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Perillyl alcohol and methyl jasmonate sensitize cancer cells

to cisplatin

Laxmi Yeruva®®, Casey Hall®, John Abiodun Elegbede®

and Stephen W. Carper®

Breast cancer is the second leading cause of cancer
deaths among women in the United States. Several
treatment options exist, with different side effects. To
alleviate the side effects, several research groups have
studied chemotherapeutic effects of plant compounds

on cancer cells. These could be used as an alternative
treatment option either alone or in combination with other
chemotherapeutic drugs. The aim of this study was to
evaluate the activity of a combination of perillyl alcohol
(POH), methyl jasmonate (MJ) with cisplatin to define the
most effective schedule and to investigate the mechanism
of action in breast cancer cells. POH and MJ treatment
(20% decrease in cell viability concentration) enhanced
the cytotoxicity for subsequent exposure to cisplatin in
MDA-MB-435 and MDA-MB-231 cells. Combination
treatment of POH and MJ blocked cells at the Go,/G¢ phase
of the cell cycle and the addition of cisplatin forced the
cells to progress through the cell cycle and induced
apoptosis. Apoptotic mechanistic studies indicated that
POH and MJ treatment activated tumor necrosis factor
receptor 1 and this was further increased by the addition
of cisplatin. It was also found that mitochondrial membrane

Introduction

Breast cancer patients have several treatment options
including surgery, chemotherapy, radiation therapy, and a
combination of these therapies. Owing to disadvantages
with single-agent chemotherapy, drug combinations at
tolerable doses are administered to increase efficacy [1].
New strategies for breast cancer treatment such as the
use of plant compounds in combination with chemo-
therapeutic drugs will improve the efficacy of current
therapeutic regimens.

Perillyl alcohol (POH) and methyl jasmonate (M]) are
plant compounds that can be used for combination
therapy [2-11]. POH is a naturally occurring monoterpne
that inhibits the growth of cancer cells and induces
apoptosis [2,4,5]. A recent report indicated that POH
sensitized human myeloid U937 cells to pentoxifylline.
Combination treatment of POH with pentoxifylline
increased Bcl-2 and Bax expression as well as induced
apoptosis [6]. POH has been reported to sensitize
prostate and malignant glioma cells to cisplatin/radiation
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potential decreased with POH and MJ treatment; this
effect was further enhanced by cisplatin treatment.

These findings contributed to a better understanding

of molecular mechanism of apoptosis in combination
treatment of POH, MJ, and cisplatin. Results also showed
that the combination treatment of three drugs is more
effective than single drug alone or two drugs together.
Anti-Cancer Drugs 21:1-9 © 2010 Wolters Kluwer Health |
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through the Fas-mediated death receptor pathway [7,8].
Malignant glioma cells preincubation with POH demon-
strated a dose-dependent sensitivity to cisplatin and
doxorubicin [8]. M] is a plant stress hormone that inhibits
growth of lung, breast, and leukemia cells [9-11]. M]
enhances ATP depletion in the presence of glycolysis
inhibitor, 2DG in CT26 (murine colon carcinoma) and
D122 (murine lung carcinoma) cells [11]. M] has been
shown to affect mitochondria by disrupting hexokinase
and voltage-dependent anion channel association, causing
glycolysis inhibition and inducing mitochondrial outer
membrane permeabilization [12]. Mitochondrial outer
membrane permeabilization results in cytochrome-c
release, activation of Bcl-2 family of proteins, caspases
and eventually leads to cell death [13]. Combination
studies of M]J with cisplatin, adriamycin, taxol, 1,3-bis
(2-chloroethyl)-1-nitrosourea (BCNU) showed super-
additive effects with BCNU and cisplatin in human
pancreas carcinoma MIA PaCa-2 cells [11]. M] in
combination with taxol showed cooperative effects in
MCEF-7 cells but not in combination with cisplatin [11].
These studies indicate that research on plant compounds
in combination with chemotherapeutic agents will
provide new avenues for breast cancer treatment.
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Cisplatin has antitumorigenic activities against a wide
variety of cancers but its nephrotoxicity limits the
amount that can be given to patients. Several groups
have shown that cisplatin-caused nephrotoxicity is a
result of tumor necrosis factor (TNF)-o release [14-16].
TNF-a0 is a proinflammatory cytokine, involved in
diseases such as arthritis and multiple sclerosis. It binds
to two receptors, TNF receptor 1 (TNFR1) and TNF
receptor 2 [14-18]. In B6 PTC (proximal tubular cells)
cells [from C57BL/6 (B6) mice], cisplatin treatment
increases TNF-a production and Fas expression [19].
TNF-a release in cell culture medium and Fas activation
led to cell death in mice proximal tubular cells [19].
Hence, agents that sensitize cells to low dose of cisplatin
will result in fewer side effects for the patient.

