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Abstract

Andrographolide (Andro) has emerged recently as a potential and effective anticancer
agent with induction of apoptosis in some cancer cell lines while induction of G2/M arrest
with weak apoptosis in others. Few studies have proved that Andro is also effective in
combination therapy. The flavonoid Taxifolin (Taxi) has showed anti-oxidant and antiproli-
ferative effects against different cancer cells. Therefore, the present study investigated
the cytotoxic effects of Andro alone or in combination with Taxi on HeLa cells. The combi-
nation of Andro with Taxi was synergistic at all tested concentrations and combination
ratios. Andro alone induced caspase-dependent apoptosis which was enhanced by the
combination with Taxi and attenuated partly by using Z-Vad-Fmk. Andro induced a protec-
tive reactive oxygen species (ROS)-dependent autophagy which was attenuated by Taxi.
The activation of p53 was involved in Andro-induced autophagy where the use of Taxi or
pifithrin-α (PFT-α) decreased it while the activation of JNK was involved in the cell death of
HeLa cells but not in the induction of autophagy. The mitochondrial outer-membrane per-
meabilization (MOMP) plays an important role in Andro-induced cell death in HeLa cells.
Andro alone increased the MOMP which was further increased in the case of combination.
This led to the increase in AIF and cytochrome c release from mitochondria which conse-
quently increased caspase-dependent and independent cell death. In conclusion, Andro
induced a protective autophagy in HeLa cells which was reduced by Taxi and the cell
death was increased by increasing the MOMP and subsequently the caspase-dependent
and independent cell death.

Introduction
Andro, a diterpenoid lactone, is the major bioactive constituent of the herb Andrographis pani-
culata and is mainly implicated towards its pharmacological activity [1]. Different studies have
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shown the various bioactivities of Andro including anti-inflammatory [2], anti-microbial [3],
immunomodulatory [1], hepatoprotective and cardioprotective [4, 5]. Recently, many studies
have shown Andro as an effective anticancer agent [1, 6±8]. It has different effects on different
cancer cell lines depending on their physiological background and histological origins [9]. It
causes apoptosis in MCF-7 and HL-60 [1, 6] while causes cell cycle arrest with weak apoptosis
in HepG2, Hep3B and DU145 [10±12]. Andro was shown to induce apoptosis by increasing
ROS generation and activation of p38, JNK and p53 in different cancer cells [10, 13, 14]. The
combination of Andro with other drugs was also found to be effective and synergistic in the
few studies done [12, 15, 16].

The traditional mono-target therapy protocol for cancer treatment is becoming increasingly
ineffective and may lead cancer cells to develop acquired resistance due to the complexity of
cancer and its signaling pathways [17]. Combination or multi-component therapy, in which
one or more drugs are used at the same time, seems like a possible option [18]. This can be
approached by combination of different mechanism-based agents or the development of
multi-target molecules [19]. This alternative strategy will increase the efficiency of therapy and
minimize toxicity. Dietary supplements and other phytotherapeutic agents that are chemically
complex are an important starting materials for the discovery of newer synergistic combina-
tions and single agent multi-target drugs [20].

Flavonoids, phenolic natural products, present abundantly in the plant kingdom [21, 22].
Many studies have presented the different biological effects of flavonoids including anticarci-
nogenic effects [21, 23]. The beneficial effects of flavonoids in cancer therapy have been attrib-
uted to different mechanisms [24, 25]. The flavonoid Taxi was shown to have anti-oxidant
effect and also possess antiproliferative effects against different cancer cells [26±29]. Many
studies have also pointed out the synergistic effects of flavonoids when used in combination
with other compounds [30±32].

Recently, two research papers have indicated the effect of Andro on autophagy in different
cancer cell lines [33, 34]. Autophagy is a catabolic process through which cellular systems
maintain a homeostatic equilibrium [35]. Cancer cells use autophagy as a survival mechanism
under unfavorable conditions like hypoxia, lack of nutrients or due to chemotherapy treatment
where it leads to therapeutic resistance. Therefore, the inhibition of autophagy in these cases
can improve the cytotoxic effects of the drug [36].

Although many researchers have investigated the effect of Andro on many types of cancer
cell lines, a few studies have investigated the combined-effect of Andro with other compounds
and especially with other natural compounds. Therefore, to our knowledge, this is the first
study conducted to investigate the effect of Andro alone or in combination with Taxi on apo-
ptosis and autophagy in HeLa cells.

Materials andmethods
Cell culture and reagents
HeLa cells were kindly provided by Prof. WF Fong (City University of Hong Kong, Hong
Kong SAR) while MCF-7 cells were obtained from ATCC (Manassas, VA, USA). The HeLa
cells were tested and authenticated based on STR profiling using Promega PowerPlex1 18D
System and analyzed using the ABI 3130 Genetic Analyzer (DiaCor, Hong Kong SAR). The
two cell lines were maintained in DMEMmedium supplemented with 10% fetal bovine serum
(Invitrogen, CA, USA), 100 units/ml penicillin and 100 µg/ml streptomycin (Sigma, MO,
USA) at 37ÊCin a humidified 5% CO2 incubator. All other reagents were obtained from
Sigma-Aldrich unless otherwise indicated.
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Bioactive compounds for cells treatment
The bioactive compounds used were: Andro (97%, HPLC) (Indofine Chemical Company, NJ,
USA). Taxi (94%, HPLC) was obtained from Sigma, MO, USA.

Primary and secondary antibodies
p-p53 (Ser15), p-JNK (Thr183/Tyr185), PARP, Caspase 3, Caspase 7, Caspase 9, LC3-II, Bcl-2,
Bax, Bid and Bim were obtained from Cell Signaling Technology, Beverly, MA. AIF, Cyto-
chrome c, Lamin A/C, CruzFlour (CFL) 647-conjugated anti-mouse, CFL 488-conjugated
anti-rabbit and CFL 647-conjugated anti-rabbit were obtained from Santa Cruz Biotechnol-
ogy, Santa Cruz, CA. GAPDH was obtained from Abcam, Cambridge, UK. β-actin was
obtained from Sigma, MO, USA while Cytochrome c was obtained from Invitrogen, CA,
USA).

Cell viability using the MTT assay
Cell viability was assessed by using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium
bromide (MTT) (Invitrogen, CA, USA). Cells were seeded at 4000 cells/well into 96 wells plate,
incubated in 5% CO2 at 37ÊCfor 24 h and the next day the medium was removed and a
medium containing drugs was added and the cells were incubated for the indicated period of
time. At the end of the treatment, the medium was removed and a medium containing 0.5
mg/ml MTT was added to each well. The plate was then incubated for an additional 4 h. The
supernatant was removed at the end of incubation and 100 µl DMSO were added to each well
to dissolve the formazan crystals that had formed and the plate was left for 30 minutes. The
absorbance was measured at 570 nm using a multi-well scanning spectrophotometer (Power-
Wave HT, BioTek, USA). Cell viability was expressed as percentage of control by comparing
the number of live cells in the treated group to the number in the vehicle control group. Com-
puSyn software (CompoSyn, Inc., NJ, USA) was used to calculate IC50, Combination index
(CI) and The Dose Reduction Index (DRI). (The CI> 1 indicates antagonism, CI = 1 indicates
additive and CI< 1 indicates synergism.

Apoptotic cell death assay
For quantification of apoptotic cells, the Yo-Pro-1 assay kit (Invitrogen, CA, USA) was used
and the procedure provided by the manufacturer was followed. Briefly, the cells were seeded in
60 mm plates and drugs were added after incubation of cells for 24 h. The cells were left incu-
bated for the designated time and then detached from the plate using trypsin, 1x106 cells were
collected, washed with cold PBS and then resuspended in 1 ml PBS. Then, 1 µL of Yo-Pro-1
solution and 1 µL of propidium iodide (PI) solution were added to the cell suspension. Cells
were incubated for 30 min. on ice in the dark and then the fluorescence results were read using
the flow cytometer (Becton Dickinson, CA, USA) and analyzed by CellQuest Software (Becton
Dickinson, CA, USA). Where the viable cells are Yo-Pro-1 − /PI −, early apoptotic cells are Yo-
Pro-1+/PI − and the late apoptotic or primary necrotic cells are Yo-Pro-1+/PI +.

Quantification and detection of autophagic vacuoles
For quantification of cells with Acidic Vesicular Organelles (AVOs), the cells were seeded in
60 mm plates and drugs were added after incubation of cells for 24 h. The cells were left incu-
bated for the designated time. Acridine orange was then added to the plates where the final
concentration was 1 µg/ml and the cells were incubated for an additional 15 min. Then cells
were detached from the plate using trypsin, washed with cold PBS, resuspended in 1 ml PBS
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and AVOs were quantified using the flow cytometer and the results analyzed using CellQuest
software. The red fluorescence of the cells increases as the number of AVOs increase. On the
other hand, the AVOs were detected in the cells by using Cyto-ID Autophagy Detection Kit
(Enzo Life Sciences, France). The Cyto-ID Green detection reagent serves as a selective marker
of autophagosomes and autolysosomes. The protocol provided by the manufacturer was fol-
lowed. Briefly, the cells were grown on sterile coverslips and the drugs were added after 24 h of
incubation. The cells were left incubated for the designated time, and then the medium was
removed, cells were washed twice with assay buffer. Then 100 µl of assay buffer containing
Cyto-ID Green detection reagent (2 µl/ml) and Hoechst 33342 (1 µl/ml) were added and cells
incubated for 30 min. Later, the cells were washed with 100 µl assay buffer, mounted on micro-
scope slides and analyzed using the Leica TCS SPE confocal microscope (Leica Microsystems,
Wetzlar, Germany).

