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Abstract:

Circadian time-dependent treatment with chemotherapeutic drugs (chronotherapy) optimizes the therapeutic index by maximizing

treatment efficacy and minimizing toxicity. The circadian time-dependent chemopreventive and anti-lipid peroxidative efficacy of

withaferin-A in 7,12-dimethylbenz[a]anthracene (DMBA)-induced hamster buccal pouch carcinogenesis was investigated in the

present study. We induced oral squamous cell carcinoma in the buccal pouches of golden Syrian hamsters during the day (4:00, 8:00,

12:00, 16:00, 20:00 and 24:00) by application of DMBA three times per week for 14 weeks. The circadian time-dependent tumor in-

cidence, volume and burden were observed in hamsters treated with either DMBA alone or DMBA + withaferin-A. The circadian

pattern of lipid peroxidation by-products, as measured by the formation of thiobarbituric acid reactive substances (TBARS) and en-

zymatic antioxidants [superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx)], was also analyzed in the

buccal mucosa of DMBA-treated hamsters. We found the highest incidence of tumor formation at 24.00 h in hamsters treated with

DMBA alone as compared to other experimental groups. Circadian dysregulation of lipid peroxidation and antioxidant status was ob-

served in DMBA-treated animals as compared to control animals. Oral (po) administration of withaferin-A (20 mg/kg) completely pre-

vented the formation of tumors between 8.00 h and 12.00 h and synchronized the status of lipid peroxidation and antioxidants in the

buccal mucosa of hamsters treated with DMBAalone. Also, oral administration of withaferin-Ato DMBA-treated animals significantly

reduced the formation of tumors and synchronized the status of lipid peroxidation and antioxidants in the rest of the time intervals. Our

study thus suggests that withaferin-A has significant chemopreventive and anti-lipid peroxidative potential in DMBA-induced oral car-

cinogenesis, probably by interfering with DMBA-induced abnormal cell proliferation in the buccal mucosa.
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Introduction

Cancer chemoprevention, a novel approach in experi-

mental oncology, deals with the prevention, inhibition

or reversal of carcinogenesis by synthetic chemical

entities or by naturally occurring plant products. In re-

cent years, several phytochemicals with chemopre-

ventive potential have been reported. Chemopreven-

tive agents possibly exert their effects by inhibiting

mutagenesis and cell proliferation or by inducing

apoptosis and modulating the activities of detoxifica-

tion agents [35]. Chemoprevention studies in model

systems of carcinogenesis are a pre-requisite for che-
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motherapy testing in cancer patients [1]. Withania

somnifera has been used for centuries as a traditional

medicine for various human ailments. Withaferin-A,

a highly oxygenated steroidal lactone, is the principal

withanolide in Indian Withania somnifera and its re-

lated Solanaceae species. Diverse pharmacological

activities are reported for withaferin-A, including

anti-inflammatory, anti-genotoxic, anti-tumor and an-

tioxidant properties [4, 29, 34].

Circadian rhythms in mammals are synchronized to

local environmental time by the phase and period re-

setting actions of daily light-dark cycles in the supra-

chiasmatic nucleus, the principal site for the genera-

tion and entrainment of the 24 h mammalian rhythms

of behavior, physiology and metabolism. These daily

rhythms regulate a wide variety of biological func-

tions and allow living cells to adapt to environmental

changes and thereby regulate growth, development

and senescence. It has been suggested based on stud-

ies in rats that environmental light-dark cycles might

be the most effective synchronizers for biochemical

circadian rhythms [6, 26, 30]. An altered circadian

rhythm changes the expression of genes that are in-

volved in carcinogenesis and tumor progression [10].

Cell differentiation and proliferation are precisely

regulated in healthy tissues and thus exhibit signifi-

cant circadian rhythms [22]. Altered circadian rhythms

have been reported in both experimental and human

cancers [3, 18]. Circadian time-dependent host toler-

ability and/or cancer chemotherapy has been demon-

strated with both nontoxic doses and specific doses of

anticancer drugs in experimental tumor models [20].

Investigation of the coupling between the tolerability

and efficacy rhythms of anticancer agents will result

in significant improvement in their therapeutic index [9].

