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ABSTRACT
Carvacrol, a major monoterpenoid phenol from Origanum and Thymus species, has been shown to
exhibit antiproliferative and anticancer properties in a few recent studies. Nevertheless, detailed
mechanism of the action of this compound in prostate cancer has not been elucidated yet.
Therefore, in the current study, we examined the anticancer activity and mechanism of the action of
carvacrol against human prostate cancer cells. It was found that the treatment of DU145 cells with
carvacrol decreased cell viability in a concentration and time-dependent manner. The
antiproliferative action of carvacrol leads to induction of apoptosis as confirmed by nuclear
condensation, Annexin V-FITC/PI positive cells, and caspase-3 activation. In addition, carvacrol
augmented reactive oxygen species generation and disruption in the mitochondrial membrane
potential which has not been reported in the previous studies of carvacrol with prostate cancer.
Moreover, carvacrol-induced apoptosis of prostate cancer cells was also accompanied by significant
amount of growth arrest at the G0/G1 phase of the cell cycle which has also not been documented
previously. To sum up, this study has established that carvacrol could be a promising
chemotherapeutic agent and could have a direct practical implication and translational relevance to
prostate cancer patients as Origanum consumption may retard prostate cancer progression.

Introduction

Prostate cancer represents the second most prevalent
cancer in males worldwide and is a major cause of mor-
bidity and mortality. Recent statistical reports show that
approximately 1.1 million men worldwide (15% of the
total) were diagnosed with prostate cancer in 2012,with
almost 70% of the cases (759,000) occurring in more
developed regions (1). With an estimated 307,000 deaths
in 2012, prostate cancer is the fifth leading cause of death
from cancer in men (6.6% of the total men deaths) (1).
Case fatality rate in low-income countries (78.6%) is
3.5 times that of high-income countries (22.5%) (2).

Although prostate cancer rates in India are lower than
those seen in Western countries, increasing life expec-
tancy and adoption of newer lifestyles are bringing about
an increase in these rates. It is the third leading cause of
cancer-related death in Indian male, posing a major
health problem (3). The most recent Population-Based
Cancer Registries (PBCRs) of different cities for the time
period 2008–2011 shows that prostate cancer is the sec-
ond leading cancer among Indian males with highest
cancer incidence rates in metro cities like Delhi,

Mumbai, Kolkata, Chennai, Bangalore, and Pune (4).
The incidence rates of prostate cancer are constantly and
rapidly increasing in all the PBRCs and the projected
cases at all-India level for the year 2020 was estimated to
be 30,185 (5).

Despite advances in the treatment of prostate cancer,
therapies for recurrent or persistent cancers and alterna-
tive treatment options with low toxicity are inadequate.
In the absence of satisfactory treatment options, chemo-
prevention could be an effective approach to reduce the
incidence of prostate cancer. Therefore, much research
has been focused on the identification of chemopreven-
tive agents with least side effects as an additional
approach for the management of prostate cancer. For a
variety of reasons, the most important of which is human
acceptance, chemoprevention through dietary interven-
tion has been regarded as a more practical approach
(6,7). In the past few decades, natural products have
been identified as promising agents for cancer prevention
and treatment based on their ability to attack multiple
molecular targets and cellular signaling pathways (8).
Many such naturally occurring phytochemicals for
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chemoprevention of prostate cancer are being evaluated
in cell culture and in animal model systems (9). It is
noteworthy that some of these agents have been shown
to be promising in prostate cancer patients (10).

Carvacrol [2-methyl-5-(1-methylethyl)-phenol], is a
major monoterpenoid phenol present in the essential oil
from the plants of family Lamiaceae including Origa-
num, Thymus, Satureja, and Carum species. The highest
naturally occurring carvacrol content (80%) has been
found in the oil from O. vulgare. The essential oil from
the above plant species has been used as a safe food addi-
tive in beverages, baked goods, and sweets in the food
industry from a long time (11). Carvacrol has been
shown to exhibit a broad range of therapeutic effects,
including anti-oxidant, anti-inflammatory, anti-angio-
genic, and anti-tumor activity (12–21). It has gained con-
siderable attention recently because of its potential
chemopreventive properties. In a few recent studies, car-
vacrol has been shown to have antiproliferative and anti-
cancer activities against human metastatic breast cancer
MDA-MB231 cells, chronic myeloid leukemia K562
cells, non-small cell lung cancer A549 cells, and murine
B16 melanoma cells (22–28). Nevertheless, the detailed
underlying mechanism of the action of this compound
in prostate cancer has not been elucidated yet. Therefore,
aim of the present study was to explore the anticancer
potential and underlying mechanism of the action of car-
vacrol against prostate cancer cells.

Materials and Methods

Cell Lines and Reagents

Dulbecco’s modified eagle medium (DMEM), modified
essential medium (MEM), fetal bovine serum (FBS), Try-
pan blue and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium-bromide (MTT) and other chemicals were
purchased from Himedia India, Ltd., Mumbai, India.
Carvacrol, 20,70-dichlorodihydrofluorescein diacetate
(DCFH-DA), DAPI (40,6-diamidino-2-phenylindole),
propidium iodide (PI) solution, and Rhodamine123
(Rh123) were purchased from Sigma (St. Louis,MO,
USA). Annexin V-FITC Apoptosis Detection Kit was
obtained from BD Bioscience, PharMingen (San Diego,
CA, USA).