This study showed that POH inhibited the growth of
human breast cancer cells (MDA-MB-231, MDA-MB-
435, and MCF-7) and induced apoptosis. The novel
finding in the study is that POH (20% decrease in cell
viability, 1C20), M] (IC20), and cisplatin (1 pmol/l) in
combination showed synergistic effects in growth inhibi-
tion in MDA-MB-435 and MDA-MB-231 cells. The 50%
growth inhibition (IC50) for cisplatin is 600 pmol/l and in
combination with POH and M], it decreases to 1 pumol/l,
which is a 600-fold in increase in sensitivity to cisplatin.
In MDA-MB-231 cells, in the presence of POH and M]J, a
1200-fold increase in sensitivity to cisplatin was observed.
It was determined that combination treatment increased
TNFR1 expression and decreased mitochondrial mem-
brane potential in MDA-MB-435 and MDA-MB-231 cells.

Materials and methods

Chemicals and reagents

Cell culture media (minimum essential medium), fetal
bovine serum (FBS), and penicillin (1000 U/ml) and
streptomycin (1000 pg/ml) were purchased from GIBCO
(Grand Island, New York, USA). Cis-jasmone, M], cisplatin,
propidium iodide (PI), and ribonuclease were obtained
from Sigma Chemical Company (St. Louis, Missouri, USA).
Phosphate-buffered saline (PBS, lacking Ca** and Mg* ™)
was purchased from Invitrogen Corporation (Grand Island,
New York, USA). All other reagents and chemicals were of
the purest grade and were obtained from reputable vendors.

Cell culture

Breast cancer cell lines (MDA-MB-231, MDA-MB-435,
and MCF-7) were obtained from the ATCC (Manassas,
Virginia, USA). All cultures were maintained in minimum
essential medium supplemented with 10% FBS, 1% of
penicillin and streptomycin (1000 units/ml), and HEPES
buffer. All the cultures were maintained at 37°C in
humidified 5% CO, atmosphere. During exposure to the
compounds, medium was replaced with treatment
medium containing various agents while control cells
received medium with dimethyl sulfoxide (0.1-0.3%).

Cytotoxicity assay

Cells (5000) were plated in a 96-well plate and incubated
overnight to adhere to the plate. Cells were exposed
to varying concentrations of cisplatin and POH for 24 h.
For combination treatments, MDA-MB-435 and MDA-
MB-231cells were exposed to either two or three
compounds for 24 h. The concentration of POH or M]J
was always at a dose that resulted in [IC20 by the
individual compound. Two agent combinations included:
cisplatin and POH, cisplatin and M] as well as POH and
M], whereas the three agent combinations included
POH, M], and cisplatin. At termination, the medium was
replaced with 100 pl of fresh medium, 10 pl of alamarBlue
(Invitrogen, Carlsbad, California, USA) was added and
incubated for 4 h. After 4 h, fluorescence was measured at
530 nm excitation and 590 nm emission wavelengths with
Genios fluorescence plate reader (PHENIX Research
Products, Hayward, California, USA). Cell viability was
calculated as percentage of control (100%).

Colony formation assay

The long-term (delayed) cytotoxic effects of agents on
the breast cancer cells were determined using the colony
formation assay. The cells were exposed to 0.5, 1.0, and
2.0mmol/l concentrations for 24h. The treatment
medium was poured off and the cells were washed with
1X PBS, harvested with trypsin—-EDTA, counted and
replated into 60 mm dishes. Cells were incubated in
humidified CO, atmosphere at 37°C for 11 days. The
medium was decanted and cells were stained with crystal
violet (0.5 g/100 ml in 95% ethanol). Colonies (> 50 cells/
colony) were counted and the percentage survival was
calculated relative to the control (100%) group.