Oxidative stress is recognized as a major cause of

cell death, aging and mutagenesis. Free radical-

mediated oxidative stress has been implicated in the

pathogenesis of several diseases, including cancer,

post-ischemic trauma and neurodegenerative disor-

ders [5, 7, 13]. Investigation of the circadian pattern

of lipid peroxidation and cellular defense mechanisms

may help in the better management, prognosis and

treatment of carcinogenesis [36]. Dysregulation in the

circadian pattern of lipid peroxidation and antioxi-

dants has been reported in both experimental and hu-

man oral carcinogenesis [16, 24].

To the best of our knowledge, we have found no

scientific literature on the circadian time-dependent

chemopreventive efficacy of withaferin-A on tumor

formation in DMBA-induced hamster buccal pouch

carcinogenesis. The present study was thus designed

to provide scientific validity of the circadian time-

dependent chemopreventive and anti-lipid peroxida-

tive efficacy of withaferin-A in DMBA-induced ham-

ster buccal pouch carcinogenesis.

Materials and Methods

Animals

Male golden Syrian hamsters that were 8–10 weeks

old and weighing 80–120 g were purchased from the

National Institute of Nutrition, Hyderabad, India and

were maintained in Central Animal House, Rajah

Muthaiah Medical College and Hospital, Annamalai

University. The hamsters were housed in a polypro-

pylene cage and provided standard pellet diet and wa-

ter ad libitum. The hamsters were maintained under

controlled conditions of temperature and humidity

with a 12 h light/dark cycle. The hamsters were main-

tained as per the principles and guidelines of the ethi-

cal committee for animal care of Annamalai Univer-

sity in accordance with Indian National Law on ani-

mal care and use.

Chemicals

DMBA was obtained from Sigma-Aldrich Chemicals,

Bangalore, India. All other chemicals used were of

analytical grade.

Isolation of withaferin-A from Withania

somnifera roots

Withaferin-A was extracted and isolated from com-

mercially available Withania somnifera root powder

by the method of Subramanian and Sethi [39]. The

crude extract was prepared with 95% ethanol, and fur-

ther fractionation was carried out using petroleum

ether, diethyl ether and chloroform, in that order. The

diethyl ether and chloroform fractions were subjected

to column chromatography (neutral alumina) and thin

layer chromatography (silica gel). The final product,

withaferin-A, a steroidal lactone (4�, 27-dihydroxy-

l-oxo-5�, 6�, epoxy with a 2–24 dienolide) obtained

as a creamy white crystalline substance, had an Rf = 0.4

and a molecular weight of 470. The identity of iso-
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lated withaferin-A was verified by mass spectroscopy

via comparison to authentic withaferin-A purchased

from Calbiochem, Darmstadt, Germany. The yield

and purity of the isolated withaferin-A was found to

be 0.11% and > 90%, respectively. For experimental

studies, the obtained withaferin-A was first dissolved

in a few drops of absolute ethanol followed by dilu-

tion with 30% polyethylene glycol-400 (PEG-400) in

phosphate buffered saline (PBS).

Experimental design

The institutional animal ethical committee (Register

number 160/1999/CPCSFA) at Annamalai University

approved the experimental design. A total of 144 ani-

mals were divided into four groups of 36 animals

each. Group 1 hamsters were treated with liquid par-

affin alone three times per week for 14 weeks at 4:00,

8:00, 12:00, 16:00, 20:00 and 24:00 on their left buc-

cal pouches. Group 2 hamsters were treated with a so-

lution of 0.5% DMBA in liquid paraffin three times

per week for 14 weeks at 4:00, 8:00, 12:00, 16:00,

20:00 and 24:00 on their left buccal pouches. Group 2

hamsters received no other treatment. Group 3 ham-

sters were treated with a solution of 0.5% DMBA in

liquid paraffin three times per week for 14 weeks at

4:00, 8:00, 12:00, 16:00, 20:00 and 24:00 on their left

buccal pouches. They also received oral administra-

tion of withaferin-A (20 mg/kg, po) three times per

week on alternate days from the DMBA painting at

4:00, 8:00, 12:00, 16:00, 20:00 and 24:00 starting one

week before the carcinogen treatment and continuing

until one week after the final exposure to the carcino-

gen. Group 4 hamsters were orally administered

withaferin-A alone (20 mg/kg, po) three times per

week at 4:00, 8:00, 12:00, 16:00, 20:00 and 24:00

throughout the experimental period. The experiment

was terminated at the 16th week, and all animals were

sacrificed by cervical dislocation.

