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Purpose: Withaferin A (WA) is a bioactive lactone, isolated 
from natural sources, mainly found in Withania somnifera, 
and was known to be highly effective against a variety of tumor 
cells both in vitro and in vivo. Accumulating experimental 
evidence suggests the involvement of reactive oxygen species 
(ROS) in WA-mediated cytotoxicity against cancer cells. 
Hence, the purpose of this study was to investigate the effect 
of WA in non-small cell lung cancer (NSCLC) cells and also 
the role of ROC in WA-mediated cytotoxicity. 

Methods: In the present study we investigated the 
cytotoxic potential of WA against NSCLC cell line A549 
and also highlighted the mechanism of cytotoxicity of this 

compound. Non-carcinoma WI-38 and PBMC cell lines 
were used as controls. 

Results: WA treatment resulted in a dose-dependent 
cytotoxicity in A549 cells, while the non-carcinoma cells 
WI-38 and PBMC were unaffected. Further experimental 
approaches revealed that ROS plays a major role in WA-
induced apoptosis in NSCLC cells.

Conclusion: WA induces oxidative damage to NSCLC cells 
with minimum toxicity to normal cells.
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non-small cell lung cancer cells via generation of reactive 
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Lung cancer is one of the malignancies with 
very high mortality worldwide and NSCLC is re-
sponsible for 85% of the total mortality, while 
small cell lung cancer (SCLC) accounts for the re-
maining 15% of the cases [1-3]. Despite the im-
provements in treatment strategies, poor progno-
sis, reduced survival rate and accelerated metas-
tasis of NSCLC contribute to high lethality of this 
tumor [4]. Although the incidence of lung cancer 
had decreased to a certain extent in the developed 
countries, recent epidemiological studies suggest 
that the incidence of NSCLC had increased signifi-
cantly in Asian countries including China [5,6]. 
Hence development of effective drug candidates 

against NSCLC is an urgent requirement for bet-
ter treatment of this disease.

WA, a bioactive steroidal lactone (Figure 
1A), reported to be present in the Ayurvedic 
medicinal plant Withania somnifera, is known 
to be effective against various tumor cells both 
in vitro and in vivo [7-10]. There are several re-
ports which suggest the involvement of ROS in 
WA-mediated cytotoxicity against cancer cells 
[8,9,11]. This naturally occurring lactone had be-
come a popular anticancer agent to the research-
ers due to its limited toxicity in noncancerous 
cells [12]. Although there is a report on WA ac-
tion on lung cancer cells [13], how ROS plays its 
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role in WA-mediated apoptosis in NSCLC has not 
been highlighted.

Hence we tried to investigate in detail the 
mechanism of WA-induced apoptosis in NSCLC 
cells A549 and also monitored the effect of WA 
on the noncancerous lung fibroblasts WI-38 cells 
and also in human peripheral blood mononuclear 
cells (PBMC). 

Methods
Cell culture and maintenance

Human NSCLC cells A549 and noncancerous lung 
cells WI-38 were cultured in Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with antibiotics 
(streptomycin 100 μg/ml and penicillin 100 U/ml) and 
10% fetal bovine serum (FBS).

PBMC were isolated from healthy donors by den-
sity gradient technique, using Ficoll-Hypaque (Histo-
paque 1077, Sigma Aldrich-USA) [11]. Briefly, whole 
blood was collected from a healthy donor and carefully 
mixed with Ficoll-Hypaque (1:1). The mixture was cen-
trifuged at 400 × g for 30 min and PBMC were collected 

from the plasma/ Ficoll interphase and propagated ac-
cordingly in DMEM media.

Cell viability assay

Cultured A549, WI-38 and PBMC were grown to 
a density of 1X104 cells/ml and treated with different 
concentrations of WA (0-50 µM) for 24 hrs. After treat-
ment, the cell viability was determined by MTT assay. 

