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Hesperetin exerts apoptotic effect on A431 skin carcinoma cells by regulating mitogen 
activated protein kinases and cyclins
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Abstract
Dietary agents and phytochemicals have been utilised for the management of cancer for many years. Hesperetin, a dietary flavonoid found abundantly in citrus fruits, 
was evaluated for its cytotoxic and pro-apoptotic activities in A431 human skin carcinoma cells. Effect of hesperetin in regulating MAPK (Mitogen-Activated Protein 
Kinase) signalling pathway and levels of various cyclins and other downstream apoptotic proteins were investigated. Its critical role in regulating other apoptotic 
proteins especially p21, Bcl-2 and Bax were also assessed. Hesperetin stimulated alterations in MAPK (Mitogen-Activated Protein Kinase) signalling pathway by 
modulating the expression levels of ERK (Extracellular signal Regulated Kinase), JNK (c-Jun NH2-terminal Kinase) and p38; thereby induced apoptosis in A431 
cells. Hesperetin regulated the levels of cyclin A2, B1, D1, D3 and E1. It also modulated the levels of various proteins involved in apoptotic pathway especially p21, 
Bcl-2 and Bax. The study revealed the efficiency of hesperetin against human skin carcinoma cells and proposed its mechanism of action; there by opens up new 
avenues for the use of this dietary flavonoid against skin malignancies.
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Introduction

Natural products, especially nutraceuticals, have a 
superior role in preventive and therapeutic treatment 
modes for cancer because of their reduced toxicity and 
capacity to alter multiple molecular targets and pa-
thways (1). The occurrence of as many as 35% of all 
cancers has been attributed to diet and can be prevented 
by dietary modifications (2,3,4).  The intake of large 
quantities of fruits and vegetables containing a variety 
of phytochemicals is considered to be beneficial for re-
ducing the risk of cancer development (5).

Flavonoids are natural antioxidants that found abun-
dantly in food and exert a wide range of therapeutic ef-
fects (6,7). The fact that flavonoids express cytotoxicity 
towards numerous human cancer cells with very little or 
no effect on normal cells (8) has garnered much interest 
towards the development of potential flavonoid-based 
chemotherapeutics for cancer. Hesperetin ((2S)-5,7-
Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)-2,3-di-
hydro-4H-chromen-4-one) (Figure 1A) is a flavonoid 
found abundantly in citrus fruits. It has been reported 
to possess many medicinal properties including blood 
lipid lowering activity (9), anti-carcinogenic activities 
(10,11), antioxidant and free radical scavenging proper-
ties (12,13). But information regarding its molecular tar-
gets and the exact mechanism responsible for its phar-
macological activities is still lacking. It was found that 
hesperetin induced cell cycle arrest at the G1-phase in 
human breast cancer (MCF-7) cells (11) and prompted 
Notch1 expression in carcinoid cells, resulting in sup-
pression of tumour cell proliferation (10). Hesperetin 
induced apoptotic effect on human cervical cancer cells 
through cell cycle arrest, death receptors, and mitochon-
drial pathways (14). Hesperetin was also found to inhibit 

chemically induced mammary (15) and colon (16) car-
cinogenesis in laboratory animals. Although the effect 
of hesperetin on some of the signalling pathways has 
been studied, the key molecular mechanism account-
able for its anti-cancer property is not yet established 
and this would require further investigation. Incidence 
of skin carcinoma has increased in the recent past (17). 
The pursuit for new anticancer agents against skin car-
cinoma is crucial owing to the limitations of the exist-
ing therapeutic strategies. The current study intends to 
investigate the anti-carcinogenic effect of hesperetin 
against human skin carcinoma cells and to evaluate the 
mechanism behind its anti-proliferative and apoptotic 
actions. To the best of our knowledge this is the first 
report investigating the pro-apoptotic activity and the 
corresponding mechanism of hesperetin in A431 human 
skin carcinoma cells. 