Macroscopic evaluation

The number of oral tumors was counted, and the di-

ameter of each tumor was measured with a vernier

caliper. The tumor volume was calculated by the for-

mula � = 4/3 [D1/2] [D2/2] [D3/2], where D1, D2 and

D3 are the three diameters (mm) of the tumors. Tumor

burden was calculated by multiplying tumor volume

by the number of tumors per hamster.

Biochemical estimations

Biochemical studies were conducted in the buccal

mucosa of control and experimental animals in each

group. Tissue samples from animals were washed

with ice-cold saline and homogenized using appropri-

ate buffer [thiobarbituric acid reactive substances

(TBARS) – 0.025 M Tris-HCl buffer, pH 7.5; super-

oxide dismutase (SOD) – 0.025 M sodium pyrophos-

phate buffer, pH 8.3; catalase (CAT) – 0.01 M phos-

phate buffer, pH 7.0; glutathione peroxidase (GPx) –

0.4 M phosphate buffer, pH 7.0] in an all-glass ho-

mogenizer with a Teflon pestle and were subsequently

used for biochemical estimations.

Lipid peroxidation was estimated by the formation

of TBARS. The level of TBARS in the buccal mucosa

was estimated by the method of Ohkawa et al. [28].

The color formed by the reaction of thiobarbituric

acid with breakdown products of lipid peroxidation

was measured colorimetrically at 532 nm. SOD activ-

ity in the buccal mucosa was assayed by the method

of Kakkar et al. [14], based on the 50% inhibition of

NADH-phenazine methosulfate nitro blue tetrazolium

(NBT) formation. The developed color was read at

520 nm. One unit of the enzyme is taken as the

amount of enzyme required to give a 50% inhibition

of NBT reduction. The activity of CAT in the buccal

mucosa was assayed by the method of Sinha [37],

based on the utilization of H2O2 by the enzyme. The

developed color was read at 620 nm. One unit of the

enzyme is expressed as µmoles of H2O2 utilized per

min. The activity of GPx in the buccal mucosa was

determined using the method of Rotruck et al. [31],

based on the utilization of GSH by the enzyme. One

unit of the enzyme is expressed as µmoles of GSH

utilized per min. Tissue protein was estimated by the

method of Lowry et al. [21].

Statistical analysis

The “Consinorwin” computer software program was

used to analyze the characteristics of the biochemical

rhythms, such as the acrophase, amplitude, mesor and

r- and p-values. The acrophase represents the time at

which the level of biochemical variability is highest

over a 24-h time-scale. The amplitude indicates half

of the difference between the maximum and mini-

mum values of the biochemical variables within the

24-h time-scale. The mesor denotes the mean value of

the biochemical variables for equidistant data cover-
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ing a 24-h time-scale. The range and the mesor are ex-

pressed with the same unit as the documented bio-

chemical variables. The acrophase is expressed in

hours. The mean values of the biochemical variables

were plotted on the Y-axis against the time of tissue

collection.

Results

Comparison of circadian time-dependent tumor

incidence, tumor volume and burden between

control and treated groups (Tab. 1)

We found 100% tumor formation in hamsters treated

with DMBA alone, regardless of the various DMBA

painting time intervals. However, the total number of

tumors, tumor volume and tumor burden were signifi-

cantly higher in the hamsters treated with DMBA at

24:00 as compared to the hamsters treated at 4:00,

8:00, 12:00, 16:00 and 20:00. Oral administration of

withaferin-A to DMBA-treated animals completely

prevented tumor formation between 8:00 and 12:00. How-

ever, we found few tumors in DMBA + withaferin-A

treated hamsters in the rest of the time intervals.

