quercetin, KAE-
kaempferol, BUN-blood urea nitrogen, Cr-creatinine, *p=0.05 compared to the control group, **p=0.01 compared to the control group, #p=0.05

compared to the POD group, ## p=0.01 compared to the POD group.
doi:10.1371/journal.pone.0072099.g011

tubulin, they adopted different binding modes, which would
account for the antagonizing effect of QUE or KAE against the
POD-induced microtubules depolymerization.

Effects of QUE, KAE, POD and their Co-treatment on

Mortality, Food Intake, and Body Weights of Mice

The POD-treated (40 mg/kg) mice started to die on Day 3 after
treatment, and the total mortality was 80.0% on Day 7. In the co-
treatment groups (40 mg/kg POD plus 150 mg/kg QUE or
KAE), first animal death was observed on Day 4 and the total
mortality was 20% and 30% mortality on Day 7, respectively. No
death was observed in mice treated with QUE or KAE (150 mg/
kg) alone.

Body weights and food intake were monitored throughout the
experiment as indications of adverse effects. Exposure to POD in
mice caused significantly decrease in body weight (27.0%) and
food intaken (95.9%) as compared with the control group (Fig. 8).
No significant effects on body weight and food intake were
observed in mice treated with QUE or KAE as compared to the
control. The decreases of body weights (19.5%, 18.4%) and food
intakes (59.3%, 53.1%) in the groups given POD plus QUE or
KAE were much less than those of the POD group; these results
indicated less toxicity of the co-treatment groups (Fig. 8). Thus,

Table 2. Protective effects of QUE and KAE on Kidney
function in mice®.

QUE and KAE could improve the health status in POD-
poisoning.

Histological Examination

Examination of liver sections of the untreated group revealed
normal hepatic architecture with cords of hepatocytes radiating
from the central vein. The hepatocytes appeared polyhedral in
shape with well defined boundaries and granular cytoplasm. Each
cell exhibited a round vesicular, centrally located nucleus and
open sinusoidal spaces (Fig. 9A). Groups treated with QUE or
KAE alone showed the same normal histology of control (Fig. 9B,
Q). Liver sections of mice that received POD alone revealed
vacuolated with fatty degeneration, particularly the cells of the
periportal regions (Fig. 9D). Administration of QUE in combina-
tion with POD resulted in satisfactory protection against POD-
induced fatty degeneration. The classical hepatic architecture was
preserved with apparently normal hepatocytes (Fig. 9E). Mean-
while, concomitant administration of KAE with POD resulted in
partial preservation of general histological appearance of liver.
Many hepatocytes still exhibited vacuolated cytoplasm (Fig. 9F).

Similarly, the transverse sections of the kidneys in the control
group showed well-developed glomerulus with normal tubular

Table 3. Effects of QUE and KAE treatment on POD induced
oxidative stress in mice®.

MDA (nmol/ SoD (U/ GSH (mg GSH/
Group BUN(mM) Cr( uMm) Group mgprot) mgprot) gprot)
Control 15.92+5.37%7 4587+15277% Control 2.58+0.81%7 6.55+0.527 1.47+0.1077%
QUE 16.34+2.39%7 47.78+0.937% QUE 2.46+0.82%7 6.76+0.647 1.56+0.12%%
KAE 15.59+3237%# 46.72+1.03%7" KAE 2.62+0.977% 6.64+0.537 1.59+0.13%#
POD+QUE 19.08+7.19%# 73.66+7.70" POD+QUE 436+1.11% 6.68+0.97" 1.35+0.20"
POD+KAE 36.07+11.80%* 94.77+7.62% POD+KAE 4.44+1,02% 5.98+0.67 1.13%0.16
POD 47.17+12.42%% 130.19+5.09%* POD 5.08+0.71%* 5.42+0.45% 1.02+0.07%*

“Mice were given a dose of QUE (150 mg/kg), KAE (150 mg/kg), POD (40 mg/
kg), POD (40 mg/kg)+QUE(150 mg/kg), POD (40 mg/kg)+KAE (150 mg/kg),
treated by intragastrical administration for 3 days. Mice were sacrificed under
anesthesia 24 h after the last treatment. Values represent mean * SE.
*indicates significantly different from control at p=0.05.

**indicates significantly different from control at p=0.01.

#indicates significantly different from POD group at p=0.05.