Materials and methods

Reagents
Hesperetin,3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), and 2’,7’-di-
chlorodihydrofluorescein diacetate (DCFH2-DA) 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Cell-culture medium (DMEM), fetal bovine se-
rum (FBS), and penicillin/streptomycin were obtained 
from Gibco Life Technologies Inc. (Grand Island, NY, 
USA). Live-dead cell viability kit was purchased from 
Molecular Probes (Eugene, Oregon, USA). QIA Shred-
der Spin Column, Quantitect Reverse transcription kit, 
nuclease-free water and RNAse-free water were pro-
cured from Qiagen, USA. Antibodies for cyclins (A2, 
B1, D1, D3 and E1), Bcl-2, Bax and p21 were obtained 
from Cell Signalling Technology Inc. (Danvers, MA, 
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USA). All other chemicals used were of reagent grade. 

Maintenance of A431skin carcinoma cell line
A431 cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 100 U/mL Penicillin and 100 µg/
mL Streptomycin in 5% CO2 atmosphere at 37°C.

Cytotoxicity screening  
Cytotoxicity of hesperetin was assessed in terms of 

viability quantified by MTT assay (18). For the assay, 
cells in the logarithmic phase (2x104) were incubated 
in a 96-well plate in the presence of various concentra-
tions of hesperetin (10-500µM) in a final volume of 200 
µL. Twenty micro litres of MTT labelling agent (5 mg/
mL in phosphate buffered saline) was added after 24h to 
each well. After an additional 4 h of incubation, the blue 
MTT formazan precipitate was dissolved by adding 100 
µL of 10% SDS in 0.01M HCl and the absorbance at 
550 nm was measured using a multimode plate reader 
(Infinite M200, Tecan, Austria).

Live - Dead Assay
To study the influence of hesperetin on cell viability, 

live-dead assay was performed which determines intra-
cellular esterase activity and plasma membrane integ-
rity. Briefly, 1x105 cells were seeded on glass slides in 
a 6-well plate and then incubated with different concen-
trations of hesperetin (10, 100 and 500µM) for 24 h. The 
medium containing hesperetin was then removed and 
cells were washed with PBS. Cells were stained with the 
live-dead cell viability kit (Molecular Probes, Oregon, 
USA) comprising 5µM ethidium bromide homodimer 
and 5µM calcein-AM followed by incubation at 37°C 
for 30 min. Cells were imaged using a laser scanning 
confocal microscope (FV1000, Olympus, Japan).

Clonogenic assay
For colony formation assay (19), 5 × 102 cells per 

well were seeded in 70mm petri plates and treated with 
different concentrations of hesperetin (10 and 100µM). 
Triplicate cultures of treated A431 cells were main-
tained at 37°C for 14 days in an atmosphere of 5% CO2, 
with fresh medium being added after 4 days. Cells were 
then stained with 0.1% (w/v) crystal violet. Colonies, 
defined as groups of cells containing a minimum of 50 
cells, were counted under an inverted phase contrast mi-
croscope (Axio Vert.A1, Carl-Zeiss, Germany). The rel-
ative cell proliferation was expressed in percentage as:

Estimation of apoptosis using DNA ladder assay
The ability of hesperetin to induce apoptosis in A431 

cells was determined using DNA ladder assay. A431 
cells (2×106) were incubated for 24 h with various con-
centrations of hesperetin (10, 100and 500µM) in a 5% 
CO2 incubator at 370C. The cells were then washed with 
PBS and the pellet was re-suspended in 100μL lysis 
buffer (50mM Tris–HCl, pH 8, 10mM EDTA, 0.5% N-
lauryl sarcosine, 0.5mg/mL proteinase K) followed by 
incubation at 50°C for 1 hour. 10µL of RNase (1mg/mL 
in Tris - NaCl buffer) was added to the lysate and further 
incubated at 50°C for 1 h. The DNA samples were sepa-
rated in a 1.5% agarose gel containing 0.5µg/mL ethid-
ium bromide in Tris–Borate–EDTA buffer. The bands 
were visualized using a Bioimaging System (ChemiDoc 
XRS, Bio-Rad Laboratories, India) and analyzed using 
Quantity One Software.

Measurement of intracellular ROS 
The fluorescent probe 2’,7’-dichlorodihydrofluores-

cein diacetate (DCFH2-DA) was used to monitor the 
generation of ROS induced by hesperetin in A431 cells 
(20). To quantify intracellular ROS, A431 cells (2×106) 
were pre-incubated with 20 µM DCFH2-DA for 20 min 
at 37°C prior to the addition of hesperetin. The cells 
were then incubated with various concentrations of the 
hesperetin (10, 100 and 500µM) for 30, 60 and 90min. 
The increase in fluorescence resulting from the oxida-
tion of DCFH2 to DCF was measured at excitation and 
emission wavelengths of 485 and 535 nm, respectively. 