Comparison of circadian pattern of TBARS and

antioxidants between control and treated

groups (Tab. 2)

The circadian pattern of TBARS and antioxidants in

tumor tissues exhibited a marked phase shift over

a 24 h time-scale. An approximate 4 h phase advance

was noticed for TBARS in tumor-bearing animals as

compared to control animals. Furthermore, a signifi-

cant decrease in the 24 h mean values (mesor) for

TBARS was noticed in the tumor-bearing animals as

compared to control animals. Statistically significant

and disturbed circadian rhythms were recorded in

SOD, CAT and GPx activities in control and tumor-

bearing animals. The acrophase was delayed 9 to 11 h

for enzymatic antioxidant (SOD, CAT and GPx) ac-

tivities in tumor-bearing animals. The mesor for GPx

was increased, whereas the values for SOD and CAT

were decreased in the tumor tissues of hamsters

treated with DMBA alone as compared to control ani-

mals.
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Tab. 1. Circadian time-dependent tumor incidence, tumor volume and tumor burden in DMBA alone treated and DMBA + withaferin-A treated
hamsters (n = 6)

Groups*
Circadian clock time (h)

4:00 8:00 12:00 16:00 20:00 24:00

Tumor incidence

Group 2 DMBA alone 100% 100% 100% 100% 100% 100%

Group 3 DMBA + withaferin-A 33% 0 0 17% 33% 50%

Total number of tumors

Group 2 DMBA alone 21 (6) 20 (6) 20 (6) 22 (6) 23 (6) 27 (6)

Group 3 DMBA + withaferin-A 4 (2) 0 0 2 (1) 4 (2) 7 (3)

Tumor volume (mm�)

Group 2 DMBA alone 236.4 ± 24.7� 215.7 ± 20.8� 224.9 ± 23.9� 245.4 ± 25.6� 255.8 ± 20.1� 298.2 ± 31.7�

Group 3 DMBA + withaferin-A 46.5 ± 5.3� 0� 0� 22.61 ± 1.8� 49.4 ± 6.2� 76.52 ± 6.4�

Tumor burden (mm�)

Group 2 DMBA alone 827.40 ± 74 .2� 719.00 ± 69.6� 749.66 ± 65.8 � 907.98 ± 92.1� 979.71 ± 94.9� 1341.9 ± 124.5�

Group 3 DMBA + withaferin-A 93.0 ± 8.6� 0� 0� 45.2 ± 5.1� 98.8 ± 10.2� 177.3 ± 18.2�

Values are expressed as the mean ± SD. Values that do not share a common superscript letter in the same column differ significantly at p < 0.05
(DMRT). ( ) – Total number of hamsters bearing tumors. We found no tumors in group 1 (control) and group 4 (withaferin-A alone) hamsters.
Concentration of DMBA: 0.5% in liquid paraffin. Dose of withaferin-A: 20 mg/kg, po.



Discussion

The circadian time-dependent chemopreventive and

anti-lipid peroxidative efficacy of withaferin-A in

DMBA-induced oral carcinogenesis was investigated

in the present study. Different doses of withaferin-A

(10, 15 and 20 mg/kg, po) were assessed to determine

the effective chemopreventive dose in DMBA-

induced oral carcinogenesis. A dose of 20 mg/kg

withaferin-A showed potent chemopreventive poten-

tial in DMBA-treated hamsters as compared to the

rest of the doses tested. For this reason, a dose of

20 mg/kg was chosen for the present study. Also, the

hamsters tolerated the same dose during the experi-

mental period. Moreover, Kamath et al. [15] reported

that the administration of withaferin-A at a dose of

40 mg/kg, po or 40 mg/kg, ip produced no systemic

toxicity in Swiss albino mice.