##indicates significantly different from POD group at p=0.01.
doi:10.1371/journal.pone.0072099.t002
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“Mice were given a dose of QUE (150 mg/kg), KAE (150 mg/kg), POD (40 mg/
kg), POD (40 mg/kg)+QUE(150 mg/kg), POD (40 mg/kg)+KAE (150 mg/kg),
treated by intragastrical administration for 3 days. Mice were sacrificed under
anesthesia 24 h after the last treatment. Values represent mean=SE.
*indicates significantly different from control at p=0.05.

**indicates significantly different from control at p=<0.01.

#indicates significantly different from POD group at p=0.05.

##indicates significantly different from POD group at p=0.01.
doi:10.1371/journal.pone.0072099.t003
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Figure 12. Protective effects of QUE and KAE on POD induced oxidative stress. Cont-control, POD-podophyllotoxin, QUE-quercetin, KAE-
kaempferol, GSH-glutathione, MDA-malondialdehyde, SOD-superoxide dismutase, *p=0.05 compared to the control group, **p=0.01 compared to
the control group, #p=0.05 compared to the POD group, #*# p=0.01 compared to the POD group.

doi:10.1371/journal.pone.0072099.g012

cells (Fig. 9G). Groups treated with QUE or KAE alone showed
the same normal histology as in the control (Fig. 9H, I). Kidney
sections of mice that received POD alone showed swelling of
glomeruli, decrease in the Bowman capsule, and increase in
tubular cells (Fig. 9J). Co-administration of QUE with POD
resulted in apparently preservation of general histological appear-
ance of kidney with better developed glomerulus than the POD
POD-treated group (Fig. 9K). While, administration of KAE with
POD resulted in partial preservation against POD-induced
glomerulus changes (Fig. 9L).

Protective Effects on Liver Functions

Hepatotoxicity i1s generally associated with elevated plasma
levels of ALT, AST, LDH and AKP [40,41]. Treatment with
POD for 3 days resulted in a significant (p<<0.05) increase in the
levels of ALT (5.5 fold), AST (10.2 fold), LDH (1.7 fold), AKP in
serum (1.6 fold) and AKP in liver tissue (1.3 fold) as compared to
the control. Interestingly, simultaneous treatment with QUE and
POD in mice caused decreases in the activities of ALT (55.6%),
AST (29.3%), LDH (71.1%) and AKP in serum (71.7%) as
compared to mice treated with POD alone. Similarly, simulta-
neous treatment with KAE and POD in mice caused decreases in
the activities of ALT (71.6%), AST (30.2%), LDH (92.1%) and
AKP in serum (66.6%) as compared to mice treated with POD
alone. No significant changes in the ALT, AST, LDH and AKP
activities were observed in mice treated with QUE or KAE as
compared to controls. (Fig. 10, Table 1).

Protective Effects on Kidney Functions

Kidney functions were monitored by measuring the plasma
levels of BUN and Cr. The results indicated that POD caused a
significant (p<<0.05) increases in BUN and Cr levels. Treatment
with QUE or KAE alone did not affect the tested parameters.
However, in the combinations with POD, QUE significantly
alleviated the distortion in these biochemical parameters, suggest-
ing an amelioration of the impairment of kidney functions.
However, KAE resulted in no significant protection against POD-
induced kidney functional changes (Fig. 11, Table 2).

Effects on Oxidative Stress

Exposure to POD significantly decreased the SOD and GSH
levels but increased the MDA level in the liver tissues as compared
with the control group (Fig. 12 and Table 3). Treatment with
QUE or KAE alone did not affect any of these tested parameters.
However, simultaneous treatment QUE with POD in mice caused
a decrease in the activity of MDA level but increased SOD and
GSH levels as compared with the POD group. But, KAE had no
significant protection against the oxidative injury (Fig. 12, Table 3).
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Discussion

It has been estimated by the World Health Organization that
approximately 80% of the world’s population were using folk
medicine for primary health care [42], and these folk medicines were
often administrated without prescriptions. Plants containing POD
and its analogues were used in folk medicines as agents for treating
snake bites [21,43], cancer, viral infection and astriction [44].
Because of'its poor selectivity and small therapeutic index, POD has
been incriminated in many poisoning cases as a result of either
overdose or accidental ingestion [14-16,18,19]. Major disturbances
include symptoms in gastrointestinal tract such as vomiting, diarrhea
and abdominal pain [14,21] and sometimes even neurological
disorders [44]. Oxidative damages and inhibition of mitosis
(disruption of microtubules) are believed to be the underlying
mechanisms of these changes observed in the animals intoxicated by
POD [45]. The available therapeutic approaches include induction
of vomiting, gastric lavage, infusion, fluid and electrolyte replace-
ment, cardiovascular and respiratory support [21]. So far, no
specific antidote is available for treating POD intoxications.