Gene expression studies of MAP kinases using PCR 
assay

The  mRNA  expression  levels  of  MAP kinases 
(ERK, JNK and p38)  were analysed using  semi-quan-
titative  reverse transcriptase-polymerase  chain  reac-
tion  (RT-PCR). A431 cells (2×106) were incubated with 
various concentrations of hesperetin (100 and 500µM) 
for 24 h in a 5% CO2 incubator at 370C. Total cellu-
lar RNA was isolated from treated cells using Trizol 
reagent (Gibco BRL, USA) following the procedure 
described by the manufacturer (Qiagen, 74106, USA) 
(21). Briefly, Trizol (1 mL) was added to the sample and 
left undisturbed at room temperature for half an hour. 
The solution was then used to extract RNA with chlo-
roform (0.2 mL) and centrifuged at 12000 rpm at 40C 
for 15 min. The RNA extracted was stabilized in 70% 
ethanol prepared using nuclease-free water. QIA Shred-
der Spin Column (Qiagen, USA) was used to centrifuge 
RNA that was then dissolved in RNAse-free water. 
cDNA was synthesized from 2 µg of total isolated  RNA  
by  using QuantiTect Reverse Transcription Kit (Qia-
gen, USA). Real-time PCR was performed using Sybr® 
Green Jumpstart™ Taq Readymix (USA) using an Ep-
pendorf AG22331 system, Germany. The primers used 
for the study were designed using Primer 3 software and 

Genes Forward primers Reverse primers
ERK1 5’-ACAGTCTCTGCCCTCCAAGA-3’ 5’-CTCATCCGTCGGGTCATAGT-3’
ERK2 5’-CCACCCATATCTGGAGCAGT-3’ 5’-CAGTCCTCTGAGCCCTTGTC-3’
JNK1 5’-GTGATCAATGGCTCTCAGCA-3’ 5’-TGACTAACCGACTCCCCATC-3’
JNK2 5’-TTCATCCATGTCCACTGAGC-3’ 5’-CCATCAACTCCCAAGCATTT-3’
p38 5’-CAGTGGGATGCATAATGGCC-3’ 5’-GCATCTTCTCCAGCAAGTCG-3’

GAPDH 5’-AGGTCGGAGTCAACGGATTTG-3’ 5’-GTGATGGCATGGACTGTGGT-3’
ERK -Extracellular signal Regulated Kinase, JNK - c-Jun NH2-terminal Kinase, GAPDH-  Glyceraldehyde-3-phosphate dehydroge-
nase.

Table 1. Forward and reverse primers used for real-time RT-PCR.
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dead cells stained by ethidium bromide. A431 cancer 
cells when treated with 10 and 100µM of hesperetin 
for 24 hours induced cell death and detached dead cells 
started floating in between attached live cell colonies. 

Figure 2 illustrates the results of clonogenic assay 
conducted by plating A431 cells after incubation with 
hesperetin. Figure 2a shows the control cells without 
hesperetin treatment. Figures 2b-d show the images of 
colonies formed from cells that survived the treatment 
with various concentrations of hesperetin. The percent-
age colony forming efficiency was reduced to 9.6% in 
the case of highest concentration of hesperetin (500µM) 
(Figure 2e).

Effect of hesperetin on induction of apoptosis 
The induction of apoptosis by hesperetin in A431 

cells was analysed by DNA ladder assay. DNA frag-
mentation is a characteristic feature of apoptosis and 
the fragmented DNA appear as a ladder when analysed 
with the aid of agarose gel electrophoresis. Figure 3a 
shows the laddered pattern of DNA induced by various 
concentrations of hesperetin in A431 cells. In control 

are listed in Table 1. The expression levels of JNK, ERK 
and p38 genes in the treated cells were compared with 
those from the untreated control cells. 