Transmission ElectronMicroscopy (TEM) analysis
Cells were seeded in a 35 mm plate containing thermanox coverslips, treated with DMSO or
50 µM Andro for 24 h. The protocol used was modified from Cheung et al. (2012). Briefly,
cells were fixed in primary fixative (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M Sor-
enson's Buffer) (EMS, Hatfield, USA). Cells were rinsed with 0.1 M Sorenson's Buffer. Then
fixed in a secondary fixative (2% osimium tetroxide) (EMS, Hatfield, USA), then cells were
dehydrated and embedded. The blocks were trimmed and sectioned and after staining with
uranyl acetate and Reynolds lead citrate (EMS, Hatfield, USA), the sections were imaged on an
electron microscope (Philips Electronics, Netherlands).

Measurement of ROS
The cells were seeded into 60 mm plates, treated and incubated for the designated time. The
20,70-dichorofluorescein diacetate (DCF-DA) was added to the cells (10 µM) in the last 30 min
of drug exposure. DCF-DA is de-esterified intracellularly and turns to highly fluorescent com-
pound (DCF) upon oxidation. After the designated time of incubation, the cells were har-
vested, washed and resuspended in ice-cold PBS. PI (5µg/ml) was added for gating the viable
cells and the cells were incubated for another 10 min. The DCF fluorescence was then deter-
mined by the flow cytometer and the results were analyzed using the CellQuest Software.

JC-1 Staining
The cells were seeded into 60 mm plates, treated and incubated for the designated time. Then
the cells were harvested, washed and resuspended in PBS. The cells were then labeled with the
JC-1 reagent (4 µM) (Invitrogen, CA, USA) for 15 min at 37ÊC.After washing, cells were resus-
pended in PBS and the fluorescence was measured using the flow cytometer and the results
were analyzed using the CellQuest Software. The stained cells were observed by growing the
cells on coverslips, treatment for the desired time and then staining using JC-1 for 30 min. The
coverslips were then mounted on microscope slides and the slides observed using the fluores-
cence microscope (Zeiss Axioskop, Mikron Instruments, NY, USA). JC-1 enters into mito-
chondria and reversibly change color from green to red as the membrane potential increases.
In healthy cells with high mitochondrial membrane potential (MMP), JC-1 spontaneously
forms complexes known as J-aggregates with intense red fluorescence. On the other hand, in
apoptotic or unhealthy cells with lowMMP, JC-1 remains in the monomeric form, which
shows only green fluorescence.

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells
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Protein lysate of cytoplasm and nucleus
Nuclear and cytoplasmic lysates were prepared according to the protocol from the company
(Cayman Chemical, Ann Arbor, MI, USA). Briefly, cells were seeded in 100 mm plates and
treated with the specified compounds after 24 h and left for the specified time. Cells were col-
lected using scrapper, counted, washed 2 times with cold PBS containing phosphatase inhibi-
tors and then ice-cold hypotonic buffer was added to the pelleted cells. Nonidet P-40 was
added, tubes were centrifuged briefly and supernatant was collected (cytoplasmic fraction).
Then the pelleted nuclei were lysed using ice-cold extraction buffer containing a mixture of
protease and phosphatase inhibitors. Tubes were then centrifuged at 14000 x g for 10 minutes
at 4ÊCand the supernatant was collected (nuclear fraction). Then the protein concentration
was measured and the lysates were aliquoted and stored at -20ÊC.

Western blotting
Total cell lysate was prepared by lysing the cells in RIPA lysis buffer (150 mMNaCl, 0.1% SDS,
0.5% Sodium Deoxycholate, 1% NP-40, and 50 mM Tris-Cl, pH 7.5) supplemented with the
Protease Inhibitors Cocktail Set III and 1 mM PMSF at a density of 1 x 107 cells/ml buffer. The
cell suspension was agitated for 30 min and then centrifuged at 12,000 rpm for 20 min at 4ÊC.
Then the supernatant was transferred to a new tube and stored at -20ÊC.The protein concentra-
tion was measured using DC protein assay kit (Bio-Rad, CA, USA). Next, 50 µg of protein from
the cell lysates were separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrotransferred onto nitrocellulose membranes (Bio-Rad, CA, USA). The membrane
was blocked with 5% non-fat milk (Nestle, Switzerland) in PBS with 0.05% tween-20. This was
followed by incubation overnight with a diluted solution of primary antibody. This was fol-
lowed by incubation at room temperature with HRP-conjugated antibody (anti-mouse IgG or
anti-rabbit IgG) (Cell Signaling Technology Beverly, MA) for 1 h. At least two independent
experiments were performed. The blots were visualized by enhanced chemiluminescence (ECL)
using theWestern Blotting Luminol Reagent (GE Healthcare, UK). Images developed were cap-
tured with an LAS-4000 gel documentation system (Fuji Film, Tokyo, Japan).

Statistical analysis
Statistical analyses were performed by Student0s t-test using the Origin 8.5 software (Originlab
Corporation, Northampton, MA, USA) and Microsoft Excel program. All numerical data were
presented as mean ± SD from at least 3 independent experiments. P-values of less than 0.05
were considered as significant.

Results
Effect of Andro combined with different flavonoids on HeLa cells
A screening study was done to test the combination effects of Andro with different flavonoids
(Taxi, silibinin, quercetin, apigenin and luteolin) (data not shown). The combination effect of
Andro with Taxi on growth inhibition of HeLa cells was synergistic at all tested combination
ratios. Therefore we decided to study further and in more details the synergistic effects of this
combination and to investigate the mechanism involved.

Taxi synergized the antiproliferative effect of Andro on HeLa cells
Andro and Taxi inhibited the proliferation of HeLa cells in a dose- and time-dependent man-
ner (Fig 1A and 1B) but, Taxi effect was much lower than Andro. The calculated IC50 of
Andro and Taxi were 123 µM and 2 mM (24 h) while 51 µM and 310.5 µM (48 h) respectively.
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The combination of 50 µM Andro with 100 µM Taxi decreased the viability of cells from
80.3% to 55.1% (Combination index [CI]�0.5) and from 47.9% to 28.5% (CI�0.43) after treat-
ment for 24 and 48 h respectively (Fig 1C). The dose reduction index (DRI) for the combina-
tion of Andro and Taxi which affected 75% of the cells after 48h treatment was 2.7 (the dose of
Andro was reduced from ~135 to 50 µM) and 15.5 (the dose of Taxi was reduced from
~1.5 mM to 100 µM) respectively (Fig 1D).

The total combination concentration of Andro and Taxi at the different combination ratios
1:1, 1:2 and 1:4 which affected 75% of the cells were 127, 143.1 and 263.4µM with CI values
0.53, 0.43 and 0.53 respectively. Therefore, we chose the combination ratio of 1:2 which gave
the best CI value. The concentrations of Andro and Taxi used to study further the effects of the
combination were 50 µM and 100 µM respectively for the subsequent experiments.

Taxi enhanced Andro-induced apoptosis in HeLa cells
HeLa cells treated with Andro alone or Andro combined with Taxi showed features of apopto-
sis including nuclear condensation and membrane blebbing (S1 Fig). Andro-induced

Fig 1. Effect of Andro and/or Taxi on the proliferation of HeLa cells. The cells were treated with different concentrations of
Andro (A) or Taxi (B) alone or a combination of 50 μMAndro and 100 μMTaxi (C) for 24 or 48 h and then the cell viability was tested
using the MTT assay. Values from each time point were then compared to the control values and expressed as mean ± SD of three
independent experiments. (D) A graph representing the decrease in the total concentration of Andro and Taxi when used in
combination compared to the single doses of Andro or Taxi.

doi:10.1371/journal.pone.0171325.g001
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apoptosis in HeLa cells after treatment for 24 h with an increase in the mean percentage of
early apoptotic cells at 25 µM and a decrease at concentrations 50 µM and 100 µM due to the
increase in late apoptotic cells (Fig 2A and 2B). Early and late apoptosis were increased in com-
bined-treatment compared to treatment with Andro alone (Fig 2C and 2D). The involvement
of caspases in Andro-induced apoptosis was then examined. Andro caused an increase in the
cleaved-PARP and other caspases as the concentration increased from 0±100 µM (Figs 2E and
S3). Cells treated with 50 µM Andro and 100 µM Taxi for 24 h, increased the cleaved-PARP
(~1.8-folds) and the cleaved-caspase-7 (~3-folds) compared to treatment with Andro alone
(Figs 2F and S3A±S3C). The pan-caspase inhibitor, Z-Vad-Fmk, didn't completely inhibit the
apoptosis induced by Andro and/or Taxi (Fig 2G and 2H). The pretreatment with Z-Vad-Fmk
attenuated completely caspase-7 cleavage and partially PARP cleavage in cells treated with
50 µM Andro and/or 100 µM Taxi (Figs 2F and S3E and S3F). Accordingly, these results sug-
gest that the apoptosis induced by Andro alone or Andro combined with Taxi is partly medi-
ated by caspase-dependent pathway and that the caspase-independent pathway may be also
involved in the death process.