The circadian timing system controls drug metabo-

lism and cellular proliferation over the 24 h day

through molecular clocks in each cell. The cytotoxic-

ity of anti-cancer drugs along the 24 h time-scale in

laboratory animals depends on circadian changes in

cellular metabolism and cell proliferation processes as

well as drug pharmacokinetics [23]. It has been sug-

gested that clock genes control the transcription

and/or protein expression of cell cycle-related genes,

such as wee1, cdc 2, cyclin B1, cyclin D1, p53, c-myc,

gadd 45x, bcl-2 and bax [8]. Better results of cancer

�����������	��� 
������ ����� ��� ������� 723

Circadian time-dependent chemopreventive efficacy of withaferin-A
��������� ���	��
�� �� ��

Tab. 2. The circadian pattern of TBARS and antioxidants in the buccal mucosa of control and experimental hamsters in each group (n = 6)

Groups/Biochemical variable
Circadian characteristics

Acrophase Mesor Amplitude r-value

TBARS (nmoles/100 mg protein)

Group 1 Control 13:31 73.9 ± 5.9� 3.1 0.53�� (p < 0.05)

Group 2 DMBA alone 9:44 39.6 ± 6.8� 3.0 0.38�� (p > 0.50)

Group 3 DMBA + withaferin-A 10:28 64.4 ± 5.4� 5.8 0.69�� (p 0.05)

Group 4 Withaferin-A alone 13:30 74.0 ± 5.9� 3.1 0.53�� (p < 0.05)

Superoxide dismutase (U*/mg protein)

Group 1 Control 0:39 5.1 ± 0.49� 0.1 0.49�� (p < 0.05)

Group 2 DMBA alone 9:33 2.9 ± 0.32� 0.4 0.38�� (p > 0.50)

Group 3 DMBA + withaferin-A 6:44 4.5 ± 0.41� 0.2 0.67�� (p < 0.05)

Group 4 Withaferin-A alone 1:11 5.1 ± 0.54� 0.0 0.50�� (p < 0.05)

Catalase (U**/mg protein)

Group 1 Control 23:55 37.3 ± 4.1� 1.2 0.46�� (p < 0.05)

Group 2 DMBA alone 9:39 25.7 ± 2.9� 3.4 0.38�� (p > 0.50)

Group 3 DMBA + withaferin-A 6:39 33.5 ± 3.0� 1.8 0.75�� (p < 0.05)

Group 4 Withaferin-A alone 0:43 37.5 ± 4.2� 1.2 0.56�� (p < 0.05)

Glutathione peroxidase (U***/g protein)

Group 1 Control 12:58 6.7 ± 0.58� 0.3 0.44�� (p < 0.05)

Group 2 DMBA alone 22:17 15.9 ± 1.4� 1.6 0.35�� (p > 0.50)

Group 3 DMBA + withaferin-A 17:56 7.4 ± 0.64� 0.3 0.73�� (p < 0.05)

Group 4 Withaferin-A alone 12:48 6.7 ± 0.52� 0.3 0.47�� (p < 0.05)

Values are expressed as the mean ± SD. Values that do not share a common superscript letter in the same column differ significantly at p < 0.05
(DMRT). dr – detectable rhythm, ns – no significant rhythmicity, r – correlation coefficient. * – The amount of enzyme required to inhibit 50% NBT
reduction; ** – micromoles of H�O� utilized/s; *** – micromoles of glutathione utilized/min. Concentration of DMBA: 0.5% in liquid paraffin. Dose
of withaferin-A: 20 mg/kg, po.



treatment can be achieved by treating rodents at the

‘right’ time with single or multiple agents under con-

trolled laboratory conditions [32].

It has also been demonstrated that the toxicity of

certain anticancer agents decreases and that their tol-

erance increases when the drug is administered at

specified times [12]. Circadian dysregulation may act

as a mediator of carcinogenesis in experimental ani-

mals [27]. Higher tumor yields at 20:00 than at any

other circadian clock times have been reported in skin

carcinogenesis [41]. Murine and human data have in-

dicated that tumors and tumor-bearing hosts reveal

a markedly altered acrophase, mesor and amplitude

[2, 33]. Studies have also indicated that maintenance

of circadian rhythms is essential for the host to fight

against cancer [17]. The circadian timing of surgery,

anticancer drugs, radiation therapy and biologic

agents can result in improved toxicity profiles, tumor

control and host survival. In the present study, al-

though 100% tumor formation was observed in all

hamsters treated with DMBA alone, the highest tumor

yield was noticed at 24:00. The tumor volume and tu-

mor burden were also higher at 24:00 as compared to

other circadian clock times. Oral administration of

withaferin-A at a dose of 20 mg/kg, po to DMBA

treated animals at different circadian clock times sig-

nificantly prevented the formation of tumors and less-

ened tumor volume and burden. We noticed the potent

chemopreventive potential of withaferin-A between

8:00 and 12:00, and there was no tumor formation

during these circadian clock times. Our study thus

suggests that withaferin-A exerted a potent protective

effect against DMBA-induced abnormal cell prolif-

eration in the buccal mucosa of golden Syrian ham-

sters between 8:00 and 12:00.