Analysis of cyclins and other apoptotic proteins ex-
pression using Western blot analysis

The effect of hesperetin on the expression levels of 
cyclins (A2, B1, D1, D3 and E1) and other proteins in-
volved in apoptotic pathway (Bcl-2, Bax and p21) was 
determined using Western blot analysis. A431 cells 
(2×106) were incubated with different concentrations 
of hesperetin (10, 100 and 500µM) for 24 h in a 5% 
CO2 incubator at 370C. To determine the levels of pro-
tein expression, whole-cell extracts from treated A431 
cells were prepared in lysis buffer (20mM Tris (pH 7.4), 
250mM NaCl, 2mM EDTA, pH 8, 0.1% Triton X-100, 
0.01µg/mL aprotinin, 0.005µg/mL leupeptin, 0.4mM 
PMSF, and 4mM sodium ortho vanadate). The lysates 
were spun at 14,000 rpm for 10 min to remove insoluble 
material and resolved by 10% SDS-PAGE. 80µg of pro-
tein was loaded in each well. After electrophoresis, the 
proteins were electro-blotted on to nitrocellulose mem-
branes, probed with the appropriate primary (Cyclin 
A2, B1, D1, D3& E1, Bcl-2, Bax and p21) and secondary 
(anti-rabbit/mouse IgG, HRP-linked) antibodies, and 
detected by enhanced chemi-luminescence (Thermo 
Scientific Pierce ECL Western blotting substrate). Rab-
bit polyclonal antibody to β-actin was used as loading 
control.

Statistical analysis
All values were expressed as mean ± standard devia-

tion (S.D.). Statistical evaluation of the data was done 
by one way analysis of variance (ANOVA) followed by 
Bonferroni’s test using InStat Graph pad software. P < 
0.05 was considered as significant with respect to con-
trol group.

Results 

Effect of hesperetin on cell viability and cytotoxicity
Cytotoxicity of hesperetin in A431 cells was evalua-

ted at various concentrations starting from nano- molar 
to milli-molar range and also at different time inter-
vals. Selection of effective doses and incubation period 
for further experiments was based on this preliminary 
screening. The period in which hesperetin showed 
maximum cytotoxic effect was optimised as 24h. In 
treated wells, the percentage of surviving cells was 
found to be significantly reduced from the control in a 
dose-dependent manner, indicating the cytotoxicity of 
hesperetin in A431 cells. Figure 1b shows the results of 
MTT assay carried out to determine the cytotoxicity of 
hesperetin on A431 skin carcinoma cells at 24h. IC50 of 
hesperetin was calculated as 100 µM for 24h treatment. 
At the highest concentration (500 µM) of hesperetin, 
significantly reduced survival rate (5.6%) was observed 
after 24 h. These results indicate that hesperetin exhibits 
potent anti-proliferative effects against skin carcinoma 
cells. 

Figure 1c shows the results of live/ dead assay, 
specifying the cytotoxicity of hesperetin in A431 can-
cer cells. The green fluorescence indicates the live cells 
stained by calcein and the red fluorescence shows the 

Figure 1. Cytotoxicity of hesperetin. a) Molecular structure of hes-
peretin. b) Cytotoxicity of hesperetin in A 431 cells at 24 h measu-
red by MTT assay. c) Images showing the cytotoxicity of hesperetin 
analysed by live / dead assay (1) Control A 431 cells (2) A 431 cells 
treated with 10 µM hesperetin (3) A 431 cells treated with 100µM 
hesperetin. Values are mean ± S.D. (n = 3).

Figure 2. Clonogenic assay. a) Control A 431 cell colonies. b) 
Cells treated with 10 µM hesperetin. c) Cells treated with 100 µM 
hesperetin. d) Cells treated with 500 µM hesperetin. e) % Colony 
efficiency of various concentrations of hesperetin. Values are mean 
± S.D. (n = 3). ***P < 0.001, **P < 0.01 as compared to control 
(Bonferroni test).
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cells there was no fragmentation of DNA signifying 
the absence of apoptosis. Treatment with hesperetin in-
duced apoptosis in A431 cells, leading to the laddering 
of DNA. DNA fragmentation was visible even at low 
concentration of hesperetin (10µM). 