Cell Culture

Human prostate cancer DU145 and normal mouse mac-
rophage J774A.1cells were obtained from Cell Reposi-
tory, National Centre for Cell Sciences, Pune, India.
DU145 cells were cultured in MEM and J774A.1 cells
were cultured in DMEM supplemented with 100 mg/ml

penicillin/streptomycin/amphotericin B (Himedia, India,
Ltd., Mumbai, India) and 10% heat-inactivated FBS. The
cells were incubated at 37�C in a humidified atmosphere
containing 5% CO2.

Cell Viability Assay

The MTT assay was used to assess the effect of carvacrol
on DU145 prostate cancer cells as described previously
(29). Exponentially growing DU145 cells (5 £ 103 cells/
well) were seeded in a 96-well culture plate and allowed
to attach overnight and further treated with 0, 10, 25, 50,
100, 250, and 500 mM of carvacrol for 24 and 48 h. At
the end of the drug treatment, 10 ml of MTT (5 mg/ml)
was added to each well and the plates were incubated for
another 4 h at 37�C. 100 ml of dimethyl sulfoxide was
added to each well and thoroughly mixed to dissolve the
purple crystals. The absorbance of each well was mea-
sured on a microplate reader (Bio-Rad, USA) at 490-nm
wavelength and the cell survival was expressed as the
percentage (%) over the untreated control.

Trypan Blue Dye Exclusion Assay

Carvacrol-induced cytotoxicity in DU145 cells was also
determined by trypan blue dye exclusion cell death assay,
as described previously (30). Briefly, 5 £ 104 cells were
treated with or without carvacrol (0, 10, 25, 50, 100, 250,
and 500 mM) for 24 and 48 h. Thereafter, cells were har-
vested, stained with 0.25% trypan blue dye, and the cells
that had taken up the dye were counted under a micro-
scope using a hemocytometer. The carvacrol-induced cell
death was expressed as the percentage of dead cells in each
treatment group from three independent experiments.

Morphological Analysis by Phase Contrast
Microscopy

Morphological changes associated with carvacrol-treated
DU145 and J774A.1 cells were analyzed as described pre-
viously (31). The cells were cultured in a 96-well plate at
a density of 5£ 103 cells per well. The cells were cultured
overnight and then replenished with fresh medium con-
taining various concentrations (0, 10, 25, 50, 100, 250,
and 500 mM) of carvacrol for 24 and 48 h. After incuba-
tion, cellular morphology of treated cells and untreated
control were observed under inverted phase contrast
microscope (Labomed, U.S.A).

Detection of Nuclear Condensation by DAPI staining

Morphological changes associated with nuclear conden-
sation in DU145 cells were also detected by DAPI

1076 F. KHAN ET AL.



staining as described previously (32). Briefly, DU145
cells (5 £ 104 cells/well) were placed in a 12-well plate
for 24 h. The cells were treated with various doses of car-
vacrol (0, 25, 50, 100, 250, and 500 mM) for 12 h and
then washed with cold PBS. Finally, the cells were fixed
in methanol for 10 min. Subsequently, cells were per-
meabilized with permeabilizing buffer (0.25% Triton X-
100) and stained with DAPI. Then, the cells were exam-
ined under an inverted fluorescence microscope (Nikon
ECLIPSE Ti-S, Japan).

Determination of Nuclear Morphology by Hoechst
33342 Staining

Morphological changes associated with apoptosis in
DU145 cells were further detected by Hoechst 33342
staining (33). Briefly, cells (5 £ 104 cells/well) were
seeded in a 12-well plate and treated with different con-
centrations of carvacrol (0, 25, 50, 100, 250, and
500 mM) for 12 h. Cells were washed by PBS, and then
stained with 5 mg/ml Hoechst 33342 for 10 min at 37�C
in a humidified dark chamber. Then nuclear morphology
of cells was examined under an inverted fluorescence
microscopy (Nikon ECLIPSE Ti-S, Japan).

Annexin V-FITC/PI Assay to Analyze Apoptosis

Apoptosis was analyzed using the annexin V/PI apopto-
sis kit (BD Biosciences, San Diego, CA, USA) according
to the manufacturer’s recommendations. Briefly, DU145
cells were first seeded into 60-mm culture dishes and
treated with carvacrol (0, 25, 50, 100, and 250 mM) for
24 h. The cells were washed twice with cold PBS and
then resuspended in 1X binding buffer at a concentration
of 1£ 106 cells/ml. 100 ml of the cell suspension (1£ 105

cells) was transferred to a 5-ml culture tube. Then, 5 ml
of FITC-Annexin V conjugate and 5 ml of PI were added
to the cell suspension. After incubation for 15 min in the
dark at room temperature (25�C), 400 mL of the 1x bind-
ing buffer was added to the cell suspension. The stained
cells were then immediately analyzed on a FACS Calibur
flow cytometer (BD Biosciences, San Diego, CA, USA).