Andro induced autophagy in HeLa cells while Taxi attenuated it
Autophagy may act either as prosurvival or prodeath signal [37±41]. Different techniques were
used to detect the Andro-induced autophagy in HeLa cells as indicated in materials and meth-
ods. Firstly, Andro increased the mean percentage of AVOs in a time- and dose-dependent
manner (Fig 3A and 3B). Secondly, TEM revealed the appearance of double-membranous cyto-
plasmic vacuoles (white arrows) with some showing entrapped organelles after Andro treat-
ment for 24 h (Fig 3C). Thirdly, Andro increased LC3-II form detected using western blotting
(Figs 3D and S3G). Finally, punctuate green fluorescence patterns appeared (white arrows) in
cells treated with Andro (Fig 3E). On the other hand, the combination of Andro with Taxi
decreased autophagy significantly in a time- and dose-dependent manner (Fig 3F±3H). This
was further confirmed by the decrease in punctuate green fluorescence patterns in cells (Fig 3I).

Andro induced-protective ROS-dependent autophagy
Andro induced ROS generation in HeLa cells after 24 h treatment while Taxi attenuated it (Fig
4A and 4B). The addition of NAC (5 mM) to the cells treated with Andro attenuated the ROS
generation and returned the ROS levels roughly to the basal control level (Fig 4C). On the
other hand, Taxi attenuated the Andro-induced ROS generation at different time points (Fig
4D and 4E). The addition of NAC to the cells treated with different concentrations of Andro
abolished almost completely autophagy represented by the decrease in AVOs (Fig 4F and 4G).
This was further confirmed by the abolished conversion of LC3-I to LC3-II and the disappear-
ance of green punctate patterns (Figs 4H and 4I and S3H).

Subsequently, we investigated whether Andro-induced autophagy is a prosurvival or a
proapoptotic signal. MTT results show that the pretreatment of cells with chloroquine (5 µM)
followed with Andro alone or in combination with Taxi for 24 h decreased the cell viability
(Fig 5A) meanwhile viability was increased when cells were pretreated with rapamycin (Fig
5B). Taken together, the results confirm that Andro-induced autophagy is ROS-dependent
and protective in HeLa cells.

Inhibition of autophagy increased the apoptosis in HeLa cells via the
reduction of p-p53
Hela cells treated with Andro and CQ (5 µM) increased the cleaved-PARP (1.25-folds),
cleaved-caspases-3 (2-folds) and cleaved-caspase-7 (1.5-folds) compared to treatment with
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Fig 2. Effect of different concentrations of Andro and/or Taxi on Apoptosis in HeLa cells. (A, B, C & D) Themean percentages
of early apoptotic; late apoptotic and dead cells treated with Andro and/or Taxi for specified time. The cells were treated as indicated,
then collected, stained with Yo-Pro-1 and PI and analyzed using the flow cytometer. Results are represented as mean ± SD (n = 3).
(A & B) The cells were treated with different concentrations of Andro for 24 or 48 h. (C & D) The cells were treated with Andro and/or
Taxi for 12, 24 or 48 h. (E & F) Cells treated with Andro and/or Taxi for 24 h, then 50 μg of the protein lysate were resolved by
electrophoresis and then detection of the different apoptotic proteins was done by western blotting. β-Actin and GAPDHwere used to
ensure equal protein loading. (E) Effect of different concentrations of Andro for 24 h on the expression and cleavage of caspases and
PARP. (F) Effect of 50 μMAndro and/or 100 μMTaxi alone or in the presence of Z-Vad-Fmk for 24 h on the expression and cleavage
of caspases and PARP. (G & H) The effect of the pan-caspase inhibitor Z-Vad-Fmk on apoptosis in HeLa cells treated with Andro
and/or Taxi. Cells were pretreated for 1 hour with Z-Vad-Fmk (10 μM) and then with Andro and/or Taxi for 24 h. The cells were then
collected and stainedwith Yo-Pro-1 and PI and analyzed using the flow cytometer. Results are represented as mean ± SD (n = 3). (G)
Effect of Z-Vad-Fmk on apoptosis in cells treated with different concentrations of Andro for 24 h. (H) Effect of Z-Vad-Fmk on
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apoptosis in cells treated with 50 μMAndro and/or 100 μM for 24 h. * or # indicates significantly different from the control (*, p < 0.05;
#, p < 0.01).

doi:10.1371/journal.pone.0171325.g002

Fig 3. Andro induced autophagy in HeLa cells while Taxi diminished it. (A) A representative flow cytometric dot plots
showing the increase in the AVOs percentage in HeLa cells treated with different concentration of Andro for 24 and 48 h and
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Andro alone (Figs 5C and S3I±S3K). Whereas, the concentration of p-p53 increased to
9.1-folds (Andro-treated) and decreased to 6.8-folds (combined-treatment) compared to the
control (Figs 5D and S3L). Recently, p53 was found to be involved in the regulation of autop-
hagy. Therefore, we asked if p53 is involved in the combined-treatment reduced autophagy
or not. PFT-α was used, specifically inhibits p53, to test the effect of inhibition of p53 on the
viability and autophagy in HeLa cells. Cells pretreated with 30 µM PFT-α and then with
Andro and/or Taxi for 24 h caused a significant decrease in their viability (Fig 5E). Mean-
while, cells pretreated with PFT-α, and then with Andro and/or Taxi caused a decrease in the
mean AVOs percentage which was significant at 50 µM Andro and in the combination treat-
ment (Fig 5F). These results confirm that p53 has a role in Andro-induced autophagy and
also confirm that the reduction in autophagy due to the combined-treatment is caused by the
reduction in p53.

JNK has a role in Andro-induced cell death but not in autophagy
Treatment of cells with Andro alone or combined with Taxi increased the p-JNK by 3.9-folds
and 14.7-folds respectively compared to the control (Figs 5H and S3M). The use of SP600125
(JNK inhibitor) increased the viability of HeLa cells significantly but did not rescue the cells
completely from the effect of Andro alone or in combination (Fig 5I). On the other hand,
SP600125 did not have any significant effect on autophagy in cells treated with Andro and/or
Taxi (Fig 5I). Accordingly, the results show that Andro combined with Taxi increased the con-
centration of p-JNK which may have a role in the induced cell death but is not involved in the
induction of autophagy.

Taxi enhanced the MMP loss induced by Andro in HeLa cells while JNK
inhibitor reduced it
Andro caused a dose- and time-dependent MMP loss due to the increase in MOMP (Fig 6A±
6C). HeLa cells treated with Andro combined with Taxi further increased the loss of MMP
(Fig 6E and 6F). This was further confirmed by the fluorescence microscope where the JC-1
probe was used (Fig 6D and 6G). This trend was also found when HeLa cells were pretreated
with 3-MA and then with Andro (Fig 6H). On the other hand, treatment of HeLa cells with
Andro alone or in combination with Taxi in the presence of SP600125 caused a decrease in the
MMP loss. This further confirms that the increase in the p-JNK is involved in the increase loss
of MMP (Fig 6I).

stainedwith acridine orange. (B) The percentage of cells with AVOs as determined by flow cytometer after cells were treated for
24 or 48 h with different concentrations of Andro and stained using acridine orange. Results are represented as mean ± SD
(n = 3). (C) Representative transmission electronmicrographs showing the AVOs in HeLa cells treated 50 μMAndro for 24 h
(Ciii & Civ) compared to cells treated with DMSO (controls) (Ci & Cii). White arrows indicate the AVOs. Upper panels, scale
bar = 5 μM, lower panels, scale bar = 1 μM. (D)Western blotting analysis of LC3-II protein levels in protein lysates from HeLa
cells treated with different concentrations of Andro for 24 h. Chloroquine (5 μM) was used as a positive control and β-Actin was
used to ensure equal protein loading. (E) Immunofluorescence micrographs showing punctuate green fluorescence patterns in
HeLa cells treated with 50 μMAndro for 24 h compared to the control. # indicates significantly different from the control (#, p<
0.01), scale bar = 75 μm. (F, G & H) The cells were treated as indicated for the specified time, stainedwith acridine orange and
analyzed using the flow cytometer. (F) The percentage of HeLa cells with AVOs after treatment with 50 μMAndro and/or
100 μMTaxi for 48 h. (G) The percentage of HeLa cells with AVOs after treatment with 50 μMAndro alone or combinedwith
100 μMTaxi at different time points. (H) The percentage of HeLa cells with AVOs after treatment with 50 μMalone or in
combination with different concentrations of Taxi for 24 h. Results are represented as mean ± SD (n = 3). (I)
Immunofluorescence micrographs showing the punctuate green fluorescence patterns in HeLa cells treated with 50 μMAndro
and/or 100 μMTaxi for 24 h compared to the control. # indicates significantly different (#, p< 0.01), scale bar = 75 μm.

doi:10.1371/journal.pone.0171325.g003
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Fig 4. Andro induced ROS-dependent autophagy while Taxi attenuated it. Cells were treated as
indicated, stainedwith DCF-DA and then analyzed using the flow cytometer. (A) A representative histograms
showing the increase in ROS in HeLa cells treated with Andro (25, 50 or 100 μM) while the decrease in ROS
in those treated with Taxi (50, 100 or 200μM) for 24h. (B) The percentage of cells with higher or lower levels of
ROS compared to the control in HeLa cells treated with different concentrations of Andro or Taxi for 24 h. (C)
The percentage of ROS levels in cells treated with different concentrations of Andro with or without
pretreatment with NAC. The cells were either pretreated or not with NAC (5 mM) for 1 h, and then different

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells

PLOSONE | DOI:10.1371/journal.pone.0171325 February 9, 2017 11 / 22

www.ru
ss

ian
tax

ifo
lin

.co
m 

Tax
ifo

lin
 m

an
ufa

ctu
rer

 fro
m R

us
sia

. 