Effect of hesperetin on intracellular ROS generation 
Reactive Oxygen Species (ROS) generation is a com-

monly proposed toxicological mechanism of many anti-
cancer compounds. Oxidation of DCFH2 by intracellular 
ROS such as H2O2, HO•, ROO•, NO• and ONOO− results 
in formation of fluorescent DCF (22). The relative fluo-
rescence intensity exhibited by control cells indicates 
the level of intracellular ROS in A431 cells. Figure 3b 
shows the intracellular ROS levels of cells exposed to 
different concentrations of hesperetin (10, 100 and 500 
µM). It is observed that exposure to hesperetin stimu-
lates the production of intracellular ROS and thereby 
induces oxidative stress. There was not much variation 
in intracellular ROS levels with hesperetin at all the 
concentrations when compared to the control cells after 
a 30 min incubation period. But the levels of ROS pro-
gressively increased with time. Higher concentration of 
hesperetin (500µM) induces more ROS causing severe 
oxidative stress after 90 minutes. 

Effect on MAP Kinase expression levels
Figure 3c displays the effect of hesperetin on mRNA 

expression of MAP kinases ERK, JNK and p38. It was 
found that mRNA expression levels of ERK1 and ERK2 
were suppressed after 24h of treatment with hesperetin. 
In contrast, there was substantial increase in the expres-
sions of JNK1, JNK2 and p38 after 24h treatment. The 
effect of hesperetin on the gene expression was maxi-
mum (p<0.001) at a concentration of 500µM. A more 
pronounced effect was observed on the mRNA levels of 
JNK1, JNK2 and p38.

Effect on Cyclins and apoptotic proteins levels
Figure 4 illustrates the effect of hesperetin at the 

transcriptional level of various cyclins and apoptotic 
genes investigated using Western blot analysis. There 

was a significant decrease in the levels of cyclin B1, D1, 
D3 and E1 proteins by 1.76, 1.37, 1.27 and 1.12 fold res-
pectively at 100μM concentration of hesperetin when 
compared to the untreated cells (p<0.001). The level of 
cyclin A2 however did not show any significant (1.03 
fold; p>0.05) difference in cells treated with 100μM 
hesperetin when compared to the control cells. A similar 
trend was observed in cells treated with 500μM hespe-
retin with 1.74, 2.11, 1.46, 6.75 and 1.32 fold (p<0.001) 
decrease in cyclins A2, B1, D1, D3 and E1 respectively 
when compared to the control cells. 

The expression level of Bcl-2 protein was howe-
ver not significantly (p>0.05) altered in cells treated 
with 100μM and 500μM hesperetin when compared to 
control cells (Figure 5). In contrast, there was a signi-
ficant increase in the expression of Bax protein in 100 
and 500μM hesperetin-treated cells (Figure 5). The 
expression of p21 protein is also up-regulated in trea-
ted groups to 2.47 and 2.67–fold (p<0.001) respectively 
in 100 and 500μM hesperetin-treated cells (Figure 5), 
which ultimately causes apoptosis.

Discussion

Clinical trials have been enduring for a variety of 
dietary agents and phytochemicals as a remedy against 
various types of cancer (1, 23). Recent extensive stu-
dies on the flavonoids have established their remarkable 
spectrum of biological activities, particularly their an-
ti-tumour and anti-carcinogenic effects by modulating 
different molecular targets and metabolic pathways (23, 
24, 25, 26). However, the specific mechanisms accoun-
table for the effects of flavonoids are still not completely 
investigated.

As one of the most prevalent flavonoids extracted 
from orange, hesperetin was examined for its effect on 
skin carcinoma and an attempt to elucidate the molecu-
lar mechanism(s) by which it exhibits anticancer activi-
ty was made in the present study. Previous reports have 

Figure 3. Induction of apoptosis by hesperetin and its mecha-
nism. a) DNA laddering induced by hesperetin 1) Control A 431 cell 
2) Cells treated with 10 µM hesperetin 3) Cells treated with 100 µM 
hesperetin 4) Cells treated with 500 µM hesperetin. b) Intracellular 
ROS generation by hesperetin. c) Gene expression levels of MAPK. 
Values are mean ± S.D. (n = 3). ***P < 0.001, **P < 0.01, nsP> 0.05 
as compared to control (Bonferroni test).