During our on-going project to search for effective antidotes
from natural products, we had reported on the promising role of
curcumin as a protective agent against the POD poisoning [46].
Clonsidering the physiological (co-existence of flavonoids and POD
in Dysosma versipellis [2], the antioxidant properties of flavonoids in
plants) and the pharmacological roles (tubulin-binding properties),
the protective effects of QUE and KAE were investigated. We
found that co-treatment with QUE or KAE significant decreased
POD induced cell death, ROS generation and changes of
membrane potential, and antagonized the POD-induced inhibi-
tion of the tubulin polymerization, suggesting that QUE and KAE
could offer protections by preserving the structural integrity of the
Vero cells and competing for the POD-binding sites on tubulin,
which was further confirmed by the subsequent molecular docking
study. The docking G-score of POD, QUE and KAE were —9.78,
—9.08 and —8.16, respectively, suggesting that both QUE and
KAE had lower but comparable binding affinity to tubulin as
POD. Furthermore, high doses of QUE or KAE might induce a
conformational change of tubulin, which might decrease the
binding affinity of POD. It is noteworthy that both KAE and QUE
enhanced tubulin-polymerization but showed no effect on the cell
cycle in normal Vero cells used in this study. The normal cells are
different from the cancer cells. It was reported that exposure to
50 uM KAE in some cancer cells (HL-60, PC3, human hepatic
cancer cells) [47-49] could increase the proportion of cells in the
G2-M phase and a decrease in the proportions of cells in the G1
and S-phases. In contrast phytoestrogens including QUE were
found to be safe for the Vero cells up to 50 uM [50].
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Significant increases in mortality, histopathological changes and
related biochemical markers, such as ALT, AST, AKP, LDH,
BUN and Cr, were observed after the POD treatment, indicating
the presence of serious hepatotoxicity [40] and renal toxicity [51].
Co-treatment with POD with either QUE or KAE significantly
decreased the mortality rate of Swiss mice and the corresponding
biochemical markers in the liver and kidney. Thus our results
showed that QUE and KAE could provide both in vitro and in vivo
protections against POD toxicity. In addition, treatment of POD
also led to serious neurological disorders as revealed by the
unsteady movement behavior. Co-treatment with QUE or KAE
significantly improved the movement behavior (data not shown),
which was consistent with the prevous report that KUE (20 and
40 mg/kg, p.o.) had a neuroprotective effect against colchicine-
induced cognitive dysfunctions and oxidative damage [52].

The protective properties of flavonoids against toxins have also
been reported in numerous experimental studies, particularly
against oxidative damages induced by OP pesticides [53-55].
QUE can attenuate liver injury [56] and renal impairment
[57,58], and provide neuroprotective protection against excito-
toxic insults [59,60]. KAE can also provide cardio- and neuro-
protections [61]. Though QUE or KAE have been reported to
exhibit protective effects against a variety of toxins through
different mechanisms, the results here show for the first time that
they offered protections against POD intoxication through
interactions with the tubulin.

Similar to carbon tetrachloride [62], POD intoxication involve
significant oxidative stress. Flavonoids like QUE and KAE are well
known antioxidants through proton-donation from the phenolic
hydroxyl groups [63]. In addition, flavonoids could target on the
oxidative signaling pathways and directly interact with the
endogenous antioxidant defense system [64]. For example, flavo-
noids could inhibit several phase I enzymes (mainly the CYP450
complex enzymes), and could induce phase II detoxifying enzymes,
such as quinone reductase, glutathione transferases, glucuronyl
transferases and xanthine oxidase [63,65]. In the present study, co-
treatment of POD with either QUE or KAE significantly decreased
the ROS generation and MDA levels but increased the SOD and
GSH levels, indicating a significantly improved oxidative status. In
the present study, QUE exhibited a more potent protection than
KAE and the previously reported curcumin [46], which might be
due to its stronger antioxidant activity [28].