Analysis of Caspase-3 Activity

The caspase-3 activity was assayed using Caspase-3 Col-
orimetric Assay Kit (BioVision, USA). Approximately
3 £ 106 cells, untreated and treated, (0, 25, 50, 100, and
250 mM) were lysed in 50 ml of chilled cell lysis buffer
and incubated on ice for 10 min. The cell lysate was cen-
trifuged for 1 min at 10,000 £ g. The supernatant of the
cell lysate was collected and put on ice for immediate
assay. The cell lysate was properly diluted with 50 ml of

cell lysis buffer after protein quantification. The lysate
(50 ml) was aliquoted into 96-well plate and 50 ml of
reaction buffer, containing 10 mM DTT, was added to
each sample. After that, 5 ml of the 4 mM DEVD-p NA
substrate was added in each well and incubated at 37�C
for 1 h. Absorbance was then read at 405 nm in a micro-
titer plate reader. Percent (%) increase in caspase-3 activ-
ity was determined by comparing these results with the
level of the uninduced control.

Analysis of the Effect of Caspase-3 Inhibitor
(Z-DEVD-FMK)

To characterize the cytotoxicity of carvacrol, DU145 cells
were pretreated with 50 mM of Z-DEVD-FMK (a cas-
pase-3 inhibitor) for 2 h and then treated with carvacrol
at the indicated concentrations for 24 h. The cell viability
was determined using the MTT assay as described above.

Measurement of Intracellular ROS Level

The intracellular reactive oxygen species (ROS) level was
measured by DCFH-DA method as described elsewhere
(34,35). It is based on the ROS-induced formation of the
highly fluorescent product 20,70-dichlorofluorescein
(DCF) from the non-fluorescent dye 20,70-dichlorofluor-
escin diacetate (DCFH-DA). Briefly, DU145 cells were
seeded in a 12-well plate at a density of 5 £ 104 cells per
well and incubated for 24 h at 37�C. Following treatment
with carvacrol (0, 25, 50, 100, 250, and 500 mM) for
12 h, the cells were incubated with 10 mM DCFH-DA
for 30 min at 37�C. After the removal of excessive
DCFH-DA by washing, images were captured by using
an inverted fluorescence microscope (Nikon ECLIPSE
Ti-S, Japan).

For quantitative ROS analysis, cells (1 £ 104/well)
were re-seeded in 96-well black bottom culture plate and
allowed to adhere for 24 h in a CO2 incubator at 37�C.
DU145 cells were treated with different concentrations
of carvacrol as mentioned for 12 h. Cells were further
incubated with DCFH-DA (10 mM) for 30 min at 37�C.
Fluorescence intensity was measured by a multiwall
microplate reader (Synergy H1 Hybrid Multi-Mode
Microplate Reader, BioTek, USA) at an excitation wave-
length of 485 nm and emission wavelength of 528 nm.
Values were expressed as the percentage of fluorescence
intensity relative to the control wells.

Analysis of the Effect of a ROS Inhibitor, N-Acetyl-L-
Cysteine (NAC)

To confirm the generation of intracellular ROS in carva-
crol-treated prostate cancer cells, the cells were
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pretreated with 10 mM NAC for 2 h and then treated
with carvacrol (0, 25, 50, 100, 250, and 500 mM) for
12 h. Cells were then washed with PBS and incubated
with 10 mMDCFH-DA for 30 min at 37�C. Fluorescence
intensity was measured by a multiwall microplate reader
(Synergy H1 Hybrid Multi-Mode Microplate Reader,
BioTek, USA) at an excitation wavelength of 485 nm and
emission wavelength of 528 nm. To further investigate
the role of ROS in carvacrol-induced apoptosis in pros-
tate cancer cells, we examined the effect of carvacrol on
DU-145 cells, in the presence of NAC (10 mM), a spe-
cific ROS scavenger, using the MTT assay.

Detection of Mitochondrial Membrane Potential
(DCm) by Rh123 Staining

The effect of carvacrol on mitochondrial transmembrane
potential was evaluated using rhodamine123 (Rh123) as
described previously (36). Briefly, DU145 cells (2 £ 105

cells/well) were cultured in a 12-well plate and allowed
to attach overnight. Cells were treated with carvacrol at
different concentrations (0, 25, 50, 100, 250, and
500 mM) for 12 h. After washing, cells were incubated
with Rh123 (5 mg/ml) for 30 min in the dark. Then the
cells were photographed using an inverted fluorescence
microscope (Nikon ECLIPSE Ti-S, Japan).

Cell Cycle Analysis

Cell cycle analysis of carvacrol-treated DU145 cells was
performed with the intercalating DNA fluorochrome, PI
as described earlier (31,37). Briefly, DU145 cells (5 £ 105

cells) were cultured in a 60-mm tissue culture dish for
24 h at 37�C and 5% CO2 and treated with carvacrol (0,
25, 50, 100, and 250 mM) for another 24 h. Cells were
harvested, washed with PBS by centrifugation at 600 g
for 5 min and treated with RNase A (200 mg/ml) for
30 min at 37�C. Subsequently, cells were fixed with ice
cold 70% ethanol overnight at ¡20�C and finally, stained
with PI (25 mg/ml) for 15 min at room temperature. Cell
cycle analysis was performed using a flow cytometer
(Becton Dickinson FACS Calibur, San Jose, CA).