Apoptosis assay

Apoptosis was monitored by BD Fluorescence Ac-
tivated Cell Sorter (ARIA II) using FACS Diva software 
for analysis. Cultured A549 cells (1x104 cells/ml ) were 
exposed to different concentrations of WA (0-10 µM) 
for 24 hrs or with 10 µM WA for different time intervals 
(0-24 hrs). Apoptosis was monitored by flow cytometry 
using Annexin V-FITC apoptosis kit (Cayman Chemi-
cals, Ann Arbor, USA) following the protocol supplied 
by the manufacturers.

Mitochondrial membrane potential (MMP) by JC-1 assay

Change in the MMP was determined by fluores-

Figure 1. A: Chemical structure of Withaferin A. B: Cell viability of human non-small cell lung cancer cells A549 
in the presence of different concentration of WA. C: Cell viability of lung fibroblasts WI-38 in the presence of 
different concentration of WA. D: Cell viability of human peripheral blood mononuclear cells (PBMC) in the pres-
ence of different concentration of WA. The results are expressed as mean±standard deviation of three independent 
experiments (*p<0.05 vs WA-treated cells).
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cence spectroscopy using the fluorogenic probe JC-1 as-
say kit (Cayman Chemicals, Ann Arbor, USA). Cultured 
A549 cells (1x104 cells/ml) were treated with different 
concentrations of WA (0-10 µM) for 24 hrs and after 
treatment cells were incubated with JC-1 staining solu-
tion (manufacturers’ recommendation), at 37oC for 30 
min. The ratio of J-aggregates to J-monomers were de-
termined by monitoring the fluorescence at excitation/ 
emission: 540/570 and excitation/ emission: 485/535, 
respectively.

ROS-determination by DCF-DA staining 

Cultured A549 cells (1x104 cells/ml) were treated 
10 µM WA for different time intervals (0-24 hrs). After 
treatment, cells were washed with PBS and incubated 
with 25 µM 2’,7’- dichlorodihydrofluorescin diacetate 
(DCF-DA) for 30 min at 37 °C. Nuclei were stained with 
DAPI and images were taken by a confocal microscope 
(Olympus FluoView-1000, NY, USA). Fluorescence in-
tensities were calculated from approximately 500 cells 
from different fields using Olympus analysis software.

Western blot analysis

Cultured A549 cells (1x104 cells/ml) were treated 
with different concentrations of WA (0-10 µM) for 24 hrs 

and the total protein was isolated in lysis buffer and esti-
mated by Bradford method [14]. The primary antibodies 
such as rabbit polyclonal anti-Bax antibody (sc-493) and 
mouse monoclonal anti- Bcl-2 antibody (sc-7382), pur-
chased from Santa Cruz Biotechnologies (Santa Cruz, CA, 
USA), were used with 1:500 dilution. The primary anti-
bodies such as rabbit polyclonal anti-cleaved caspase-3 
(9661), rabbit monoclonal cleaved anti-caspase-9 (7237), 
purchased from Cell Signaling Technologies (Beverly, 
MA, USA). were used with a 1:1000 dilution.

Statistics

Results were analyzed by using GraphPad Soft-
ware, San Diego California USA. All results are ex-
pressed as the mean ± SD. Statistical significance was 
determined by one way ANOVA using Newman-Keuls 
Multiple Comparison Test. A p value <0.05 was consid-
ered as statistically significant.

Results

Selective cytotoxicity of WA in lung cancer cells

WA treatment resulted in a dose-dependent 
cytotoxicity in A549 cells after 24 hrs of treat-
ment, with the IC50 observed at ~ 10 μM (Figure 

Figure 2. Induction of apoptosis by Withaferin A in A549 cells. A: Dose-dependent induction of apoptosis by 
WA in A549 cells. B: Time-dependent induction of apoptosis in A549 cells by WA. C: Modulation of pro- and 
anti-apoptotic markers Bax and Bcl-2 WA in A549 cells. D: Bax/Bcl-2 ratio in WA-treated A549 cells. The results 
are expressed as mean ± standard deviation of three independent experiments (*p<0.05 vs WA-treated cells).
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1B). But very interestingly, WA showed negligible 
cytotoxicity against the normal lung cells WI-38 
and also human PBMC (Figure 1C-1D). In both 
WI-38 and PBMC cell lines no IC50 was observed 
even at 50 µM WA after 24 hrs of treatment.