Our study proved that flavonoids have protective effects on POD
toxicity; however, the detailed signaling pathway remains unclear. It
appears that the activation of Cdkl through Cdc25C, together with
up-regulation of cyclinB1, contributes to POD-induced G2/M cell
cycle arrest; the activation of ATM, Chk2 and p53 might contribute
to POD-induced apoptosis [66]. Continued presence of flavonoids
in the cellular environment may attenuate the activity of tubulin-
acting agents. The interference of QUE (12.5-50 uM) can diminish
the efficacy of tubulin-targeting drugs (taxol and nocodazole) to
arrest cells at G2/M, due to the combination treatment that prevents
accumulation of Cyclin-B1 at the microtubule organizing center
(MTOC) [67]. Flavonoids can also delay microtubules depolymer-
ization and induce the formation of small aggregates [68]. In
addition, flavonoids could increase the microtubule stability through
interactions with microtubule-associated proteins (MAP) such as
tau, MAP1B, and MAP2c [69-71].

Bioavailability is worthy of note when considering flavonoids as
the potential antidotes. Recent studies have shown that a
considerable amount of dietary QUE can be absorbed through
the digestive tract [72] and undergo subsequent metabolic
conversion in hepatic and intestinal tissues [73]. Autoradiographic
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analyses of rats three hours after receiving QUE-treatment showed
that most of the radioactivity remained in the digestive tract [74].
The plasma levels in rats with chronic dietary intake of QUE
(50 mg/kg body weight) exceeded 20 uM [75]. Similar to QUE,
KAE is also mainly absorbed in the small intestine [61]. Thus the
distribution profiles of QUE and KAE are consistent with that of
POD, which is also mainly distributed in the gastrointestinal tract.
Thus the local bioavailability of QUE and KAE (p.o.) in the
organs might be sufficient to provide effective concentration
rescuing the toxicities of POD, which were confirmed in our
studies. It should be noted that considering the low oral
bioavailability of flavonoids, a high concentration of flavonoids
(150 mg/kg) was used in this study, and our results prove that
flavonoids have protective effects on POD toxicity. It can be
stressed that improving metabolic stability of these compounds is
feasible (through new delivery system, for example) and could be a
useful approach for improving oral bioavailability and therefore
the dosages of flavonoids could be decreased [76].

Currently, a number of plant-derived natural toxins and their
derivatives were used in clinics as anticancer drugs [77]. Though
these drugs showed benefits for the cancer treatment, the
therapeutic index was narrow and the treatment process was often
accompanied by severe toxic side effects [78]. Knowledges of the
toxic pattern and mechanism and available antidotes were required
before application of these drugs. However, for most of these
anticancer drugs, effective antidotes or specific strategies were still
not available except for some symptomatic treatment [79]. The
results of this study showed that it was an useful approach to search
for effective antidotes against the toxins based on the ecological and
pharmacoloigcal clues from natural products.

Conclusions

The present study clearly demonstrated that a) QUE or KAE
protected against POD-induced cytotoxicity by recovering G2/M
arrest and reducing the change of membrane potential, assembly
of tubulin, and ROS generation; b) QUE or KAE could decrease
the mortality rate of rats and protect the liver and kidney functions
with decreased ALT, AST, AKP, LDH, Cr, BUN and MDA
levels, but elevated SOD and GSH activity, and QUE was found
to exhibit a more pronounced protection i vivo than KAE; and c)
the protective effects might be due to the competitive binding of
QUE or KAE with POD in the same colchicines binding site and
the antioxidant activities against the oxidative stress induced by
POD. In summary, QUE or KAE had protective effects against
POD toxicity both w vitro and in vivo. They could be used as
potential antidotes to treat the POD intoxication in clinical
practice. Results of this study highlighted the great potential of
searching for effective antidotes against toxins based on the plant
physiological and pharmacological information of toxic herbs.

Acknowledgments

The authors would like to thank Prof. Paul Pui-Hay But (Department of
Biology, The Chinese University of Hong Kong) for checking the
grammatical errors.

Author Contributions

Conceived and designed the experiments: JL R]J. Performed the
experiments: JL. HS WC LJ CYG JZ. Analyzed the data: JL. KD R]J
WCY CL. Contributed reagents/materials/analysis tools: KD RJ WCY
CL. Wrote the paper: JL R]J.