Cell cycle analysis by propidium iodide

Cells (0.5 x 10°) were plated in 100 mm tissue culture
plates, incubated overnight to adhere to the plate. Cells
were exposed to 2mmol/l POH for 24h and washed
with 1X PBS. Fresh complete medium was added and
incubated for 24h. For combination treatments, cells
were exposed to either two or three compounds for 24 h.
The concentration of POH or MJ was always at a dose
that resulted in IC20 by the individual compound. Tiwo
agent combinations included: cisplatin and POH, cispla-
tin and MJ as well as POH and M], whereas the three
agent combinations included POH, M], and cisplatin.
Cells were harvested with trypsin—EDTA, washed with
PBS, counted, fixed with 100 ul of PBS and 900 pul of
absolute ethanol, and stored at 4°C before DNA content
analyses. Samples were stained with DNA staining
solution containing 150 pg/ml of PI, 0.1% Triton X-100,
and 1mg/ml of RNase-A (DNase free) (1:1:1 by
volume) and incubated in the dark for 1h. Acquisition
of the data was carried out with a FACS Calibur
flow cytometer (Becton Dickinson, Sanjose, California,
USA) and analyzed with ModfitL'T' 3.0 software (Verity
Software House, Topsham, Maine, USA).
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Detection of apoptosis by Hoechst

Cells (1 x 10%) were plated in four-well slides and
incubated for 24 h before treatment. Cells were exposed
to 2mmol/l POH for 24 h, at termination medium was
aspirated off and stained with Hoechst (2 pg/ml;
Invitrogen) for 15 min. Morphological changes indicative
of apoptosis were observed and the images were acquired
with fluorescence microscopy (Nikon Instruments Inc.,
Melville, New York, USA). The number of cells in the
bright field and Hoechst-stained cells were counted and
percentage of apoptotic cells was calculated as:

% Apoptosis — <Number of Hoechst positive cclls) 100

Number of cells in bright field

Tumor necrosis factor receptor 1 expression and tumor
necrosis factor-a detection

TNFR1 expression was measured by flow cytometry [17].
MDA-MB-435 and MDA-MB-231 cells were plated and
incubated for 48h. Cells were exposed to different
combinations of cisplatin, POH, and M] [IC20 POH
and MJ or IC20 POH and cisplatin (1 pmol/l) or ICZ20 M]
and cisplatin as well as combination of IC20 POH,
IC20 M], and cisplatin] for 24 h. After exposure, cells
were harvested by scraping in PBS-EDTA, counted and
1 x 10°cells were incubated in 50% FBS at 4°C for
15 min. Cells were washed with PBS-FBS (PBS with 1%
FBS added) and incubated with 25pg/ml anti-human
TNFRI1 antibodies (R&D Systems, Emeryville, California,
USA) at 4°C for 60 min. Subsequently, cells were washed
three times in PBS-FBS and incubated with fluorescein
isothiocyanate-conjugated goat anti-rat IgG (1:40 dilu-
tion) at 4°C for 2h. Cells were washed in PBS-FBS
three times and analyzed with FACS Calibur flow
cytometer. Fluorescence data were collected and back-
ground fluorescence was determined using unstained cells.
TNF-a release was measured by enzyme-linked immuno-
sorbent assay according to manufacturer’s protocol (BD
Biosciences, San Jose California, USA). MDA-MB-435 cells
were plated and incubated for 48 h. Cells were exposed to
different combinations of cisplatin, POH, and M] [IC20
POH and IC20 M]J or IC20 POH and cisplatin (1 pmol/l)
or IC20 M] and cisplatin as well as combination of 1C20
POH, 1C20 M], and cisplatin] for 24h. Medium was
collected and TNF-a release was measured.