Effect of Andro and/or Taxi on AIF, cytochrome c and pro-apoptosis
proteins release
AIF was located in the cytoplasm in the control cells, while treatment of cells with Andro and/
or Taxi caused AIF translocation to the nucleus (Fig 7A) which was 2-folds more in the com-
bined-treatment compared to Andro alone. Whereas, cytochrome c translocation from the
cytoplasm to the nucleus was minor (Fig 7A and 7B), the cytoplasmic cytochrome c concentra-
tion increased in the combination treatment compared to treatment with Andro alone (Figs
7C and S3N and S3O). The proapoptotic protein Bid was cleaved in cells treated with Andro
alone or with Andro combined with Taxi. There was also an increase in Bim (L) and Bim (S)
proteins concentration in cells treated with Andro (1.2- and 1.4-folds respectively) and when
Andro combined with Taxi (1.6- and 1.7-folds respectively) compared to the control (Figs 7D
and S3P±S3T).

Discussion
The combination effect of Andro with Taxi on growth inhibition of HeLa cells was synergistic
at all tested combination ratios contrast to the results of other flavonoids (silibinin, quercetin,
apigenin & luteolin) which ranged from antagonism to synergism depending on the combina-
tion ratio and the concentrations used. In fact, the flavonoid concentration is an important fac-
tor in its mode of action, the effect it will exert on cells and also on its interaction with other
compounds [42].

The combined-treatment of Andro with Taxi led to a higher early and late apoptosis com-
pared to treatment with Andro alone (Fig 2C and 2D). However, the early apoptosis results
were not compatible with the MTT antiproliferation results which suggested the involvement
of caspase-independent cell death. This was confirmed by using Z-Vad-Fmk (Fig 2G and 2H)
and western blotting (Fig 2F). It is widely accepted nowadays that the tumor response to ther-
apy is a heterogeneous model where various modes of death combine to generate the overall
tumor response [43]. The factors which determine the mechanisms of cell death include mech-
anism of action of the drug, dosing regimen used, and the genetic background of the cells
within the tumor [43].

Recently, different studies have found diverse effects of autophagy on cancer cells, either
survival or death, depending on the cancer and on the environment around the cancer cells
[44]. Two studies have shown controversial results of Andro on autophagy induction in differ-
ent cancer cell lines [33, 34]. Our results confirmed that Andro induced autophagy in Hela
cells (Fig 3A±3E). On the other hand, the combination of 50 µM Andro with 100 µM Taxi
caused a significant decrease in autophagy (Fig 3F±3I). Moreover, the decrease in autophagy
in the combination treatment was not cell-type specific (S2 Fig). The results also showed that
the induction of autophagy is ROS-dependent (Fig 4G±4I) which coincides with the results of

concentrations of Andro were added and the cells were incubated for another 24 h. (D) A representative
overlay histograms of ROS levels in HeLa cells treated with 50 μMAndro and/or 100 μMTaxi for different time
points. (E) The percentage of ROS levels in HeLa cells treated with 50 μMAndro and or 100 μMTaxi for
different time points. (B, C & E) Results are represented as mean ± SD (n = 3). (F) A representative dot plot
showing the effect of different concentrations of Andro on autophagy in HeLa cells with or without 1 h
pretreatment with NAC (5 mM). (G) The percentage of AVOs in HeLa cells pretreatedwith NAC (5 mM) for 1
h, then, treated with different concentrations of Andro as indicated for 24 h. Results are represented as
mean ± SD (n = 3). (H) Western blotting analysis of LC3-II protein levels in protein lysates fromHeLa cells
treated with 50 μMAndro for 24 h with or without 1 h pretreatment with NAC (5 mM). β-Actin was used to
ensure equal protein loading. (I) Immunofluorescencemicrographs showing the punctuate green
fluorescence patterns in HeLa cells treated with 50 μMAndro for 24 h with or without 1 h pretreatment with
NAC (5 mM). # or * indicates significantly different (#, p< 0.01; (*, p<0.05), scale bar = 75 μm.

doi:10.1371/journal.pone.0171325.g004
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Fig 5. Inhibition of protective autophagy augmented apoptosis in HeLa cells via reduction of p- p53. (A & B) The
cells were treated with different concentrations of Andro, 100 μMTaxi or 50 μMAndro combinedwith 100 μMTaxi for 24 h
with or without 1 h pretreatment with CQ (5 μM) or Rapamycin (0.5 μM). The cell viability was tested using the MTT assay.
Values from each treatment were compared to the control values and expressed as mean ± SD of three independent
experiments. (C) Apoptosis as illustrated by cleavage of PARP and caspases 3 and 7 following 24 h Andro treated Hela
cells with or without 1 h pretreatment with CQ (5μM). (D) Effect of Andro and/or Taxi on p-p53 protein levels. GAPDHwas
used to ensure equal protein loading. (E) Effect of Andro and/or Taxi in the presence or absence of PFT-α on viability of
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different studies [10, 45]. Conversely, Taxi was shown to act as an antioxidant and decreased
ROS production [46]. The combined-treatment of Andro and Taxi caused a decrease in ROS
generation (Fig 4E) and at the same time reduced autophagy (Fig 3F±3I). Thus, the antioxidant
effect of Taxi which caused the decrease in ROS generation caused a reduction of Andro-
induced autophagy. In general, most of the dietary supplements have health-improving effects
generally via strengthening the cellular antioxidant system in the body [47]. Those dietary sup-
plements which also possess anticancer activity have more advantage and may give better
results in combination chemotherapy [47]. In our study, Taxi worked as both antioxidant and
anticancer agent against HeLa cells and these characteristics may be responsible for its ability
to synergize the effects of Andro.

Our results showed that Andro induced protective- autophagy in which its inhibition
decreased cell viability while increased apoptosis of HeLa cells (Fig 5A and 5C). These results
further confirm that Taxi acted as an inhibitor of autophagy whenever combined with
Andro and consequently, the increase in caspase-dependent apoptosis is attributed to this
inhibition. Therefore, our results agree with many studies which demonstrated the autop-
hagy-protective role in chemoresistant apoptosis [37±39, 48, 49] while disagree with others
who indicated that cell death was due to autophagy and not apoptosis [50]. Many factors are
involved in determining the destiny of the cells including the type of stimuli, nutrient avail-
ability and apoptotic status of cells [51]. Therefore, the determination of a drug's effect on
autophagy may be an important factor in knowing the major impediments to a successful
cancer therapy.

At the molecular level, different molecules are involved in autophagy induction including
p53 and JNK. In addition to the known functions of p53, the most important being cell cycle
arrest and apoptosis, it was also recently found to be involved in the regulation of autophagy
[52±54]. In the present study, we confirmed by using the p53 inhibitor, PFT-α, that p53 has a
role in Andro-induced autophagy where the inhibition of p53 caused a decrease in autophagy.
This agrees with many studies which showed that ROS and p53 are playing important roles in
the induction of autophagy [41, 55]. Our results also confirm that the reduction in autophagy
due to the combined-treatment is caused by the reduction in p53. This was further confirmed
by the results of MTT which showed that the inhibition of p53, which caused reduction in
autophagy, also caused a decrease in the viability of HeLa cells and further confirms that
Andro-induced autophagy is protective.

On the other hand, JNK was shown to have a critical role in autophagy [55, 56]. Our results
showed that Andro combined with Taxi increased the cytotoxic effect on HeLa cells through
the activation of JNK where the inhibition of JNK by SP600125 increased the cell viability (Fig
5I). The results also showed that the activation of JNK is not involved in autophagy (Fig 5J).
Our results disagree with those of Notte et al. who found that JNK promoted survival for the
MDA-MB-231 breast cancer where the cells became resistant to taxol-induced apoptosis due
to JNK activation while agree with them in that JNK plays no role in the induction of autop-
hagy [57]. In contrast, our results agree with those of Shimizu et al. and He et al. who found
that the activation of JNK is involved in the cell death and that the use of JNK inhibitor sup-
pressed it [56, 58].