August 2013 | Volume 8 | Issue 8 | 72099



References

1.

26.

27.

28.

29.

30.

31.

32.

Jackson DE, Dewick PM (1985) Tumor-inhibitory aryltetralin lignans from
Podophyllum pleianthum. Phytochemistry 24: 2407-2409.

. Jiang RW, Zhou JR, Hon PM, Li SL, Zhou Y, et al. (2007) Lignans from

Dysosma versipellis with inhibitory effects on prostate cancer cell lines. J Nat

Prod 70: 283-286.

. Ma C, Yang JS, Luo SR (1993) Lignans from Diphylleia sinensis. Yao Xue Xue

Bao 28: 690-4.

San Feliciano A, Gordaliza M, Miguel del Corral JM, Castro MA, Garcia-
Gravalos MD, et al. (1993) Antineoplastic and antiviral activities of some
cyclolignans. Planta Med 59: 246-249.

Canel C, Moraes RM, Dayan FE, Ferreira D (2000) Podophyllotoxin.
Phytochemistry 54: 115-120.

. Jordan MA, Thrower D, Wilson L (1992) Effects of vinblastine, podophyllotoxin

and nocodazole on mitotic spindles. Implications for the role of microtubule
dynamics in mitosis. J Cell Sci 102: 401-416.

. Charlton JL (1998) Antiviral activity of lignans. J] Nat Prod 61: 1447-1451.
. Gao R, Gao C, Tian X, Yu X, Di X, et al. (2004) Insecticidal activity of

deoxypodophyllotoxin, isolated from Juniperus sabina L, and related lignans
against larvae of Pieris rapae L. Pest Manag Sci 60: 1131-1136.

. Magedov IV, Manpadi M, Rozhkova E, Przheval’skii NM, Rogelj S, et al. (2007)

Structural simplification of bioactive natural products with multicomponent
synthesis: dihydropyridopyrazole analogues of podophyllotoxin. Bioorg Med
Chem Lett 17: 1381-1385.

. Botta B, Delle Monache G, Misiti D, Vitali A, Zappia G (2001) Aryltetralin

lignans: chemistry, pharmacology and biotransformations. Curr Med Chem 8:
1363-1381.

. You Y (2005) Podophyllotoxin derivatives: current synthetic approaches for new

anticancer agents. Curr Pharm Des 11: 1695-1717.

. Zhang QY, Jiang M, Zhao CQ, Yu M, Zhang H, et al. (2005) Apoptosis induced

by one new podophyllotoxin glucoside in human carcinoma cells. Toxicology
212: 46-53.

. Jiang RW, Wong KL, Chan YM, Xu HX, But PP, et al. (2005) Isolation of

iridoid and secoiridoid glycosides and comparative study on Radix gentianae
and related adulterants by HPLC analysis. Phytochemistry 66: 2674-2680.

. Dobb GF, Edis RH (1984) Coma and neuropathy after ingestion of herbal

laxative containing podophyllin. Med J Aust 140: 495-496.

. Fang J, Hong S (2003) A Case of Multiple Organs Function Failure by Dysosma

Versipallis Rhizome Poisoning. Chin Community Doctors 19: 46.

. Jin Z, Yuan J (2003) A Toxic Encephacopathy by misuse of Dysosma Versipellis

Rhizome Medicinal Wine. Chin J Chin Materia Medica 28: 477.

. Chen YT (2004) A Fatal Fibrillation Atrial and Coagulopathy by Dysosma

Versipellis Rhizome Poisoning. Chin J Prim Med Pharm 11: 1330.

. Gong X, Zhang QM, Li Y (2006) Clinical and Electrophysiologic Analysis of 17

cases of Dysosma Versipellis Rhizome Poisoning. J Apoplexy Nervous Dis 27:
14.

. Li X, Jiang G (2007) A Central Lesion Case by Dysosma Versipellis Rhizome

Poisoning. Chin Acup Moxibustion 27: 114.

. Filley CM, Graff-Richard NR, Lacy JR, Heitner MA, Earnest MP (1982)

Neurologic manifestations of podophyllin toxicity. Neurology 32: 308-311.

. Kao WF, Hung DZ, Tsai WJ, Lin KP, Deng JF (1992) Podophyllotoxin

Intoxication: Toxic Effect of Bajiaolian in Herbal Therapeutics. Hum Eep

Toxicol 11: 480-487.