Mitochondrial membrane potential studies

Mitochondrial membrane potential was measured as
described in manufacturer’s protocol (Cell technology,
Mountain View, California, USA). Mitochondrial mem-
brane potential detection kit uses a fluorescent cationic
dye, JC-1 (5,5, 6,6'-tetrachloro-1,1",3,3’ tetracthylbenzi-
midazolylcarbo-cyanine iodide), to signal the loss of
mitochondrial membrane potential. In nonapoptotic cells,
the dye accumulates in the mitochondrial matrix, stains
the mitochondria bright red; whereas in apoptotic cells,
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because of mitochondrial membrane potential collapse,
JC-1 cannot accumulate within the mitochondria, and
hence it remains in the cytoplasm in a green fluorescent
monomeric form. MDA-MB-435 and MDA-MB-231 cells
were plated and incubated for 48 h. Cells were exposed to
different combinations of cisplatin, POH, and M]. Two-
drug combination included 1C20 POH and M] or 1C20
POH and cisplatin (1 pmol/lI) or IC20 M] and cisplatin.
Three-drug combinations included 1C20 POH, 1C20 M]
and cisplatin (1 pmol/l) for 24h. At termination, cells
were harvested, counted, washed with PBS, 0.5 x 10° cells
were stained with JC-1 reagent and incubated for 15 min
at 37°C. Cells were washed twice with assay buffer
(provided by manufacturer) and membrane potential was
measured by flow cytometry.

Statistical analyses

The results were presented as mean = SEM of replicate
analyses accompanied by the number of independent
experiments. Statistical analyses were performed using
one or two-tailed z-test (Graphpad Software Inc., San
Diego, California, USA and Microsoft Excel). Differences
at a P value of less than 0.05 or better were considered
statistically significant.

Results

Perillyl alcohol inhibited the proliferation of breast
cancer cells

The proliferation inhibition of breast cancer cells was
determined by cytotoxicity assay using almarBlue dye.
POH inhibited breast cancer cell growth m vitro. MDA-
MB-231 and MDA-MB-435 were the most sensitive to
POH (Fig. 1a). The concentration of POH at which 20%
of MDA-MB-231 cell growth (IC20) was inhibited after
24h treatment was 0.76, 0.6 mmol/l for MDA-MB-435,
and 0.8 mmol/l for MCF-7 cells (Fig. la). Long-term
proliferation inhibition of breast cancer cells by POH
was evaluated by clonogenic survival assay (Fig. 1b). The
concentration of POH at which 50% of MDA-MB-231 cell
proliferation was inhibited after 24h treatment was
1.5 mmol/l, 1.5 mmol/l for MDA-MB-435, and 0.8 mmol/I
for MCF-7 cells (Fig. 1b). At 1 mmol/l POH, MCF-7 cells
showed 25% survival, whereas MDA-MB-231 and MDA-
MB-435 cells showed 95% survival. POH at 2 mmol/l
resulted in 2% survival in all three cell lines (Fig. 1b).

Combination studies were conducted in MDA-MB-435 and
MDA-MB-231 cells. A three-drug combination (POH, M]J,
and cisplatin) showed the lowest growth compared with
the two-drug combination in both cell lines (Fig. 3a and b).
POH and M] together showed only 39% growth inhibition
in MDA-MB-435 cells and 57% in MDA-MB-231 cells
(Supplementary data). However, the three-drug combina-
tion at the lowest cisplatin concentration studied (IC20
POH, IC20 M], and 1 umol/I cisplatin) showed 68% growth
inhibition in MDA-MB-435 and 98% growth inhibition in
MDA-MB-231 cells (Fig. 3a and b). The combination index
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Fig. 1
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Cytotoxicity of perillyl alcohol (POH) on human breast cancer cells MDA-MB-231, MDA-MB-435, and MCF-7. (a) MDA-MB-231, MDA-MB-435, and
MCEF-7 cells were exposed to varying concentrations of POH for 24 h and viability was measured by mitochondrial dehydrogenase assay as
explained in the methods section. Cell viability was calculated as a percentage of untreated cells (100%). Values were mean £ SEM (n=6); results
are representative of three independent experiments. A one-tailed t-test was carried out and at concentrations of 1 mmol/l and above, a statistically
significant (P<0.0001) decrease in viability was observed. (b) POH inhibited the long-term proliferation of breast cancer cells. Cells were exposed
to varying concentrations of POH and percentage survival was determined as explained in the Materials and methods. MDA-MB-231 and MDA-MB-
435 cells showed significant decrease in survival at 2 mmol/| POH (P<0.001), whereas in MCF-7 cells, both 1 and 2 mmol/| POH caused significant
decrease in survival (one-tailed t-test, P<0.001). Values were mean+ SEM (n=3); results are representative of two independent experiments.
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Representative histograms of breast cancer cell lines exposed to 2 mmol/| perillyl alcohol (POH). (a) MDA-MB-231 cells were exposed to 0.2%