HeLa. (F) Effect of Andro and/or Taxi in the presence or absence of PFT-α on autophagy of HeLa. (G) Western blotting
analysis of p-JNK protein levels from HeLa cells treated with 50 μMAndro and or 100μMTaxi for 24 h. (H) Effect of Andro
and/or Taxi in the presence or absence of SP600125 (5 μM) on viability of HeLa after 24 h. (I) The percentage of HeLa cells
with AVOs after treatment with different concentrations of Andro or with Andro combinedwith Taxi for 24 h with or without 1
h pretreatment with SP600125 (5 μM). Results are represented as mean ± SD (n = 3). * or # indicates significantly different
(*, p< 0.05; #, p< 0.01).

doi:10.1371/journal.pone.0171325.g005
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Fig 6. The effect of Andro alone or in combination with Taxi on MMP loss in HeLa cells. (A) A
representative flow cytometric histograms showing the loss in MMP (decrease in FL2 fluorescence) in HeLa
cells treated with different concentrations of Andro for 48 h and stained with JC-1. (B) The percentage of cells
with MMP loss in HeLa cells treated with different concentrations of Andro for 48 h. (C) The percentage of
cells with MMP loss in HeLa cells treated with 50 μMAndro for different time points compared to the control.
Results are represented as mean ± SD (n = 3). (D) Immunofluorescencemicrographs of HeLa cells stained
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The phosphorylation and stabilization of p53 was reported to be regulated by JNK [59, 60].
In contrast, other reports indicated that the activation of JNK can reduce p53. In fact, our
results showed that the activation of JNK reduced the p-p53. This agrees with Wang et al.
results who reported that Short-chain fatty acid mixes sustained the activation JNK1 and
downregulation of p53 [61]. Tafolla et al. also found that JNK1 and JNK2 are opposite regula-
tors of p53 where JNK1 is a negative regulator while JNK2 is a positive regulator of p53 expres-
sion [62].

The involvement of mitochondrial-events in autophagy process was reported in many stud-
ies [33, 38]. The treatment of HeLa cells with Andro caused an increase in the MMP loss (Fig
6B) which was augmented by either the addition of Taxi (Fig 6F) or 3-MA (Fig 6H). Therefore,
the decrease in autophagy augmented the loss of MMP. Similar results were shown by different
groups and on different cancer cells where 3-MA increased the MMP loss when used with cis-
platin, 5-FU [36] or with bortezomib [63]. The results showed that the treatment of HeLa cells
with Andro and/or Taxi combined with SP600125 decreased the MMP loss. This further con-
firms that the increase in JNK-activation disrupted the mitochondria, increased the MMP loss,
and increased the release of caspase-dependent and independent factors which caused cell
death in HeLa cells. These results confirm further the important role of mitochondria in the
cell death and further confirm the significance of autophagy in reducing the caspase-depen-
dent and independent cell death by reducing the number of mitochondria by sequestration
and destructing them in the autophagosomes.

The results also showed that AIF was translocated from the cytoplasm to the nucleus in
the cells treated with Andro alone or Andro combined with Taxi, however the translocation
was minor in the case of cytochrome c (Fig 7A and 7B). This was further confirmed by
western blotting (Fig 7C). In the case of cytochrome c, there were higher levels of cyto-
plasmic cytochrome c in the cells treated with Andro combined with Taxi compared to
treatment with Andro alone. The results confirm that there was another mechanism of cell
death together with the caspase-dependent mechanism which is caspase-independent and
related to the release of AIF and its translocation to the nucleus. These results coincide with
many reports which also indicated that AIF is involved in caspase-independent cell death
[38, 64].

In conclusion, the effects of Andro alone or in combination with Taxi on HeLa cells were
investigated. Taxi, which has a low cytotoxic effect, synergized the cytotoxic effect of Andro by
attenuating ROS and autophagy, increasing MMP loss, the release of AIF and cytochrome c
and the caspase-dependent and independent cell death whenever they are in combined use.
Based on the results, a proposed pathway for cell death was formulated (Fig 8). To our knowl-
edge, the present study has shown for the first time that Andro can induce protective autop-
hagy in HeLa cells and that the autophagy reduced by Taxi can improve the cytotoxic effect of

with JC-1 showing the increase in the J-aggregates form (red) with lowmonomeric form (green) in the control,
while a decrease in the J-aggregates form (red) and increase in the monomeric forms (green) in cells treated
with 50 μMAndro, scale bar = 50 μm. (E) A representative flow cytometric histograms showing the loss in
MMP (decrease in FL2 fluorescence) in HeLa cells treated with 50 μMAndro and/or 100 μMTaxi for 24 or 48
h and stainedwith JC-1. (F) The percentage of cells with MMP loss in HeLa cells treated with 50 μMAndro
and/or 100 μMTaxi for 24 or 48 h and stained with JC-1. (G) Immunofluorescence micrographs of HeLa cells
stainedwith JC-1 showing the increase in the J-aggregates form (red) with lowmonomeric form (green) in the
control, while a decrease in the J-aggregates form (red) and increase in the monomeric forms (green) in cells
treated with 50 μMAndro and/or 100 μMTaxi, scale bar = 50 μm. (H) The percentage of cells with MMP loss
in HeLa cells treated with different concentrations of Andro for 24 h with or without 1 h pretreatment with 3-MA
(5 mM). (I) Effect of SP600125 on the MMP on HeLa cells treated with Andro or Andro and Taxi for 24 h.
Results are represented as mean ± SD (n = 3). # indicates significantly different (*, p< 0.05; #, p< 0.01).

doi:10.1371/journal.pone.0171325.g006
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Andro. This can open the door for further investigation of the autophagy inhibitory effects of
other flavonoids in combination with other chemotherapeutic drugs which are known to
induce autophagy-induced chemoresistance. These results added more knowledge in under-
standing the effects of Andro on cancer cells which may lead to the improvement of its cyto-
toxic effects and future use in the treatment of cancer.

Fig 7. Role of AIF, Cytochrome c and proapoptotic factors in the cell death induced by Andro and/or Taxi on Hela cells. (A &
B) Effect of Andro and/or Taxi on translocation of AIF and cytochrome c to the nucleus in HeLa cells. Cells were seeded on sterile
coverslips, treated with 50 μMAndro and/or 100 μMTaxi for 24 h, fixed and immunostained with anti-AIF or anti-cytochrome c
antibody, CFL-conjugated secondary antibody, counterstained with Hoechst 33342 and then observed under the confocal
microscope, scale bar = 20 μm. (C) Effect of Andro and/or Taxi on the expression of AIF and cytochrome c proteins. (D) Effect of
Andro and/or Taxi on the expression of Bcl-2 and the proapoptotic proteins. GAPDHwas used to ensure equal protein loading.
Results are represented as mean ± SD (n = 3). # indicates significantly different (#, p < 0.01).

doi:10.1371/journal.pone.0171325.g007
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Supporting information
S1 Fig. Morphological changes in HeLa cells treated with Andro and/or Taxi for 48 h.
(DOCX)

S2 Fig. Andro induces autophagy in MCF-7 cells while Taxi reduces it.
(DOCX)

S3 Fig. Densitometric analysis of western blots.
(DOCX)

Fig 8. The proposedmechanism for Andro and Taxi induced-cell death in HeLa cells. Andro caused a genotoxic stress in HeLa
cells which was associatedwith increase in ROS, MOMP, activation of JNK, p-p53 and apoptosis. Andro also induced autophagy in
HeLa cells which was cytoprotective. The combination of Andro with Taxi decreased autophagy by decreasing ROS and p-p53. The
use of the p-p53 inhibitor PFT-α also caused attenuation of autophagy. The combination treatment also increased the activation of
JNK, the levels of tBid and Bimwhich increased further theMOMP and the release of AIF and cytochrome c and subsequently
caused caspase-3independent and dependent cell death. The use of the JNK inhibitor SP600125 reduced theMMP loss and
increased the viability of HeLa cells taxi.

doi:10.1371/journal.pone.0171325.g008

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells

PLOSONE | DOI:10.1371/journal.pone.0171325 February 9, 2017 18 / 22

www.ru
ss

ian
tax

ifo
lin

.co
m 

Tax
ifo

lin
 m

an
ufa

ctu
rer

 fro
m R

us
sia

. 

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171325.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171325.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171325.s003


Acknowledgments
Thanks are given to the City University of Hong Kong and Department of Health, Hong Kong
SAR Government (HKCMMS project) for their financial support. We also acknowledge the
studentship from the School of Graduate Studies, City University of Hong Kong to M. Alza-
harna and I. Alqouqa.

Author Contributions
Conceptualization:HYCMAZ.

Data curation:HYCMAZ.

Formal analysis:MAZ IAQ.

Funding acquisition:HYC.

Investigation:MAZ IAQ.

Methodology:HYCMAZ.

Project administration:HYC.

Resources:HYC.

Supervision:HYC.

Validation:MAZ.

Visualization:MAZ.

Writing ±original draft: HYCMAZ IAQ.

Writing ± review & editing:HYCMAZ IAQ.

References
1. Rajagopal S, Kumar RA, Deevi DS, Satyanarayana C, Rajagopalan R. Andrographolide, a potential

cancer therapeutic agent isolated from Andrographis paniculata. J Exp Ther Oncol. 2003; 3(3):147±58.
Epub 2003/12/04. PMID: 14641821

2. Wang T, Liu B, ZhangW,Wilson B, Hong JS. Andrographolide reduces inflammation-mediated dopami-
nergic neurodegeneration in mesencephalic neuron-glia cultures by inhibitingmicroglial activation J
Pharmacol Exp Ther. 2004; 308(3):975±83. doi: 10.1124/jpet.103.059683 PMID: 14718612

3. Abubacker MN, Vasantha S. Antibacterial activity of ethanolic leaf extract of Andrographis paniculata
nees (acanthaceae) and its bioactive compound andrographolide. Drug Invention Today. 2010; 2
(10):440±2.