. Man L, Yan L, Sunnassee A, Luo Z, Liang L (2010) Toxicology of Dysosma

versipallis rhizome A review. ] Med Plants Res 4: 717-721.

. Zhou Y, Jiang SY, Ding LS, Cheng SW, Xu HX, et al. (2008) Chemical

Fingerprinting of Medicinal Plants “Gui-jiu” by LC-ESI Multiple-Stage MS.
Chromatographia 68: 781-789.

. Graf BA, Milbury PE, Blumberg JB (2005) Flavonols, flavones, flavanones, and

human health: epidemiological evidence. ] Med Food 8: 281-290.

. Lobert S, Vulevic B, Correia JJ (1996) Interaction of vinca alkaloids with tubulin:

a comparison of vinblastine, vincristine, and vinorelbine. Biochemistry 35:
68066814

Samanta A, Das G, Das SK (2011) Role of flavonoids in plants. Int J Pharm Sci
Tech 6: 12-35.

Agati G, Azzarello E, Pollastri S, Tattini M (2012) Flavonoids as antioxidants in
plants: location and functional significance. Plant Sci 196: 67-76.

Yamasaki H, SakihamaY, Ikehara N (1997) Flavonoid-peroxidase reaction as a
detoxification mechanism of plant cells against HyO,. Plant Physiol. 115: 1405
1412.

Treutter D (2005) Significance of flavonoids in plant resistance and
enhancement of their biosynthesis. Plant Biol 7: 581-591.

Kandaswami C, Middleton Jr E (1994) Free radical scavenging and antioxidant
activity of plant flavonoids. Adv Exp Med Biol 366: 351-376.

Mink PJ, Scrafford CG, Barraj LM, Harnack L, Hong CP, et al. (2007)
Flavonoid intake and cardiovascular disease mortality: a prospective study in
postmenopausal women. Am J Clin Nutr 85: 895-909.

McCullough ML, Patel AV, Kushi LH, Patel R, Willett WC, et al. (2011)
Following cancer prevention guidelines reduces risk of cancer, cardiovascular
disease, and all-cause mortality. Cancer Epidemiol Biomarkers Prev 20: 1089
1097.

PLOS ONE | www.plosone.org

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

54.

56.

57.

58.

59.

Alleviation of Podophyllotoxin Toxicity

. Amalesh S, Gouranga D, Sanjoy KD (2011) Roles of flavonoids in plants.

Int J Pharm Sci Tech 6: 12-35.

Gupta K, Panda D (2002) Perturbation of microtubule polymerization by
quercetin through tubulin binding: a novel mechanism of its antiproliferative
activity. Biochemistry 41: 13029-13038.

. Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival:

application to proliferation and cytotoxicity assays. J Immunol Methods 65: 55—
63.

Gupta K, Bishop J, Peck A, Brown J, Wilson L, et al. (2004) Antimitotic
antifungal compound benomyl inhibits brain microtubule polymerization and
dynamics and cancer cell proliferation at mitosis, by binding to a novel site in
tubulin. Biochemistry 43: 6645-6655.

. Bernstein FC, Koetzle TF, Williams GJ, Meyer EF Jr, Brice MD, et al. (1977)

The Protein Data Bank. A computer-based archival file for macromolecular
structures. Eur J Biochem 80: 319-324.

Friesner RA, Banks JL, Murphy RB, Halgren TA, Klicic JJ, et al. (2004) Glide: a
new approach for rapid, accurate docking and scoring. 1. Method and
assessment of docking accuracy. J] Med Chem 47: 1739-1749.

Wallace AC, Laskowski RA, Thornton JM (1995) LIGPLOT: a program to
generate schematic diagrams of protein-ligand interactions. Protein Eng 8: 127
134.

Rosser BG, Gores GJ (1995) Liver cell necrosis: cellular mechanisms and clinical
implications. Gastroenterology 108: 252-275.

Smith AF, Beckett GJ, Walker SW, PWH Rae (1998) Plasma enzyme tests in
diagnosis. In Lecture Notes on Clinical Biochemistry Blackwell Science Ltd
University Press: Cambridge: 101-109.

Tomlinson TR, Akerele O (1998) Medicinal Plants, Their Role in Health and
Biodiversity: University of Pennsylvania Press: Philadelphia, USA.