dimethyl sulfoxide (DMSO) for 24 h to compensate for the DMSO present in cisplatin-treated cells. (b) MDA-MB-231 cells were exposed to 2 mmol/I
POH for 24 h. (c) MDA-MB-435 cells were exposed to 0.2% DMSO for 0, 24 h. (d) MDA-MB-435 cells were exposed to 2 mmol/l POH for 24 h.
(e) MCF-7 cells were exposed to 0.2% DMSO for 24 h. (f) MCF-7 cells were exposed to 2 mmol/l POH for 24 h. POH induced significant Go/G+4

(two-tailed t-test, P<0.01) arrest in all three cell lines studied. Values are mean = SEM; results are representative of duplicate analyses of two
separate experiments. Apop, apoptosis.
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(CI) value was calculated to determine drug interactions.
A CI value significantly less than 1 (CI<1) indicates
synergy, CI value greater than 1 (CI>1) indicates
antagonism, and CI value not greater than or less than 1
indicates an additive effect (CI=1). In both MDA-MB-435
and MDA-MB-231 cells, POH and cisplatin treatment
resulted in CI value indicative of antagonism, whereas M]
and cisplatin treatment resulted in additive effect. In
addition to that three-drug combination (POH, M], and
cisplatin) treatment showed synergism.

POH and MJ sensitize cancer cells to cisplatin Yeruva et al. 5

Perillyl alcohol induced cell cycle arrest and apoptosis
in breast cancer cells

To investigate the cell cycle arrest, DNA content analyses
were carried out by PI staining using flow cyto-
metry. POH showed a block in the cell cycle and also
induced apoptosis in breast cancer cell lines (Fig. 2). POH
induced Gy/G; arrest with increasing the subdiploid
population (apoptotic population) in MDA-MB-231
(Fig. 2a and b), MDA-MB-435 (Fig. 2c¢ and d), and
MCF-7 (Fig. 2e and f) cells. Studies with combination
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(a) MDA-MB-435 cells were exposed to cisplatin alone, cisplatin with 20% decrease in cell viability concentration (IC20) perillyl alcohol (POH),
cisplatin with IC20 methyl jasmonate (MJ), and cisplatin with IC20 POH and IC20 MJ. Combination of POH, MJ, and cisplatin enhanced growth
inhibition compared with the drugs in combination of two. Values are mean £ SEM; results are representative of duplicate analyses of two separate
experiments. (b) MDA-MB-231 cells were exposed to cisplatin alone, cisplatin with IC20 POH, cisplatin with IC20 MJ, and cisplatin with IC20 POH
and 1C20 MJ. Combination of POH, MJ, and cisplatin enhanced growth inhibition compared with the drugs in combination of two. Values are
mean + SEM,; results are representative of duplicate analyses of two separate experiments. (c) Cells were exposed to POH, MJ, and cisplatin as
explained in the Materials and methods. A significant Go/G+ block was observed in all combinations that were studied with increasing the subdiploid

populations (two tailed t-test, P<0.05). Apop, apoptosis.
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treatments showed a Gy/G; block at all combinations

that were studied with increasing subdiploid population
(Fig. 3c).

POH induced apoptosis in breast cancer cells (Table 1).
To further confirm apoptosis induction, cells were stained
with Hoechst, images were acquired with fluorescence
microscopy, and the percentage of apoptotic cells was
calculated as explained in the Materials and methods.
POH showed significant increase in apoptosis with breast
cancer cell lines (Table 1). POH induced 33.7% apoptosis
in MDA-MB-231, 12.1% in MDA-MB-435, and 12.6% in
MCEF-7 cells, respectively (Table 1).

Table 1 POH induced apoptosis in breast cancer cells

Cell line Control 2.0 mmol/l POH
MDA-MB-231 9.84+0.16 33.7+5.71
MDA-MB-435 2.2+0.87 1214214
MCF-7 2.0+2.0 12.6+2.33

Perillyl alcohol (POH) showed significant increase in apoptotic population compared
with the control in all three breast cancer cells (one-tailed t+-test; P<0.01).