4. Akbar S. Andrographis paniculata: A review of pharmacological activities and clinical effects. Altern
Med Rev. 2011; 16(1):66±77. PMID: 21438648

5. Woo AYH,WayeMMY, Tsui SKW, Yeung STW, ChengCHK. Andrographolide up-regulates cellular-
reduced glutathione level and protects cardiomyocytes against hypoxia/reoxygenation injury. J Pharma-
col Exp Ther. 2008; 325(1):226±35. doi: 10.1124/jpet.107.133918PMID: 18174384

6. CheungHY, CheungSH, Li J, CheungCS, Lai WP, FongWF, et al. Andrographolide Isolated from
Andrographis paniculata Induces Cell Cycle Arrest andMitochondrial-MediatedApoptosis in Human
Leukemic HL-60 Cells. PlantaMed. 2005; 71(6):1106±11.

7. Jada SR, Matthews C, SaadMS, Hamzah AS, Lajis NH, StevensMFG, et al. Benzylidene derivatives of
andrographolide inhibit growth of breast and colon cancer cells in vitro by inducingG1 arrest and apo-
ptosis. Br J Pharmacol. 2008; 155:641±54. doi: 10.1038/bjp.2008.368PMID: 18806812

8. Shi MD, Lin HH, Lee YC, Chao JK, Lin RA, Chen JH. Inhibition of cell-cycle progression in human colo-
rectal carcinoma Lovo cells by andrographolide. ChemBiol Interact. 2008; 174(3):201±10. doi: 10.
1016/j.cbi.2008.06.006 PMID: 18619950

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells

PLOSONE | DOI:10.1371/journal.pone.0171325 February 9, 2017 19 / 22

www.ru
ss

ian
tax

ifo
lin

.co
m 

Tax
ifo

lin
 m

an
ufa

ctu
rer

 fro
m R

us
sia

. 

http://www.ncbi.nlm.nih.gov/pubmed/14641821
http://dx.doi.org/10.1124/jpet.103.059683
http://www.ncbi.nlm.nih.gov/pubmed/14718612
http://www.ncbi.nlm.nih.gov/pubmed/21438648
http://dx.doi.org/10.1124/jpet.107.133918
http://www.ncbi.nlm.nih.gov/pubmed/18174384
http://dx.doi.org/10.1038/bjp.2008.368
http://www.ncbi.nlm.nih.gov/pubmed/18806812
http://dx.doi.org/10.1016/j.cbi.2008.06.006
http://dx.doi.org/10.1016/j.cbi.2008.06.006
http://www.ncbi.nlm.nih.gov/pubmed/18619950


9. CheungMT, RamalingamR, Lau KK, ChiangWL, Chiu SK, CheungHY, et al. Cell type-dependent
effects of andrographolide on human cancer cell lines. Life Sci. 2012; 91(15±16):751±60. Epub 2012/
10/11. doi: 10.1016/j.lfs.2012.04.009PMID: 23047020

10. Li J, CheungHY, Zhang Z, ChanGK, FongWF. Andrographolide induces cell cycle arrest at G2/M
phase and cell death in HepG2 cells via alteration of reactive oxygen species. Eur J Pharmacol. 2007;
568(1±3):31±44. doi: 10.1016/j.ejphar.2007.04.027 PMID: 17512926

11. Shen KK, Liu TY, Xu C, Ji LL, Wang ZT. Andrographolide inhibits hepatoma cells growth and affects the
expression of cell cycle related proteins. Yao Xue Xue Bao. 2009; 44(9):973±9. Epub 2010/01/09.
PMID: 20055171

12. Zhang ZR, Al ZaharnaM,WongMM, Chiu SK, CheungHY. Taxifolin enhances andrographolide-
inducedmitotic arrest and apoptosis in human prostate cancer cells via spindle assembly checkpoint
activation. PLoSONE. 2013; 8(1):e54577. Epub 2013/02/06. doi: 10.1371/journal.pone.0054577
PMID: 23382917

13. Ji L, Liu T, Liu J, Chen Y, Wang Z. Andrographolide inhibits human hepatoma-derivedHep3B cell
growth through the activation of c-Jun N-terminal kinase. PlantaMed. 2007; 73(13):1397±401. doi: 10.
1055/s-2007-990230PMID: 17918040

14. Zhao F, He EQ,Wang L, Liu K. Anti-tumor activities of andrographolide, a diterpene from Andrographis
paniculata, by inducing apoptosis and inhibiting VEGF level. J Asian Nat Prod Res. 2008; 10(5):473±9.

15. Yang L, Wu D, Luo K, Wu S, Wu P. Andrographolide enhances 5-fluorouracil-induced apoptosis via
caspase-8-dependentmitochondrial pathway involving p53 participation in hepatocellular carcinoma
(SMMC-7721) cells. Cancer Lett. 2009; 276:180±8. doi: 10.1016/j.canlet.2008.11.015 PMID: 19097688

16. Zhou J, Lu GD, Ong CS, Ong CN, Shen HM. Andrographolide sensitizes cancer cells to TRAIL-induced
apoptosis via p53-mediated death receptor 4 up-regulation. Mol Cancer Ther. 2008; 7(7):2170±80. doi:
10.1158/1535-7163.MCT-08-0071 PMID: 18645026

17. LeungEL, Cao ZW, Jiang ZH, ZhouH, Liu L. Network-based drug discovery by integrating systems biol-
ogy and computational technologies. Brief Bioinform. 2013; 14(4):491±505. Epub 2012/08/11. doi: 10.
1093/bib/bbs043 PMID: 22877768

18. Faivre S, Djelloul S, Raymond E. New paradigms in anticancer therapy: targetingmultiple signaling
pathwayswith kinase inhibitors. SeminOncol. 2006; 33(4):407±20. Epub 2006/08/08. doi: 10.1053/j.
seminoncol.2006.04.005 PMID: 16890796

19. Kerr DJ, ThangueNBL. Signal transduction blockade and cancer: combination therapy or multi-targeted
inhibitors? AnnOncol. 2004; 15:1727±9. doi: 10.1093/annonc/mdh480 PMID: 15550576

20. HemaIswarya S, DobleM. Mechanistic studies on combination of phytochemicals and synthetic drugs
as anti-cancer agents. In: Leung P-C, Fong HHS, editors. Annals of traditional Chinesemedicine: Alter-
native treatment for cancer. Hackensack, NJ: World Scientific 2007. p. 363.

21. Middleton E Jr, KandaswamiC, Theoharides TC. The effects of plant flavonoids onmammalian cells:
implications for inflammation, heart disease, and cancer. Pharmacol Rev. 2000; 52(4):673±751. PMID:
11121513

22. Tsao R, McCallum J. Chemistry of flavonoids. In: Rosa LAdl, Alvarez-Parrilla E, GonzÂalez-Aguilar GA,
editors. Fruit and Vegetable Phytochemicals. Singapore: Blackwell Publishing; 2010. p. 131±53.

23. SharmaDK. Pharmacological properties of flavonoids including flavonolignans- integration of petro-
crops with drug development from plants. J Sci Ind Res. 2006; 65:474±84.

24. Galati G, O'Brien PJ. Potential toxicity of flavonoids and other dietary phenolics: significance for their
chemopreventive and anticancer properties. Free Radic Biol Med. 2004; 37(3):287±303. Epub 2004/06/
30. doi: 10.1016/j.freeradbiomed.2004.04.034 PMID: 15223063

25. RenW, Qiao Z, Wang H, Zhu L, Zhang L. Flavonoids: promising anticancer agents. Med Res Rev.
2003; 23(4):519±34. doi: 10.1002/med.10033PMID: 12710022

26. Theriault A, WangQ, Van Iderstine SC, Chen B, Franke AA, Adeli K. Modulation of hepatic lipoprotein
synthesis and secretion by taxifolin, a plant flavonoid. J Lipid Res. 2000; 41(12):1969±79. Epub 2000/
12/08. PMID: 11108730

27. Kawaii S, Tomono Y, Katase E, Ogawa K, YanoM. Antiproliferative activity of flavonoids on several
cancer cell lines. Biosci Biotechnol Biochem. 1999; 63(5):896±9. Epub 1999/06/25. doi: 10.1271/bbb.
63.896 PMID: 10380632

28. Oi N, ChenH, Ok KimM, Lubet RA, Bode AM, Dong Z. Taxifolin suppressesUV-induced skin carcino-
genesis by targeting EGFR and PI3K. Cancer Prev Res (Phila Pa). 2012; 5(9):1103±14. Epub 2012/07/
19.