Figure 4. Effect of hesperetin on transcription levels of various 
cyclins. a) Representative images from three independent experi-
ments are shown; 1) Control A 431 cell 2) Cells treated with 10 µM 
hesperetin 3) Cells treated with 100 µM hesperetin 4) Cells trea-
ted with 500µM hesperetin. b) Change in protein level expressed in 
terms of relative density over the control, normalized against β-actin 
(loading control), Values are mean ± S.D. (n = 3). ***P < 0.001, 
***P < 0.01, nsP> 0.05 as compared to control (Bonferroni test).
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MAPKs. MAPK signalling pathway serves a crucial 
role in the initiation and progression of malignancy and 
is associated with cell survival and apoptosis in stressful 
cellular conditions (30, 31). MAPK comprises of three 
members - ERK, JNK and p38 among which ERK is 
linked with cell survival and tumour progression whe-
reas p38 and JNK are associated with either cell survi-
val or apoptosis (30,31). ERK pathway is deregulated 
in approximately one-third of all human cancers and its 
inactivation may lead to cell cycle arrest in cancer cells 
(32). ERK plays a critical role in G1 progression by re-
gulating the expression of cyclin D1 (33). Furthermore, 
it is now recognised that p38 signalling also modulates 
the mammalian cell cycle by supressing cyclin D ex-
pression and thereby inducing the G1/S cell cycle arrest 
(34,35). JNK activation triggers G2/M arrest in cancer 
cells through subsequent up regulation of p21 and p27 
proteins and simultaneous decrease in cyclin B, CDK2, 
CDK4 and E2F4 protein levels (36). Hesperetin down-
regulated ERK 1/2 expression and up-regulated JNK1/2 
and p38 expression levels promoting cell cycle arrest 
thereby supressing the cell proliferation. Previous stu-
dies conducted by Hwang and Yen (37) also reported 
the stimulation of signalling kinases such as JNK and 
p38 by hesperetin in hydrogen peroxide-treated PC12 
cells. Our data also supported their proposition that fla-
vonoids act more as signalling molecules than antioxi-
dants in cancer cells.

To confirm that hesperetin regulated MAPKs in 
cell cycle progression, we further assessed the levels 
of various cyclins in the treated cells. Cyclin proteins 
are reported to be considerably up regulated in cancer 
cells leading to aberrant cell division (38,39). Hespere-
tin treatment significantly reduced the levels of the cy-
clins A2, B1, D1, D3 and E1. The co-ordinated regulatory 
action exerted by hesperetin on the mRNA expression 
of ERK, JNK and p38 genes might be the reason for the 
perceived degradation of cyclin proteins and subsequent 
cell cycle arrest. 

As a proliferation inhibitor, enhancing p21 activity 
is considered to have an important role in preventing 
tumour development (40). The p21 protein obstructs 
the activity of cyclin-CDK2, CDK1, and CDK4/6 com-
plexes, and thus acts as a controller of cell cycle pro-
gression at G1 and S phase. Hesperetin was found to en-
hance the expression of p21 protein, mediated through 
enhanced JNK activity, leading the drive towards apop-
tosis. In order to confirm the downstream regulation 
of apoptosis proteins by hesperetin, we assessed the 
expression levels of genes encoding the anti-apoptotic 
protein Bcl-2 and pro-apoptotic protein Bax. Hespere-
tin down regulated the level of Bcl-2 and up regulated 
the level of Bax as forecasted by the control mediated 
through MAPK and cyclins. The influence of hesperetin 
on the expression levels of these two genes could serve 
as the driving force that initiated the apoptotic cascade. 
Similar observations were recorded earlier by Choi (11) 
in MCF-7 human breast cancer cells, where hesperetin 
was found to induce cell cycle arrest at the G1 phase and 
apoptosis through the regulation of cyclin D, CDK4, 
p21 and also through the modulation of Bcl-2 and Bax 
expression.

Cancers are caused by deregulation of multiple pa-
thways due to the cross-talk between different signal-