WA induces apoptosis in A549 cells via modulation 
of Bax/Bcl-2 ratio

Treatment of A549 with WA resulted in sig-
nificant induction of apoptosis in both dose-and 
time-dependent manner, as determined by FACS 
after annexin V/PI dual staining . After 24 hrs of 
treatment with 5 μM WA , ~20 % of the cells were 
found to be apoptotic while in the presence of 10 

μM WA, the apoptotic population was increased 
to 38% (Figure 2A). To track the onset of apoptosis 
in WA (10 μM )-treated cells, we determined the 
time-dependent apoptosis and we observed that 
significant apoptotic population appeared only af-
ter 12 hrs of treatment and reached the maximum 
after 24 hrs of treatment (Figure 2B). In addition, 
we also observed that Bax/Bcl-2 ratio was also al-
tered in WA-treated cells, deciding the cell fate 
towards apoptosis (Figure 2C-2D).

WA damages mitochondrial membrane potential in 
A549 cells and activates caspase-3

To investigate the involvement of mitochon-
drial-dependent pathway in WA-mediated apop-
tosis in A549 cells, we measured the MMP in con-
trol and WA-treated cells by fluorescence spec-
troscopy using the fluorogenic probe JC-1. In the 
mitochondria of the healthy cells, JC-1 persisted 
as J-aggregates and emitted green fluorescence, 
whereas in the apoptotic mitochondria JC-1 re-
mained as monomers and emitted red fluores-
cence. Alterations in MMP could be determined 
from the ratio of red:green fluorescence which 
directly reflected the apoptotic or healthy con-
ditions of the cells. We observed that red:green 
ratio reflecting the ratio of J-aggregates:J-mono-
mers, decreased in a dose-dependent manner in 
WA-treated cells, indicating loss in MMP (Fig-
ure 3A). Further investigations revealed that WA 
treatment resulted in the activation of caspase-3 
and caspase-9 (Figure 3B), thus confirming the 
role of mitochondrial–dependent activation of 
cell death cascade.

Figure 3. WA induced mitochondrial-dependent activation of caspase-3 in A549 cells. A: Alterations in mito-
chondrial membrane potential by WA in A549 cells as determined by JC-1 staining. The results are expressed as 
mean±standard deviation of three independent experiments (*p<0.05 vs WA-treated cells). B: Dose-dependent 
increase in the expression levels of caspase-3 and caspase-9 in WA-treated A549 cells.

Figure 4. Generation of ROS Withaferin A in A549 
cells. A: Time-dependent ROS generation in WA-treat-
ed A549 cells, as determined by DCF-DA-staining. 
B: Measurement of DCF-fluorescence intensity in 
WA-treated A549 cells. The results are expressed as 
mean ± standard deviation of three independent exper-
iments (*p<0.05 vs WA-treated cells).
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Generation of ROS in A549 cells by WA

Time-dependent generation of ROS in A549 
cells treated with 10 μM WA was investigated by 
staining the cells with DCF-DA (Figure 4). No sig-
nificant enhancement in ROS levels was observed 
in the treated cells up to 3 hrs of incubation. But 
after 6 and 12 hrs of treatment ROS generation 
was increased by 2.2 and 3-fold, respectively. Af-
ter 24 hrs of treatment ROS levels were elevated 
by around 5-fold compared to the untreated cells. 
Thus, the results indicated that WA treatment 
leads to ROS generation in A549 cells to a signif-
icant level and ROS generation occurred prior to 
apoptosis. Thus ROS might play an important role 
in WA-induced apoptosis in A549 cells.