Chou SL, Chou MY, Kao WF, Yen DH, Huang CI, et al. (2008) Cessation of
nail growth following Bajiaolian intoxication. Clin Toxicol (Phila) 46: 159-163.
Liu YQ, Yang L, Tian X (2007) Podophyllotoxin: Current Perspectives. Curr
Bioact Compd 3: 37-66.

. Yang CM, Deng JF, Chen CF, Chang LW (1994) Experimental podophyllotoxin

(bajiaolian) poisoning: III. Biochemical bases for toxic effects. Biomed Environ
Sci 7: 259-265.

Li J, Dai CX, Sun H, Jin L, Guo CY, et al. (2012) Protective effects and
mechanisms of curcumin on podophyllotoxin toxicity in vitro and in vivo.
Toxicol Appl Pharmacol 265: 190-199.

Bestwick CS, Milne L, Pirie L, Duthie SJ (2005) The effect of short-term
kaempferol exposure on reactive oxygen levels and integrity of human (HL-60)
leukacmic cells. Biochim Biophys Acta 1740: 340-349.

Knowles LM, Zigrossi DA, Tauber RA, Hightower C, Milner JA (2000)
Flavonoids suppress androgen-independent human prostate tumor proliferation.
Nutr Cancer 38: 116-22.

Huang WW, Tsai SC, Peng SF, Lin MW, Chiang JH, et al. (2013) Kaempferol
induces autophagy through AMPK and AKT signaling molecules and causes
G2/M arrest via downregulation of CDKI1/cyclin B in SK-HEP-1 human
hepatic cancer cells. Int J Oncol 42: 2069-77.

Kumar R, Verma V, Jain A, Jain RK, Maikhuri JP, et al. (2011) Synergistic
chemoprotective mechanisms of dietary phytoestrogens in a select combination
against prostate cancer. J Nutr Biochem 22: 723-31.

Couchoud C, Pozet N, Labeeuw M, Pouteil-Noble C (1999) Screening early
renal failure: cut-off values for serum creatinine as an indicator of renal
impairment. Kidney Int 55: 1878-1884.

Kumar A, Sehgal N, Kumar P, Padi SS, Naidu PS (2008) Protective effect of
quercetin against ICV colchicine-induced cognitive dysfunctions and oxidative
damage in rats. Phytother Res 22: 1563-1569.

. Panemangalore M, Bebe FN (2009) Short- and long-term exposure to low levels

of pesticide and flavonoid mixtures modify endogenous antioxidants in tissues of
rats. ] Environ Sci Health B 44: 357-364.

Sadowska-Woda I, Popowicz D, Karowicz-Bilinska A (2010) Bifenthrin-induced
oxidative stress in human erythrocytes in vitro and protective effect of selected
flavonols. Toxicol In Vitro 24: 460-464.

. Kalender Y, Kaya S, Durak D, Uzun FG, Demir F (2012) Protective effects of

catechin and quercetin on antioxidant status, lipid peroxidation and testis-
histoarchitecture induced by chlorpyrifos in male rats. Environ Toxicol
Pharmacol 33: 141-148.

Yousef MI, Omar SA, El-Guendi MI, Abdelmegid LA (2010) Potential
protective effects of quercetin and curcumin on paracetamol-induced histolog-
ical changes, oxidative stress, impaired liver and kidney functions and
haematotoxicity in rat. Food Chem Toxicol 48: 3246-3261.

Morales Al, Vicente-Sanchez C, Sandoval JM, Egido J, Mayoral P, et al. (2006)
Protective effect of quercetin on experimental chronic cadmium nephrotoxicity
in rats is based on its antioxidant properties. Food Chem Toxicol 44: 2092—
2100.

Singh D, Chander V, Chopra K (2008) The effect of quercetin, a bioflavonoid
on ischemia/reperfusion induced renal injury in rats. Arch Med Res 35: 484—
494.

Silva B, Oliveira PJ, Dias A, Malva JO (2008) Quercetin, Kaempferol and
Biapigenin from Hypericum perforatum are Neuroprotective Against Excito-
toxic Insults. Neurotox Res 13: 265-279.

August 2013 | Volume 8 | Issue 8 | 72099



60.

61.

62.

63.

64.

66.

67.

68.