Statistical Analysis

The data were presented as the mean § SEM of three
independent experiments performed in triplicates. Statis-
tical analysis was performed by one-way ANOVA using
Dunnett’s multiple comparison test and also by two-
tailed, paired Student’s t-test (�P < 0.01, ��P < 0.001,
���P < 0.0001 represent significant difference compared
with control).

Results

Carvacrol Did Not Exert Significant Effect on Normal
Macrophage J774A.1 Cells

To find out the experimental doses and cytotoxicity of
carvacrol, MTT assay and assessment of cell morphology
were performed on normal mouse macrophage J774A.1
cells. Cell viability data showed that after 24 h of treat-
ment, percent cell viability of normal cells as compared
to control was 98.20%, 95.79%, 94.93%, 94.73%, and
90.47% at 10, 25, 50, 100, and 250 mM dose of carvacrol,
respectively; which were found to be statistically insignif-
icant. Similarly, we did not find any significant effect on
cell viability of macrophages after 48 h of carvacrol treat-
ment with 10, 25, 50, 100, 250, and 500 mM concentra-
tions. However, a significant reduction in cell viability
(87.10% and 86.27%) was observed at 500 mM of carva-
crol after 24 and 48 h of treatment (Fig. 1A). Further-
more, morphological study suggested that after 24 and
48 h of treatment, higher concentration of carvacrol
(500 mM) altered cell morphology and induced cell death
in normal macrophages. However, 10, 25, 50, 100, and
250 mM of carvacrol at the above-mentioned time peri-
ods did not exert significant effect on cell morphology
(data not shown). Thus, the results of this study have
established that carvacrol did not show considerable
cytotoxic effect in normal cells.

Carvacrol Inhibited Proliferation of Prostate Cancer
DU145 Cells

The cytotoxic effect of carvacrol on DU145 prostate
cancer cells was determined by treating cells with vary-
ing concentrations of the carvacrol (0, 10, 25, 50, 100,
250, and 500 mM) for 24 and 48 h. The data indicated
that treatment of cells with different concentrations of
carvacrol resulted in significant inhibition of cell via-
bility as compared to controls (Fig. 1B). Carvacrol
inhibited proliferation of DU145 cells in a concentra-
tion and time-dependent manner with median inhibi-
tory concentrations (IC50) of around 84.39 mM and
42.06 mM, for 24 h and 48 h respectively. The results
showed that after 24 h of treatment at 25, 50, and
100 mM carvacrol, cell viability of DU145 cells signifi-
cantly reduced to around 79.42%, 59.48%, and 46.85%,
respectively as compared to control, which further
dropped to 15.63% and 11.70% at 250 and 500 mM,
respectively. Similarly, after 48 h of treatment at 25,
50, 100, 250, and 500 mM carvacrol, viability of
DU145 cells reduced to 77.09%, 51.92%, 29.36%,
11.91%, and 9.89%, respectively as compared to con-
trol (Fig. 1B). Carvacrol could not exert any significant
cytotoxic effect on prostate cancer cells at the dose
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10 mM after 24 and 48 h of treatment, which was evi-
dent by the cell viability of 98.07% and 96.60% at
respective time periods.

In an additional experiment, we determined the
cytotoxic effect of carvacrol by trypan blue exclusion
assay. Treatment of DU145 cells with carvacrol, at
the doses of 0, 10, 25, 50, 100, 250, and 500 mM for
24 and 48 h, resulted in significant cell death
(Fig. 1C). The results showed that, when compared to

control, treatment of DU145 cells with carvacrol for
24 h resulted in significant amount of cell death of
around 17.44%, 25.88%, 37.66%, 66.68%, and 71.62%
at 25, 50, 100, 250, and 500 mM, respectively, which
further increased to around 22.81%, 45.29%, 55.08%,
73.45%, and 80.52% after 48 h of treatment at 25, 50,
100, 250, and 500 mM, respectively. Moreover, carva-
crol did not show any significant cytotoxic effect on
prostate cancer cells at the dose 10 mM after 24 and

Figure 1. Dose and time-dependent effect of carvacrol on normal J774.1 cells and human prostate cancer DU145 cell line. A: Percent cell
viability of normal J774A.1 cells treated with different doses of carvacrol (0–500 mM) for 24 and 48 h assessed by MTT assay. B: Percent
cell viability of DU145 cells treated with different doses of carvacrol (0–500 mM) for 24 and 48 h assessed by MTT assay. C: Percent cell
death of DU145 cells treated with different doses of carvacrol (0–500 mM) for 24 and 48 h assessed by trypan blue dye exclusion assay
The results represented are the mean § SEM of three independent experiments performed in triplicate (�P < 0.01, ��P < 0.001, ���P <
0.0001 represent significant difference compared with control). D and E: Phase-contrast photomicrograph of DU145 cells treated with
either vehicle control or different doses of carvacrol (0–500 mM) for 24 and 48 h. Images shown are representative of three independent
experiments.
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48 h of treatment, which was evident by the cell
death of around 3.63% and 4.37% at respective time
periods. Thus, the above results have established that
carvacrol could induce substantial cytotoxic effects in
human prostate cancer cells without having significant
cytotoxic effect on normal cells.