Tumor necrosis factor receptor 1 activation and tumor

necrosis factor-a detection

TNFR1 activation was measured by flow cytometry.
TNFRI1 activation was observed in combination treat-
ments in MDA-MB-435 and MDA-MB-231 cells. A shift
in fluorescence intensity of histograms was observed in
POH and M], POH and cisplatin, MJ and cisplatin as
well as in POH, M], and cisplatin treatments (Figs 4
and 5). The largest increase in fluorescence intensity was
observed with the combination treatment of POH, M],
and cisplatin in both cell lines (Figs 4 and 5). The results
indicated that three drugs (POH, M], and cisplatin) in
combination activated larger amounts of TNFRI in
MDA-MB-435 and MDA-MB-231 cells compared with
drugs in combination of two (POH and M]J, POH and
cisplatin as well as M] and cisplatin) (Figs 4 and 5). A
shift in fluorescence intensity was quantitated and
shown in Figs 4i and 5i. However, in MDA-MB-231
cells, POH and M] treatment as well as POH, M],
and cisplatin (1 pmol/l) showed similar increase in
TNFR1 expression. TNF-o release was measured by

Fig. 4
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In MDA-MB-435 cells activation of tumor necrosis factor receptor 1 (TNFR1) was measured by flow cytometry. (a) Cells were exposed to 0.2%
dimethyl sulfoxide (DMSO) to compensate for the DMSO present in cisplatin-treated cells. (b) Cells were exposed to 20% decrease in cell viability
concentration (ICG20) perillyl alcohol (POH) for 24 h. (c) Cells were exposed to IC20 methyl jasmonate (MJ) for 24 h. (d) Cells were exposed to
cisplatin (1 umol/l) for 24 h. (e) Cells were exposed to IC20 POH and IC20 MJ for 24 h. (f) Cells were exposed to IC20 POH and cisplatin (1 pmol/I).
(g) Cells were exposed to IC20 MJ and cisplatin (1 umol/l). (h) Cells were exposed to IC20 POH, IC20 MJ, and cisplatin (1 umol/l) for 24 h. (i) FACS
results quantitation of M2 peak (shift in fluorescence) from (a) to (h). Increased TNFR1 expression was observed only in combination treatments
(POH and MJ, POH and cisplatin, MJ and cisplatin as well as in POH, MJ, and cisplatin-treated cells), which was determined by a shift in
fluorescence intensity of histograms. Results are representative of two independent experiments.
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Fig. 5
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In MDA-MB-231 cells expression of tumor necrosis factor receptor 1 (TNFR1) was measured by flow cytometry. (a) Cells were exposed to 0.2%
dimethyl sulfoxide (DMSO) to compensate for the DMSO present in cisplatin-treated cells. (b) Cells were exposed to 20% decrease in cell viability
concentration (IC20) perillyl alcohol (POH) for 24 h. (c) Cells were exposed to IC20 methyl jasmonate (MJ) for 24 h. (d) Cells were exposed to

cisplatin (1 umol/l) for 24 h. (e) Cells were exposed to IC20 POH and IC20 MJ for 24 h. (f) Cells were exposed to IC20 POH and cisplatin (1 pmol/I).
(g) Cells were exposed to IC20 MJ and cisplatin (1 pmol/l). (h) Cells were exposed to IC20 POH, IC20 MJ, and cisplatin (1 pmol/I for 24 h. (i) FACS
results quantitation of M2 peak (shift in fluorescence) from (a) to (h). Increased TNFR1 expression was observed only in combination treatments
(POH and MJ, as well as in POH, MJ, and cisplatin-treated cells), which was determined by a shift in fluorescence intensity of histograms. Results are

representative of two independent experiments.

enzyme-linked immunosorbent assay as described in
the Materials and methods. Though TNFR1 expression
was increased in combination treatments (POH, M],
and cisplatin), compared with the control TNF-o
release was not significant (Fig. 5b, TNF-alpha data not
shown).