Zhang 7], Cheang LC, Wang MW, Lee SM (2011) Quercetin exerts a
neuroprotective effect through inhibition of the iNOS/NO system and pro-
inflammation gene expression in PC12 cells and in zebrafish. Int J Mol Med 27:
195-203.

Calderon-Montano JM, Burgos-Moron E, Perez-Guerrero C, Lopez-Lazaro M.
(2011) A review on the dietary flavonoid kaempferol. Mini Rev Med Chem 11:
298-344.

Naik SR, Thakare VN, Patil SR (2011) Protective effect of curcumin on
experimentally induced inflammation, hepatotoxicity and cardiotoxicity in rats:
evidence of its antioxidant property. Exp Toxicol Pathol 63: 419-431.
Nijveldt RJ, van Nood E, van Hoorn DE, Boelens PG, van Norren K, et al.
(2001) Flavonoids: a review of probable mechanisms of action and potential
applications. Am J Clin Nutr 74: 418-425.

Chen JC, Ho FM, Pei-Dawn Lee C, Chen CP, Jeng KC, et al. (2005) Inhibition
of iNOS gene expression by quercetin is mediated by the inhibition of IkappaB
kinase, nuclear factor-kappa B and STAT1, and depends on heme oxygenase-1
induction in mouse BV-2 microglia. Eur J Pharmacol 521: 9-20.

. Raucy JL (2003) Regulation of CYP3A4 expression in human hepatocytes by

pharmaceuticals and natural products. Drug Metab Dispos 31: 533-539.

Shin SY, Yong Y, Kim CG, Lee YH, Lim Y (2010) Deoxypodophyllotoxin
induces G2/M cell cycle arrest and apoptosis in HeLa cells. Cancer Lett 287:
231-239.

Samuel T, Fadlalla K, Turner T, Yehualaeshet TE (2010) The flavonoid
quercetin transiently inhibits the activity of taxol and nocodazole through-
interference with the cell cycle. Nutr Cancer 62(8): 1025-1035.

Touil YS, Fellous A, Scherman D, Chabot GG (2009) Flavonoid-induced
morphological modifications of endothelial cells through microtubule stabiliza-
tion. Nutr Cancer 61: 310-321.

PLOS ONE | www.plosone.org

14

69.

70.

71.

72.

73.

77.

78.

79.

Alleviation of Podophyllotoxin Toxicity

Hanemaaijer R, Ginzburg I (1991) Involvement of mature tau isoforms in the
stabilization of neurites in PC12 cells. J Neurosci Res 30: 163-171.

Mack TG, Koester MP, Pollerberg GE (2000) The microtubule-associated
protein MAPIB is involved in local stabilization of turning growth cones. Mol
Cell Neurosci 15: 51-65.

Gamblin TC, Nachmanoff K, Halpain S, Williams RC Jr (1996) Recombinant
microtubule-associated protein 2¢ reduces the dynamic instability of individual
microtubules. Biochemistry 35: 12576-12586.

Murota K, Shimizu S, Chujo H, Moon JH, Terao J (2000) Efficiency of
absorption and metabolic conversion of quercetin and its glucosides in human
intestinal cell line Caco-2. Arch Biochem Biophys 384: 391-397.

Manach C, Williamson G, Morand C, Scalbert A, Remesy C (2005)
Bioavailability and bioefficacy of polyphenols in humans. I. Review of 97
bioavailability studies. Am J Clin Nutr 81: 230S-242S.

Ueno I, Nakano N, Hirono I (1983) Mectabolic fate of ["*C] quercetin in the ACI
rat. Jpn J Exp Med 53: 41-50.

. de Boer VC, Dihal AA, van der Woude H, Arts IC, Wolffram S, et al. (2005)

Tissue distribution of quercetin in rats and pigs. ] Nutr 135: 1718-1725.

. Walle T, Wen X, Walle UK (2007) Improving metabolic stability of cancer

chemoprotective polyphenols. Expert Opin Drug Metab Toxicol 3: 379-388.
Coseri S (2009) Natural products and their analogues as efficient anticancer
drugs. Mini Rev Med Chem 9: 560-571.

Chatelut E, Delord JP, Canal P (2003) Toxicity Patterns of Cytotoxic Drugs.
Invest New Drugs 21: 141-148.

Remesh A (2012) Toxicities of anticancer drugs and its management. Int J Basic
Clin Pharmacol 1: 2-12.

August 2013 | Volume 8 | Issue 8 | 72099