The antioxidant N-acetyl cysteine (NAC) augments 
ROS-induced cytotoxicity in WA-treated A549 cells

Since ROS generation was found to an ear-

ly response even in WA-treated A549 cells, we 
further evaluated whether WA-induced ROS was 
responsible for its cytotoxicity in cancer cells. 
Co-incubation of WA-treated A549 cells with 
1mM NAC significantly abolished the ROS gener-
ation as determined by the DCF-fluorescence (Fig-
ure 5A-5B). In addition, we observed that admin-
istration of NAC also restored the cell viability 
and inhibited apoptosis in WA-treated A549 cells 
(Figure 5C-5D). Therefore we might conclude that 
ROS plays an important role in WA-mediated cy-
totoxicity in NSCLC cells.

Discussion

Withaferin-A [(4β,5β,6β,22R)-4,27-Dihydroxy-
5,6-22,26-diepoxyergosta-2,24-diene-1,26-di one] 
(Figure 1A) is a bioactive steroidal lactone found 
in the medicinal plant Withania somnifera, com-
monly known as Ashwagandha or Indian winter 

Figure 5: N-acetyl cysteine attenuates ROS-induced cytotoxicity in WA-treated A549 cells. A: ROS generation 
in WA-treated A549 cells co-incubated with 500 μM NAC, as determined by DCF-DA staining. B: Measurement 
of DCF-fluorescence intensity in WA-treated A549 cells co-incubated with 500 μM NAC. C: Cell viability of 
WA-treated A549 cells co-incubated with 500 μM NAC. D: Apoptosis of WA-treated A549 cells co-incubated with 
500 μM NAC. The results are expressed as mean±standard deviation of three independent experiments (*p<0.05 
vs WA+NAC treated cells).
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cherry [10]. The anticancer potential of W. somnif-
era was discovered 4 decades ago only after the 
isolation of WA from the leaves of this plant [12]. 
Up until today WA has been reported to be very 
effective against various types of cancer such as 
prostate, melanoma, thyroid, breast etc. to name 
a few [10,13]. Generation of ROS has been known 
to be one of the mechanisms by which WA induc-
es cytotoxic effects on cancer cells [10]. WA was 
reported to induce oxidative stress in a variety of 
cancer cells such as leukemia, breast, cervical, and 
renal cancer cells [8,9,15,16]. Involvement of ROS 
in WA-mediated apoptosis in prostate cancer and 
cervical carcinoma cells have also been document-
ed [10]. Hence, in the present study we have inves-
tigated whether oxidative stress plays any role in 
WA-mediated cytotoxicity in human NSCLC A549. 
Treatment of A549 cells with WA resulted in a 
dose-dependent loss of cell viability, while the non 
cancerous WI-38 and PBMC cells remained unaf-
fected (Figure 1). Furthermore, we also observed 
that WA treatment resulted in induction of apop-
tosis in both dose- and time-dependent manner 
(Figure 2). JC-1 staining of WA-treated cells re-
vealed that the MMP was declined in a concentra-
tion-dependent manner, and was accompanied by 
activation of caspase-9 and caspase-3, the terminal 
players of apoptosis (Figure 3). To check whether 

ROS plays any role in WA-induced cytotoxicity, we 
monitored ROS generation at different time inter-
vals after WA treatment of A549 cells. Interesting-
ly enough we observed that a significant amount 
of ROS was formed in WA-treated cells as early as 
6 hrs of treatment and the ROS levels further went 
up in a time-dependent manner (Figure 4). To con-
firm the role of oxidative stress in WA-induced cy-
totoxicity in NSCLC cells, cell viability and apopto-
sis of WA-challenged cells were determined in the 
presence of the antioxidant NAC. Administration 
of NAC significantly attenuated WA-induced cyto-
toxicity, as evident from the restoration of the cell 
viability and inhibition of apoptosis in WA-treated 
cells (Figure 5). 

In conclusion, oxidative stress plays a key 
role in WA-mediated cytotoxicity against human 
NSCLC cells.
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