In recent years, the circadian rhythm of oxidants

and antioxidants has been the subject of considerable

interest due to their roles as mediators of carcinogene-

sis. The circadian pattern of oxidants and antioxidants

has been reported in healthy subjects as well as in dis-

eased patients [30, 40]. Previous reports from our

laboratory demonstrated circadian fluctuation in lipid

peroxidation and antioxidants in oral cancer patients

and experimental oral carcinogenesis [16, 24]. Inves-

tigation of mechanism by which the circadian pace-

maker controls the production of TBARS and enzy-

matic antioxidants in oral carcinogenesis might lead

to new therapeutic targets [11]. In the present study,

the diurnal rhythms of TBARS and antioxidant activ-

ity in oral carcinogenesis exhibited marked phase

shift over a 24 h time-scale. We observed a 4 h phase

advance for tumor tissue TBARS of tumor-bearing

hamsters as compared to the normal buccal mucosa

TBARS of control animals. The mesor value for buc-

cal mucosa TBARS over a 24 h time-scale was sig-

nificantly decreased in tumor-bearing animals as

compared to control animals. We also observed that

the activities of enzymatic antioxidants were mark-

edly disturbed in tumor tissues as compared to normal

tissues.

It has been reported that superoxides and hydrogen

peroxides are generated in large amounts in tumor tis-

sues [38]. We noticed a nine- to eleven-hour phase de-

lay in the activities of buccal mucosa enzymatic anti-

oxidants in tumor-bearing animals as compared to

control animals. Furthermore, the mesor values for

SOD and CAT were decreased, whereas the activity of

GPx was increased in tumor tissues as compared to

control animals. An inverse association between the

rate of cell proliferation and lipid peroxidation has

been reported [19]. Tumor tissue TBARS decreased

as the tumor progressed into advanced stages [25].

Our results are in line with these findings. The acro-

phase for TBARS was observed in tumor bearing ani-

mals at 9:44, which clearly coincided with the lower

number of tumors formed between 8:00 and 12:00 in

DMBA-treated animals. The activities of SOD and

CAT reached a peak at 9:33 and 9:39 in DMBA

treated animals, respectively, which indicates that the

cell proliferation was low at this circadian clock time,

as evidenced by increased levels of TBARS at 9:44.

Decreased activities of SOD and CAT in tumor tissues

are probably due to exhaustion of these enzymes in

scavenging excessively generated O2 and H2O2 in tu-

mor tissues. Glutathione peroxidase has regulatory ef-

fects on cell proliferation and differentiation. The ac-

tivity of GPx reached a peak at 22:17 in tumor-

bearing hamsters, which indicates abnormal cell pro-

liferation at this circadian clock time, as evidenced by

the increased number of tumors at this time in

DMBA-treated animals. Overexpression of GPx is

due to abnormal cell proliferation occurring in oral

carcinogenesis. Our study suggests that the circadian

pattern of TBARS and antioxidants in tumor-bearing

animals are not synchronized. Several authors re-

ported that the diurnal rhythms of TBARS depend on

the circadian fluctuation of serum antioxidants. The

altered rhythmic pattern of TBARS observed in

tumor-bearing hamsters can be related to the altered

circadian rhythmic pattern of enzymatic antioxidants.
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Oral administration of withaferin-A to DMBA-treated

animals significantly restored the phase shift and

mesor values, which indicates that withaferin-A pro-

tected the circadian dysregulation of lipid peroxida-

tion and antioxidants during DMBA-induced hamster

buccal pouch carcinogenesis.

The present study thus demonstrated the circadian

time-dependent chemopreventive efficacy of withaferin-A

and its modulating effect on the circadian pattern of

lipid peroxidation and antioxidants in DMBA-in-

duced oral carcinogenesis.
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