indicated that hesperetin can inhibit the proliferation of 
human breast cancer MCF-7 cells (11) and cervical can-
cer cells (14) in vitro. The results of our study have re-
vealed the significant cytotoxicity of hesperetin towards 
A431 skin carcinoma cell line for the first time. A good 
agreement was observed between the results obtained 
from the MTT assay and live-dead assay suggesting 
that hesperetin causes significant reduction in the cell 
viability. In a previous study by Choi (11), treatment of 
hesperetin with MCF-7 cells for 24 h did not affect cell 
proliferation; but it significantly decreased cell prolife-
ration after 48 h and 72 h. Difference in this effective 
time period might be due to the difference in the me-
tabolic rates, doubling time and sensitivity of both the 
cell lines MCF-7 and A431. The effect of hesperetin to 
suppress the colony formation of A431 skin carcinoma 
cells also indicated its ability to inhibit cell proliferation 
and reduce the survival of skin cancer cells. Next, we 
examined the apoptotic potential of hesperetin by obser-
ving its ability to induce DNA damage in A431 cells. 
The observed laddered pattern of DNA confirmed the 
induction of apoptosis.  The cytotoxicity and apoptosis 
inducing ability of hesperetin is in line with the earlier 
findings of similar effects in human gastrointestinal car-
cinoid (BON) (10) and cervical cancer SiHa cells (14).

As ROS - mediated mitochondrial dysfunction has 
been implicated in the induction of apoptosis (27); 
we examined the effect of hesperetin on intracel-
lular ROS levels in A431 cells. Hesperetin-induced 
ROS generation in A431 cells which may have im-
plications for the activation or suppression of other 
signalling and regulatory pathways. Earlier studies 
by Zhang  et al. (28,29) also suggests that hespere-
tin could inhibit the proliferation and induce the 
apoptosis of hepatocellular carcinoma and gastric 
cancer cells via activating mitochondrial pathway by 
increasing reactive oxygen species.

To scrutinise the actual mechanistic pathways that 
are regulated by hesperetin, we examined its effect on 

Figure 5. Effect of hesperetin on transcription levels of p21, Bcl-
2 and Bax. a) Representative images from three independent expe-
riments are shown; 1) Cells treated with 10 µM hesperetin 2) Cells 
treated with 100 µM hesperetin 3) Cells treated with 500 µM hespe-
retin 4) Control A 431 cell. b) Change in protein level expressed in 
terms of relative density over the control, normalized against β-actin 
(loading control), Values are mean ± S.D. (n = 3). ***P < 0.001, *P 
< 0.05, nsP> 0.05 as compared to control (Bonferroni test). 
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ling pathways. Most anti-cancer drugs fail because they 
are mono-targeted, and toxic to normal cells (1). Thus, 
agents that can suppress multiple pathways are likely to 
be more effective chemotherapeutic agents. The pres-
ent study reveals that hesperitin regulated tumour cell 
growth through multiple cell signalling pathways such 
as protein kinases (MAPK), cell proliferation (cyclin 
A2, B1, D1, D3 and E1), tumour suppression (p21), cell 
survival and apoptotic (Bcl-2, Bax) pathways. The 
functional interplay among the pathways in melanoma 
suggests that their simultaneous targeting by hespere-
tin could result in efficacious inhibition of cancer cell 
growth. Earlier investigations on the biological activity 
of hesperetin using in vivo models have also demons-
trated the potential antineoplastic ability of this dietary 
flavonoid against 1,2- dimethyl hydrazine-induced rat 
colon carcinogenesis (41) and MCF-7-induced tumour 
in ovariectomized athymic mice (42). The effectiveness 
of hesperetin against skin carcinoma cells in vitro, hi-
therto unexplored and revealed for the first time in this 
study implies that hesperetin can serve as a therapeutic 
agent against this form of malignancy. However, further 
in vivo studies and clinical trials are required to esta-
blish the effect of hesperetin against skin carcinoma.

The present study revealed that hesperetin exhibited 
anticancer activity against A431 skin carcinoma cancer 
cell lines through the induction of apoptosis. By mo-
nitoring the molecular changes associated with hespe-
retin treatment, we have demonstrated the crucial role 
of oxidative stress-induced MAP kinase signalling and 
altered levels of cyclins as the predominant pathways 
responsible for the anticancer effects of hesperetin. The 
expression of ERK was down regulated while the ex-
pression levels of JNK and p38 were up regulated on 
treatment with hesperetin. The down regulation of the 
levels of many cyclins including cyclins A2, B1, D1, D3 
and E1also implies their role in induction of cell death. 
Hesperetin-induced apoptosis was also mediated via up-
regulation of p21, Bax and down-regulation of Bcl-2. 
Thus our findings suggest that hesperetin could serve 
as a chemotherapeutic agent that can also be incorpora-
ted in everyday diet as a curative measure against skin 
malignancies.

Other articles in this theme issue include references (43-
54).
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