Carvacrol-Induced Morphological Changes in
Prostate Cancer Cells

Phase-contrast microscopic analysis of carvacrol-treated
DU145 revealed significant morphological changes in
prostate cancer cells treated with different concentrations
of carvacrol (0, 25, 50, 100, 250, and 500 mM) as com-
pared to control, which include retraction of cellular pro-
cesses and cell shrinkage (Fig. 1D and E). These
morphological changes in DU145 cells were more pro-
nounced with increase in carvacrol concentration. In

contrast, the control cells were well spread with a flat-
tened morphology.

Carvacrol-Induced Nuclear Condensation Along with
Apoptosis in DU145 Cells

DAPI and Hoechst 33342 staining was performed to
characterize whether carvacrol-mediated inhibition of
cell viability in prostate cancer cells is a result of
induction of apoptosis. After treatment with carvacrol
(0, 25, 50, 100, 250, and 500 mM) for 24 h, marked
morphological changes in prostate cancer DU145 cells
were observed. Condensed and fragmented nuclei
were regarded as apoptotic cells. As evident from
fluorescence micrographs, carvacrol induced nuclear
condensation and fragmentation in DU145 cells in a
dose-dependent manner as indicated by the arrow
(Fig. 2A). The control cells exhibited normal cell

Figure 2. Carvacrol induced apoptosis in human prostate cancer DU145 cells. A: Nuclear morphology of (A) DAPI and (B) Hoechst-
stained nuclei of DU145 cells treated with varying concentrations of carvacrol (0–500 mM) for 24 h analyzed by fluorescence microscopy.
Arrows indicate the condensed or fragmented nuclei. Images shown are representative of three independent experiments. C: Percent
apoptosis in Annexin V-FITC/PI-stained DU145 cells treated with varying concentrations of carvacrol (0–250 mM) for 24 h observed by
flow cytometric analysis. The lower right (LR) quadrant of the histograms indicates the early apoptotic cells, and the upper right (UR)
quadrant indicates the late apoptotic cells. Data shown are representative of three independent experiments (D) Percent apoptosis as
observed by Annexin V-FITC/PI assay. The results represented are the mean § SEM of three independent experiments performed in trip-
licate (�P < 0.01, ��P < 0.001, ���P < 0.0001 represent significant difference compared with control).
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morphology. Similarly, cells with bright-blue fluores-
cence and condensed nuclei were observed in DU145
cells stained with Hoechst 33342, indicating apoptosis
(Fig. 2B). However, there was no significant apoptosis
in untreated DU145 cells which showed blue, dif-
fusely stained intact nuclei. The results, ultimately,
suggested that carvacrol induced apoptosis in DU145
cells in a dose-dependent manner.

Carvacrol-Induced Apoptosis in Prostate Cancer
DU145 Cells

To determine whether the loss of viability in DU145
cells induced by carvacrol was due to apoptosis,
DU145 cells were treated with 0–250 mM carvacrol
for 24 h and phosphatidylserine (PS) externalization
was measured by fluorescence-activated cell sorting
(FACS) after Annexin-V FITC/PI staining. Untreated
control cells were primarily negative for Annexin V-
FITC and PI (LL: viable). Among the treated groups
were cells that were Annexin V-FITC positive and PI
negative (LR: early apoptotic), Annexin V-FITC and
PI positive (UR: late apoptotic) and Annexin V-FITC
negative and PI positive (UL: dead or necrotic). As
shown in Fig. 2C carvacrol reduced the number of
surviving cells and increased the number of both
early and late apoptotic cells in a dose-dependent
manner. The results showed that carvacrol induced
significant amount of apoptosis in DU145 cells of
about 9.74%, 15.63%, 19.41%, and 26.44% after 24 h
of treatment with 25, 50, 100, and 250 mM of carva-
crol respectively (Fig. 2D).

Carvacrol-Induced Caspase Activation in Prostate
Cancer DU145 Cells

The downstream signals during apoptosis are trans-
mitted via caspases, a group of cysteine-aspartate pro-
teases, which, upon conversion from pro to active
forms, mediate the proteolytic cleavage of many key
cellular proteins. Accordingly, we determined whether
carvacrol-induced apoptosis in DU145 cells was due
to the activation of caspases. Since, caspase-3 is the
main downstream effecter caspase in apoptotic path-
way, we determined its activity in treated and
untreated control. Our results showed a significant
induction of caspase-3 activity in DU145 cells after
treatment with different concentrations of carvacrol
for 24 h (Fig. 3A). Caspase-3 activity was significantly
increased as compared to untreated control by
27.53%, 52.60%, and 79.20% at concentrations of 25,
50, and 100 mM carvacrol, respectively. However, cas-
pase-3 activity was dramatically increased to 134.12%

at the dose of 250 mM carvacrol (Fig. 3A). Thus, cas-
pase-3 activity in carvacrol-treated DU145 cells was
found to be dose-dependent.