29. Brusselmans K, Vrolix R, VerhoevenG, Swinnen JV. Induction of cancer cell apoptosis by flavonoids is
associatedwith their ability to inhibit fatty acid synthase activity. J Biol Chem. 2005; 280(7):5636±45.
Epub 2004/11/10. doi: 10.1074/jbc.M408177200 PMID: 15533929

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells

PLOSONE | DOI:10.1371/journal.pone.0171325 February 9, 2017 20 / 22

www.ru
ss

ian
tax

ifo
lin

.co
m 

Tax
ifo

lin
 m

an
ufa

ctu
rer

 fro
m R

us
sia

. 

http://dx.doi.org/10.1016/j.lfs.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23047020
http://dx.doi.org/10.1016/j.ejphar.2007.04.027
http://www.ncbi.nlm.nih.gov/pubmed/17512926
http://www.ncbi.nlm.nih.gov/pubmed/20055171
http://dx.doi.org/10.1371/journal.pone.0054577
http://www.ncbi.nlm.nih.gov/pubmed/23382917
http://dx.doi.org/10.1055/s-2007-990230
http://dx.doi.org/10.1055/s-2007-990230
http://www.ncbi.nlm.nih.gov/pubmed/17918040
http://dx.doi.org/10.1016/j.canlet.2008.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19097688
http://dx.doi.org/10.1158/1535-7163.MCT-08-0071
http://www.ncbi.nlm.nih.gov/pubmed/18645026
http://dx.doi.org/10.1093/bib/bbs043
http://dx.doi.org/10.1093/bib/bbs043
http://www.ncbi.nlm.nih.gov/pubmed/22877768
http://dx.doi.org/10.1053/j.seminoncol.2006.04.005
http://dx.doi.org/10.1053/j.seminoncol.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16890796
http://dx.doi.org/10.1093/annonc/mdh480
http://www.ncbi.nlm.nih.gov/pubmed/15550576
http://www.ncbi.nlm.nih.gov/pubmed/11121513
http://dx.doi.org/10.1016/j.freeradbiomed.2004.04.034
http://www.ncbi.nlm.nih.gov/pubmed/15223063
http://dx.doi.org/10.1002/med.10033
http://www.ncbi.nlm.nih.gov/pubmed/12710022
http://www.ncbi.nlm.nih.gov/pubmed/11108730
http://dx.doi.org/10.1271/bbb.63.896
http://dx.doi.org/10.1271/bbb.63.896
http://www.ncbi.nlm.nih.gov/pubmed/10380632
http://dx.doi.org/10.1074/jbc.M408177200
http://www.ncbi.nlm.nih.gov/pubmed/15533929


30. Campbell JK, King JL, HarmstonM, Lila MA, Erdman JW. Synergistic effects of flavonoids on cell prolif-
eration in Hepa-1c1c7 and LNCaP cancer cell lines. J Food Sci. 2006; 71(4).

31. Raina K, Agarwal R. Combinatorial strategies for cancer eradication by silibinin and cytotoxic agents:
efficacy andmechanisms. Acta Pharmacol Sin. 2007; 28(9):1466±75. Epub 2007/08/29. doi: 10.1111/j.
1745-7254.2007.00691.x PMID: 17723180

32. SiegelinMD, Reuss DE, Habel A, Herold-Mende C, von Deimling A. The flavonoid kaempferol sensi-
tizes human glioma cells to TRAIL-mediated apoptosis by proteasomal degradation of survivin. Mol
Cancer Ther. 2008; 7(11):3566±74. Epub 2008/11/13. doi: 10.1158/1535-7163.MCT-08-0236 PMID:
19001439

33. ChenW, Feng L, Nie H, Zheng X. Andrographolide induces autophagic cell death in human liver cancer
cells through cyclophilin D-mediatedmitochondrial permeability transition pore. Carcinogenesis. 2012;
33(11):2190±8. Epub 2012/08/08. doi: 10.1093/carcin/bgs264 PMID: 22869602

34. Zhou J, Hu SE, Tan SH, Cao R, Chen Y, Xia D, et al. Andrographolide sensitizes cisplatin-induced apo-
ptosis via suppression of autophagosome-lysosome fusion in human cancer cells. Autophagy. 2012; 8
(3):338±49. Epub 2012/02/04. doi: 10.4161/auto.18721 PMID: 22302005

35. Jones RG. The roles, mechanisms, and controversies of autophagy in mammalian biology. F1000 biol-
ogy reports. 2009; 1:68. Epub 2009/01/01. doi: 10.3410/B1-68 PMID: 20948619

36. Guo XL, Li D, Hu F, Song JR, Zhang SS, DengWJ, et al. Targeting autophagy potentiates chemother-
apy-induced apoptosis and proliferation inhibition in hepatocarcinoma cells. Cancer Lett. 2012; 320
(2):171±9. Epub 2012/03/13. doi: 10.1016/j.canlet.2012.03.002 PMID: 22406827

37. Yang C, Kaushal V, Shah SV, Kaushal GP. Autophagy is associated with apoptosis in cisplatin injury to
renal tubular epithelial cells. Am J Physiol Renal Physiol. 2008; 294(4):F777±87. Epub 2008/02/08. doi:
10.1152/ajprenal.00590.2007PMID: 18256309

38. Karna P, Zughaier S, Pannu V, Simmons R, Narayan S, Aneja R. Induction of reactive oxygen species-
mediated autophagy by a novel microtubule-modulating agent. J Biol Chem. 2010; 285(24):18737±48.
Epub 2010/04/21. doi: 10.1074/jbc.M109.091694 PMID: 20404319

39. Verschooten L, Barrette K, Van Kelst S, Rubio Romero N, Proby C, De Vos R, et al. Autophagy inhibitor
chloroquine enhanced the cell death inducing effect of the flavonoid luteolin in metastatic squamous cell
carcinoma cells. PLoSONE. 2012; 7(10):e48264. Epub 2012/10/31. doi: 10.1371/journal.pone.
0048264PMID: 23110223

40. Aoki H, Takada Y, Kondo S, SawayaR, Aggarwal BB, Kondo Y. Evidence that curcumin suppresses
the growth of malignant gliomas in vitro and in vivo through induction of autophagy: role of Akt and extra-
cellular signal-regulated kinase signaling pathways. Mol Pharmacol. 2007; 72(1):29±39. Epub 2007/03/
31. doi: 10.1124/mol.106.033167 PMID: 17395690

41. GaoM, Yeh PY, Lu YS, Hsu CH, Chen KF, LeeWC, et al. OSU-03012, a novel celecoxib derivative,
induces reactive oxygen species-related autophagy in hepatocellular carcinoma. Cancer Res. 2008; 68
(22):9348±57. Epub 2008/11/18. doi: 10.1158/0008-5472.CAN-08-1642PMID: 19010909

42. WatjenW, Michels G, Steffan B, Niering P, ChovolouY, Kampkotter A, et al. Low concentrations of fla-
vonoids are protective in rat H4IIE cells whereas high concentrations cause DNA damage and apopto-
sis. J Nutr. 2005; 135(3):525±31. Epub 2005/03/01. PMID: 15735088

43. Morse DL, Gray H, PayneCM, Gillies RJ. Docetaxel induces cell death throughmitotic catastrophe in
human breast cancer cells. Mol Cancer Ther. 2005; 4(10):1495±504. Epub 2005/10/18. doi: 10.1158/
1535-7163.MCT-05-0130 PMID: 16227398

44. Ogier-Denis E, CodognoP. Autophagy: a barrier or an adaptive response to cancer. BiochimBiophys
Acta. 2003; 1603(2):113±28. Epub 2003/03/06. PMID: 12618311

45. Yang S, Evens AM, Prachand S, Singh AT, Bhalla S, David K, et al. Mitochondrial-mediated apoptosis
in lymphoma cells by the diterpenoid lactone andrographolide, the active component of Andrographis
paniculata. Clin Cancer Res. 2010; 16(19):4755±68. Epub 2010/08/28. doi: 10.1158/1078-0432.CCR-
10-0883PMID: 20798229

46. Vladimirov YA, Proskurnina EV, Demin EM, Matveeva NS, Lubitskiy OB, Novikov AA, et al. Dihydro-
quercetin (taxifolin) and other flavonoids as inhibitors of free radical formation at key stages of apopto-
sis. Biochemistry (Mosc). 2009; 74(3):301±7. Epub 2009/04/15.

47. Tyagi AK, Singh RP, Agarwal C, ChanDC, Agarwal R. Silibinin strongly synergizes human prostate car-
cinomaDU145 cells to doxorubicin-induced growth Inhibition, G2-M arrest, and apoptosis. Clin Cancer
Res. 2002; 8(11):3512±9. Epub 2002/11/14. PMID: 12429642

48. Zhang H, Chen Z, NeelapuSS, Romaguera J, McCarty N. Hedgehog inhibitors selectively target cell
migration and adhesion of mantle cell lymphoma in bonemarrowmicroenvironment. Oncotarget. 2016;
7(12):14350±65. Epub 2016/02/18. doi: 10.18632/oncotarget.7320 PMID: 26885608

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells

PLOSONE | DOI:10.1371/journal.pone.0171325 February 9, 2017 21 / 22

www.ru
ss

ian
tax

ifo
lin

.co
m 

Tax
ifo

lin
 m

an
ufa

ctu
rer

 fro
m R

us
sia

. 