Attenuation of Carvacrol-Induced Apoptosis by
Caspase-3 Inhibitor

To characterize whether carvacrol-induced cytotoxic-
ity in prostate cancer cells was due to activation of
caspase-3, DU145 cells were pretreated with 50 mM
Z-DEVD-FMK (a caspase-3 inhibitor) for 2 h and
then treated with carvacrol at the indicated concen-
trations for 24 h. The cell viability was determined
using the MTT assay as described above. Pretreat-
ment with capase-3 inhibitor significantly reduced the
amount of cytotoxicity in prostate cancer cells caused
by the treatment of carvacrol (Fig. 3B). These data

Figure 3. Dose-dependent activation of caspase-3 in carvacrol-
treated DU145 cells. A: Percent caspase-3 activity in DU145 cells
treated with different concentrations of carvacrol (0–250 mM) for
24 h determined by caspase-3 activity assay. B: Percent cell viabil-
ity of DU145 cells pretreated with a caspase-3 inhibitor, Z-DEVD-
FMK, and then treated with different doses of carvacrol (0–
500 mM) for 24 h assessed by MTT assay. Data represent mean §
SEM of three independent experiments performed in triplicate
(�P < 0.01, ��P < 0.001, ���P < 0.0001 represent significant dif-
ference compared with control).
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indicated that the induction of caspase-3 activity
played a crucial role in carvacrol-induced apoptosis.

Carvacrol Augmented Intracellular ROS Generation
in Prostate Cancer Cells

To elucidate the mechanism of action of carvacrol, we
further investigated the effect of carvacrol on the intra-
cellular redox status. Accordingly, we determined the
intracellular ROS level in carvacrol-treated and untreated
prostate cancer cells by measuring the oxidation of non-

fluorescent DCFH-DA to its highly fluorescent derivative
20,70-dichlorofluorescein (DCF). Briefly, DCFH-DA
staining was applied to prostate cancer cells to detect the
changes in intracellular ROS level after 12 h of carvacrol
treatment. The photomicrograph suggested that carva-
crol stimulated ROS formation in DU145 cells in a dose-
dependent manner (Fig. 4A). As compared to control
cells, carvacrol treatments caused stronger fluorescence
intensity in DU145 cells, which indicated an enhanced
intracellular ROS levels. Maximum ROS generation was
observed in the cells treated at 500 mM carvacrol.

Figure 4. Augmentation of ROS generation in DU145 cells treated with carvacrol. A: Enhanced ROS generation in DCFH-DA stained
DU145 cells treated with different concentrations of carvacrol (0–500 mM) analyzed by fluorescence microscopy. Data shown are repre-
sentative of three independent experiments. B: Quantification of ROS level in terms of percent DCFDA fluorescence in DU145 cells
treated with different concentrations of carvacrol (0–500 mM). C: ROS level in DU145 cells pretreated with a ROS inhibitor, NAC and
then treated with different doses of carvacrol (0–500 mM). D: Percent cell viability of DU145 cells pretreated with NAC and then treated
with different doses of carvacrol (0–500 mM) for 24 h assessed by MTT assay. E: Disruption of the mitochondrial membrane potential
(DCm) of DU145 cells treated with 0–500 mM of carvacrol observed by staining with a fluorescent dye Rh123. Values are expressed as
mean § SEM of three independent experiments (��P < 0.01 and ��P < 0.001 as compared with control).
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The quantitative measurement of ROS intensity showed
that 25 mM of carvacrol elevates significant ROS produc-
tion in DU145 cells, approximately 9.80%, as compared to
control. However, ROS production was further augmented
to approximately 18.74%, 25.03%, 62.14%, and 70.36% at
the concentrations 50, 100, 250, and 500 mM of carvacrol,
respectively (Fig. 4B). In order to corroborate the carva-
crol-mediated augmentation of ROS level, prostate cancer
DU145 cells were pretreated with a known ROS inhibitor,
NAC. The quantitative estimation indicated the attenua-
tion of increased ROS level by pretreatment with 10 mM
NAC which substantiated our finding that carvacrol could
enhance ROS generation in cancer cells (Fig. 4C).
Increased ROS generation has been shown to be involved
in the induction of apoptosis through various pathways.

Attenuation of Carvacrol-induced Cytotoxicity
by N-Acetyl-L-cysteine (NAC)

To further investigate the role of ROS in carvacrol-
induced cytotoxicity in prostate cancer cells, we exam-
ined the effects of carvacrol in DU145 cells in the pres-
ence of NAC (10 mM) by MTT assay. DU145 cells were
treated with the ROS scavenger NAC at 10 mM for 2 h
and then with carvacrol for an additional 24 h. Pretreat-
ment with ROS inhibitor NAC significantly reduced the
amount of cytotoxicity caused by the treatment of carva-
crol as evident in Fig. 4D. These data indicated that the
augmented intracellular ROS production is critical for
the observed carvacrol-induced apoptosis.