http://dx.doi.org/10.1111/j.1745-7254.2007.00691.x
http://dx.doi.org/10.1111/j.1745-7254.2007.00691.x
http://www.ncbi.nlm.nih.gov/pubmed/17723180
http://dx.doi.org/10.1158/1535-7163.MCT-08-0236
http://www.ncbi.nlm.nih.gov/pubmed/19001439
http://dx.doi.org/10.1093/carcin/bgs264
http://www.ncbi.nlm.nih.gov/pubmed/22869602
http://dx.doi.org/10.4161/auto.18721
http://www.ncbi.nlm.nih.gov/pubmed/22302005
http://dx.doi.org/10.3410/B1-68
http://www.ncbi.nlm.nih.gov/pubmed/20948619
http://dx.doi.org/10.1016/j.canlet.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22406827
http://dx.doi.org/10.1152/ajprenal.00590.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256309
http://dx.doi.org/10.1074/jbc.M109.091694
http://www.ncbi.nlm.nih.gov/pubmed/20404319
http://dx.doi.org/10.1371/journal.pone.0048264
http://dx.doi.org/10.1371/journal.pone.0048264
http://www.ncbi.nlm.nih.gov/pubmed/23110223
http://dx.doi.org/10.1124/mol.106.033167
http://www.ncbi.nlm.nih.gov/pubmed/17395690
http://dx.doi.org/10.1158/0008-5472.CAN-08-1642
http://www.ncbi.nlm.nih.gov/pubmed/19010909
http://www.ncbi.nlm.nih.gov/pubmed/15735088
http://dx.doi.org/10.1158/1535-7163.MCT-05-0130
http://dx.doi.org/10.1158/1535-7163.MCT-05-0130
http://www.ncbi.nlm.nih.gov/pubmed/16227398
http://www.ncbi.nlm.nih.gov/pubmed/12618311
http://dx.doi.org/10.1158/1078-0432.CCR-10-0883
http://dx.doi.org/10.1158/1078-0432.CCR-10-0883
http://www.ncbi.nlm.nih.gov/pubmed/20798229
http://www.ncbi.nlm.nih.gov/pubmed/12429642
http://dx.doi.org/10.18632/oncotarget.7320
http://www.ncbi.nlm.nih.gov/pubmed/26885608


49. Chen Z, Teo AE, McCarty N. ROS-Induced CXCR4 SignalingRegulatesMantle Cell Lymphoma (MCL)
Cell Survival and Drug Resistance in the BoneMarrowMicroenvironment via Autophagy. Clin Cancer
Res. 2016; 22(1):187±99. Epub 2015/09/10. doi: 10.1158/1078-0432.CCR-15-0987PMID: 26350264

50. Chen Y, AzadMB, Gibson SB. Methods for detecting autophagy and determining autophagy-induced
cell death. Can J Physiol Pharmacol. 2010; 88(3):285±95. Epub 2010/04/16. doi: 10.1139/Y10-010
PMID: 20393593

51. Kim RH, Coates JM, Bowles TL, McNerneyGP, Sutcliffe J, Jung JU, et al. Arginine deiminase as a
novel therapy for prostate cancer induces autophagy and caspase-independent apoptosis. Cancer
Res. 2009; 69(2):700±8. Epub 2009/01/17. doi: 10.1158/0008-5472.CAN-08-3157 PMID: 19147587

52. Levine B, Abrams J. p53: The Janus of autophagy? Nat Cell Biol. 2008; 10(6):637±9. Epub 2008/06/04.
doi: 10.1038/ncb0608-637PMID: 18521069

53. Tasdemir E, Maiuri MC, Galluzzi L, Vitale I, Djavaheri-MergnyM, D'Amelio M, et al. Regulation of autop-
hagy by cytoplasmic p53. Nat Cell Biol. 2008; 10(6):676±87. Epub 2008/05/06. doi: 10.1038/ncb1730
PMID: 18454141

54. Li L, Ishdorj G, Gibson SB. Reactive oxygen species regulation of autophagy in cancer: implications for
cancer treatment. Free Radic Biol Med. 2012; 53(7):1399±410. Epub 2012/07/24. doi: 10.1016/j.
freeradbiomed.2012.07.011 PMID: 22820461

55. DuanWJ, Li QS, Xia MY, Tashiro SI, Onodera S, Ikejima T. Silibinin activated p53 and induced autop-
hagic death in human fibrosarcoma HT1080 cells via reactive oxygen species-p38 and c-Jun N-Termi-
nal kinase pathways. Biol PharmBull. 2011; 34(1):47±53. PMID: 21212516

56. Shimizu S, Konishi A, NishidaY, Mizuta T, NishinaH, Yamamoto A, et al. Involvement of JNK in the reg-
ulation of autophagic cell death. Oncogene. 2010; 29(14):2070±82. Epub 2010/01/27. doi: 10.1038/
onc.2009.487 PMID: 20101227

57. Notte A, NinaneN, Arnould T, Michiels C. Hypoxia counteracts taxol-induced apoptosis in MDA-MB-
231 breast cancer cells: role of autophagy and JNK activation. Cell Death Dis. 2013; 4:e638. Epub
2013/05/18. doi: 10.1038/cddis.2013.167 PMID: 23681233

58. HeW,WangQ, Srinivasan B, Xu J, PadillaMT, Li Z, et al. A JNK-mediated autophagy pathway that trig-
gers c-IAP degradation and necroptosis for anticancer chemotherapy. Oncogene. 2013; Epub 2013/07/
09.

59. Cheng Y, Qiu F, Tashiro S, Onodera S, Ikejima T. ERK and JNKmediate TNFalpha-induced p53 activa-
tion in apoptotic and autophagic L929 cell death. BiochemBiophys Res Commun. 2008; 376(3):483±8.
Epub 2008/09/18. doi: 10.1016/j.bbrc.2008.09.018 PMID: 18796294

60. SridharanS, Jain K, Basu A. Regulation of autophagy by kinases. Cancers. 2011; 3(2):2630±54. Epub
2011/01/01. doi: 10.3390/cancers3022630 PMID: 24212825

61. Wang J, FriedmanE. Downregulation of p53 by sustained JNK activation during apoptosis. Mol Carci-
nog. 2000; 29(3):179±88. Epub 2000/12/07. PMID: 11108663

62. Tafolla E, Wang S, Wong B, Leong J, Kapila YL. JNK1 and JNK2 oppositely regulate p53 in signaling
linked to apoptosis triggered by an altered fibronectinmatrix: JNK links FAK and p53. J Biol Chem.
2005; 280(20):19992±9. Epub 2005/03/22. doi: 10.1074/jbc.M500331200 PMID: 15778501

63. Zhang X, Li W, Wang C, Leng X, Lian S, Feng J, et al. Inhibition of autophagy enhances apoptosis
induced by proteasome inhibitor bortezomib in human glioblastoma U87 and U251 cells. Mol Cell Bio-
chem. 2014; 385(1±2):265±75. Epub 2013/10/10. doi: 10.1007/s11010-013-1835-z PMID: 24104452

64. Lee TJ, Kim EJ, Kim S, Jung EM, Park JW, Jeong SH, et al. Caspase-dependent and caspase-indepen-
dent apoptosis induced by evodiamine in human leukemic U937 cells. Mol Cancer Ther. 2006; 5
(9):2398±407. Epub 2006/09/21. doi: 10.1158/1535-7163.MCT-06-0167PMID: 16985074

Effect of Andrographolide and Taxifolin on autophagy and cell death in HeLa cells

PLOSONE | DOI:10.1371/journal.pone.0171325 February 9, 2017 22 / 22

www.ru
ss

ian
tax

ifo
lin

.co
m 

Tax
ifo

lin
 m

an
ufa

ctu
rer

 fro
m R

us
sia

. 

http://dx.doi.org/10.1158/1078-0432.CCR-15-0987
http://www.ncbi.nlm.nih.gov/pubmed/26350264
http://dx.doi.org/10.1139/Y10-010
http://www.ncbi.nlm.nih.gov/pubmed/20393593
http://dx.doi.org/10.1158/0008-5472.CAN-08-3157
http://www.ncbi.nlm.nih.gov/pubmed/19147587
http://dx.doi.org/10.1038/ncb0608-637
http://www.ncbi.nlm.nih.gov/pubmed/18521069
http://dx.doi.org/10.1038/ncb1730
http://www.ncbi.nlm.nih.gov/pubmed/18454141
http://dx.doi.org/10.1016/j.freeradbiomed.2012.07.011
http://dx.doi.org/10.1016/j.freeradbiomed.2012.07.011
http://www.ncbi.nlm.nih.gov/pubmed/22820461
http://www.ncbi.nlm.nih.gov/pubmed/21212516
http://dx.doi.org/10.1038/onc.2009.487
http://dx.doi.org/10.1038/onc.2009.487
http://www.ncbi.nlm.nih.gov/pubmed/20101227
http://dx.doi.org/10.1038/cddis.2013.167
http://www.ncbi.nlm.nih.gov/pubmed/23681233
http://dx.doi.org/10.1016/j.bbrc.2008.09.018
http://www.ncbi.nlm.nih.gov/pubmed/18796294
http://dx.doi.org/10.3390/cancers3022630
http://www.ncbi.nlm.nih.gov/pubmed/24212825
http://www.ncbi.nlm.nih.gov/pubmed/11108663
http://dx.doi.org/10.1074/jbc.M500331200
http://www.ncbi.nlm.nih.gov/pubmed/15778501
http://dx.doi.org/10.1007/s11010-013-1835-z
http://www.ncbi.nlm.nih.gov/pubmed/24104452
http://dx.doi.org/10.1158/1535-7163.MCT-06-0167
http://www.ncbi.nlm.nih.gov/pubmed/16985074