Carvacrol Disrupted Mitochondrial Membrane
Potential in DU145 Cells

An early event of the intrinsic apoptotic pathway is the
damage and loss of mitochondrial membrane potential
(DCm). To further verify whether carvacrol could dis-
rupt the mitochondrial membrane potential, we used a
mitochondria-specific and voltage-dependent dye Rh123
to detect alterations in DCm in DU145 cells. After treat-
ment with carvacrol, the fluorescence intensity in cells
weakened, indicating a decreased level of DCm. As the
concentration of carvacrol increased, the level of DCm
correspondingly decreased (Fig. 4E). Therefore, the
result signifies that there is a reduction in the DCm of
DU145 cell line after treating with carvacrol in a dose-
dependent manner.

Carvacrol-Induced Cell Cycle Arrest in Prostate
Cancer Cells

To determine whether suppression of cell proliferation
by carvacrol results from disruption of cell cycle

progression, DU145 cells were treated with 0–500 mM
carvacrol for 24 h and subjected to flow cytometry analy-
sis of PI-stained cells. The result showed that carvacrol
treatment over 24 h caused a significant cell cycle arrest
in DU145 cells at G0/G1 phase (Fig. 5A and B). The cell
cycle distribution in untreated control was 37.12%,
14.19%, and 48.68% for G0/G1, G2/M, and S phase,
respectively. The treatment with lower dose (25 mM) car-
vacrol resulted in the reduction of S and G2/M phase cell
population and increase in G0/G1 phase population
(Fig. 5A). A further increase in carvacrol concentration
to 50, 100, and 250 mM resulted in a more pronounced
reduction of cells in S phase with a concomitant accumu-
lation of cells in G0/G1 phase (Fig. 5B). The G0/G1 phase
cell cycle distribution for DU145 cells was 44.21%,
48.09%, 55.29%, and 62.39% at the dose of 25, 50,100,
and 250 mM of carvacrol, respectively (Fig. 5B). The
increase in G0/G1 phase cell population was accompa-
nied by a simultaneous decrease in the S phase cell popu-
lation which was found to be 45.56%, 42.99%, 34.32%,

Figure 5. Carvacrol induced cell cycle arrest in a dose-dependent
manner. A: Cell cycle distribution of propidium iodide-stained
DU145 cells treated with 0–250 mM carvacrol for 24 h observed
by flow cytometric analysis. The data shown here are from a rep-
resentative experiment repeated three times. B: Percent cell cycle
distributions determined by flow cytometric analysis. Data repre-
sent mean § SEM of three independent experiments performed
in triplicate (�P < 0.05 and ��P < 0.01 as compared to control).
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and 26.87% at the concentration of 25, 50,100, and
250 mM of carvacrol, respectively.

Discussion

Prostate cancer remains the leading cause of death in
males largely because of late-stage diagnosis and limited
effective treatments, especially in the recurrent disease
(38). Many natural dietary substances have been found
to have significant anticancer potential due to their abil-
ity to inhibit tumor growth, angiogenesis, and metastasis
without much side effects and thus, could be an impor-
tant avenue aiming to reduce both the incidence and the
mortality of cancer by preventing, reversing, or delaying
the process of carcinogenesis (39–42). Carvacrol is one
of the compounds found in essential oils of oregano and
thyme. Carvacrol has been reported to exhibit antiproli-
ferative and anticancer activities in a few recent prelimi-
nary studies (24–28). Therefore, we explored the mode
of action and potential utility of carvacrol in prostate
cancer cells in the quest of finding a novel, effective anti-
cancer agent.

In the current study, we attempted to delineate the
effects of the carvacrol on prostate cancer DU145 cell
line. The cell viability analysis by MTT assay and trypan
blue dye exclusion assay suggested that carvacrol
strongly inhibited the proliferation of prostate cancer
cells (Fig. 1B and C). Furthermore, morphological analy-
sis by phase contrast microscopy showed that shapes of
the cells were significantly changed, being round in the
carvacrol-treated groups which was characterized by cel-
lular shrinkage and detached from surface, forming clus-
ters (Fig. 1D and E). These results suggested that the
treatment of carvacrol significantly reduced the cell via-
bility of prostate cancer cells in a dose-dependent man-
ner. We did not observe significant cytotoxicity in
normal mouse macrophages after carvacrol treatment;
however, a substantial effect on cell viability was
observed only at the highest concentration of carvacrol
used in the experiment. Thus, carvacrol was shown to
exert cytotoxic effects in human prostate cancer cells
without incurring significant cytotoxic effect on normal
cells. Results from previous studies have shown similar
effects of carvacrol on different cancer cells (22–28).

Preceding reports have indicated that most of the che-
motherapeutic agents reduce cancer cell proliferation by
inducing apoptosis (43). Morphological hallmarks of
apoptosis are chromatin condensation and nuclear frag-
mentation, which are accompanied by rounding up of
the cell, reduction in cellular volume (pyknosis), and for-
mation of apoptotic bodies (44,45). Our results also sup-
port the above notion where fragmented and condensed
nuclei stained with DAPI and Hoechst 33342 in DU145

cells suggested that carvacrol induced apoptosis in pros-
tate cancer cells (Fig. 2A and B). We further character-
ized the cytotoxicity of carvacrol by examining the
presentation of the early apoptotic marker phosphatidyl-
serine at the cell surface by FITC-Annexin V assay. In
apoptotic cells, the membrane phospholipid phosphati-
dylserine (PS) is translocated from the inner to the outer
leaflet of the plasma membrane by flip-flop movement,
thereby exposing PS to the external cellular environment
(46). Annexin V is a 35–36 kDa Ca2C-dependent phos-
pholipid-binding protein that interacts specifically with
phosphatidylserine and can be used for the detection of
apoptosis. As shown in Fig. 2C and D, results of FITC-
Annexin V assay demonstrated a dose-dependent
increase in the Annexin V positive cells, indicating the
induction of apoptosis in DU145 prostate cancer cells by
carvacrol. This finding was in accordance with the previ-
ously reported studies (24–28).

Caspases are synthesized as inactive proenzymes and
their activation during apoptosis results in cleavage at
specific aspartate cleavage sites (47,48). While initiator
caspases-8 and -9 undergo autocatalytic activation, exe-
cutioner pro-caspase-3 is processed by initiator caspases.
Caspase-3 is one of the key executioners of apoptosis,
being responsible either partially or totally for the pro-
teolytic cleavage of many cellular proteins (49,50). We,
therefore, investigated caspase activity in treated and
untreated cells and observed that carvacrol induced cas-
pase-3 activation, leading to apoptosis (Fig. 3A and B).
Pretreatment with capase-3 inhibitor substantially
reduced carvacrol-induced cytotoxicity in prostate can-
cer cells, indicating activation of caspase-3 during carva-
crol-induced apoptosis (Fig. 3A and B). This result was
also in agreement with the earlier reports of carvacrol
(24–28).

Cancer cells produce high levels of ROS that lead to a
state of increased basal oxidative stress. Since this state
of oxidative stress makes cancer cells vulnerable to agents
that further augment ROS levels, the use of pro-oxidant
agents is emerging as an exciting strategy to selectively
target tumor cells (51). However, the induction of ROS
formation plays an important role in the chemothera-
peutic activity of several anticancer drugs and a large
number of anticancer compounds (52,53). Our data for
the qualitative and quantitative analysis of ROS genera-
tion suggested that carvacrol induced ROS-mediated
induction of apoptosis in DU145 cells in a concentra-
tion-dependent manner (Fig. 4A and B). However, the
carvacrol-mediated augmentation of ROS levels in pros-
tate cancer cells were attenuated by pretreatment of cells
with a ROS inhibitor, NAC (Fig. 4C). Furthermore, pre-
treatment with NAC significantly reduced the amount of
cytotoxicity caused by the treatment of carvacrol
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(Fig. 4D). These data indicated that the augmented intra-
cellular ROS production is critical for the observed car-
vacrol-induced apoptosis which has not been reported
previously in any studies.

Disruption of mitochondrial membrane potential
(DCm) has been proposed as an important prerequisite
in the activation of apoptosis (54,55). Rhodamine123, a
cationic fluorescent dye whose mitochondrial fluores-
cence intensity decreases quantitatively in response to
dissipation of mitochondrial transmembrane potential,
has been used previously to evaluate disturbances in
mitochondrial membrane potential (56). Our results also
supported the above fact that carvacrol depolarized the
mitochondrial membrane potential (DCm) significantly
in a dose-dependent manner (Fig. 4E) (57,58). Carva-
crol-mediated disruption of mitochondrial membrane
potential (DCm), which could be the probable mode of
action of carvacrol, has also not been reported in earlier
reports.

It is well known that carcinogenesis is closely asso-
ciated with uncontrolled cell cycle. In order to eluci-
date the type of death induced by carvacrol, the
percentage of cells in the sub-G1 (apoptosis), G0/G1,
S, andG2/M phases was determined by flow cytometry
using PI staining. G1 and G2 phases of the cell cycle
are the major check points and have an important
role in cell cycle progression. Through cell cycle anal-
ysis, we observed an interesting phenomenon that
carvacrol arrested cell cycle progression in G0/G1 by
blocking the transition from G1 to S phase and conse-
quently lead to apoptosis (Fig. 5A and B) (26). Thus,
we are reporting for the first time that apart from
inducing apoptosis, carvacrol could also induce cell
cycle arrest in prostate cancer cells.

Conclusion

In conclusion, the present study provides insight into the
mechanism of antiproliferative and apoptotic action of
carvacrol against human prostate cancer cells. The
results shows a link between antiproliferative and apo-
ptotic induction, and the cell death in prostate cancer
cells was due to the induction of ROS-mediated mito-
chondrial membrane depolarization and caspase activa-
tion. We also observed that carvacrol induced cell cycle
arrest in prostate cancer cells. Thus, our data confirmed
the potential of carvacrol as a chemopreventive agent in
human prostate cancer cells, and therefore, may be
potentially valuable for application in drug develop-
ments. Further studies are underway to elucidate the
molecular mechanisms involved to prove efficacy of car-
vacrol as an anticancer agent against prostate cancer
cells.
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