Mitochondrial membrane potential detection

To determine the involvement of mitochondria in com-
bination treatment of POH, M], and cisplatin, mitochon-
drial membrane potential was measured by flow cytometry.
It was demonstrated that mitochondrial membrane
potential was decreased in combination treatments
compared with the control. The highest decrease in
mitochondrial membrane potential was observed with
combination treatments of POH and M] as well as with
POH, M], and cisplatin. This is consistent in both breast
cancer cell lines (MDA-MB-435 and MDA-MB-231).

Discussion and conclusion

Combination therapies will provide an alternate treat-
ment option to reduce the toxicity and increase the
efficacy of single-agent therapy. To the best of our

knowledge, this is the first report to show that POH, M]J,
and cisplatin in combination resulted in growth inhibi-
tion. DNA content analysis with combination treatments
showed a Gy/G; block with increasing hypodiploid
population (apoptosis). Studies on the mitochondrial
membrane potential and TNFR1 indicated decreased
mitochondrial membrane potential and activation of
TNFR1 in POH and M]J, POH and cisplatin, M] and
cisplatin as well as POH, M], and cisplatin treatments.
The results are consistent in two different breast cancer
cell lines studied (MDA-MB-435 and MDA-MB-231).

Earlier studies reported that POH inhibited the growth
of lung, prostate, and colon cancer cells [2,4,5]. It has
been reported that POH induced Gy/G; block in lung and
colon cancer cells as well as G,/M block in prostate cancer
cells with increasing the apoptotic population [2,4,7].
Along similar lines, this study showed that POH inhi-
bited growth, induced a Gy/G; block, and caused apo-
ptosis in breast cancer cells. Earlier studies on M]
showed cytotoxic effects at 1-5 mmol/l range in lung and
leukemia cells [9-11]. Cisplatin at 6.6 umol/l inhibited
48% cell growth and combination with 50-100 pmol/l
silibinin resulted in 63-80% growth inhibition of prostate
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(a) Mitochondrial membrane potential was determined in breast cancer cells using a fluorescent dye as explained in the methods section. In the

column graph, lane 1 is MDA-MB-435 cells treated with dimethyl sulfoxide (DMSO). Lane 2: cells were exposed to 20% decrease in cell viability
concentration (IC20) perillyl alcohol (POH) for 24 h. Lane 3: cells were exposed to IC20 methyl jasmonate (MJ) for 24 h. Lane 4: cells were exposed
to 1 pmol/l cisplatin for 24 h. Lane 5: cells were exposed to IC20 POH and 1 umol/l cisplatin for 24 h. Lane 6: cells were exposed to IC20 MJ and
1 umol/I cisplatin. Lane 7: cells were exposed to IC20 POH and IC20 MJ for 24 h. Lane 8: cells were exposed to IC20 POH, IC20 MJ, and 1 umol/I
cisplatin. In MDA-MB-435 cells, an increase in green fluorescence indicated decreased membrane potential. (b) In the column graph, lane 1 is MDA-
MB-231cells treated with DMSO. Lane 2: cells were exposed to IC20 POH for 24 h. Lane 3: cells were exposed to IC20 MJ for 24 h. Lane 4: cells
were exposed to 1 umol/l cisplatin for 24 h. Lane 5: cells were exposed to IC20 POH and 1 umol/l cisplatin for 24 h. Lane 6: cells were exposed to
IC20 MJ and 1 umol/l cisplatin. Lane 7: cells were exposed to IC20 POH and IC20 MJ for 24 h. Lane 8: cells were exposed to IC20 POH, IC20 MJ,

and 1 umol/l cisplatin. In MDA-MB-231 cells, an increase in green fluorescence indicated decreased membrane potential. (c) Tumor necrosis
factor (TNF)-o release was measured in MDA-MB-435 cells as described in the Materials and methods. Compared with the control, there was
no significant increase in TNF-o release in combination treatments (POH + MJ, MJ + cisplatin, POH + cisplatin, and POH + MJ + cisplatin) in

MDA-MB-435 cells.

cancer cells [20]. This study showed that cisplatin at
1 umol/l concentration showed 2% growth inhibition,
whereas with IC20 POH and IC20 M] showed 68%
growth inhibition in MDA-MB-435 cells (Fig. 3a). In
MDA-MB-231 cells, 1umol/l cisplatin did not show
growth inhibition but with 1C20 POH and IC20 M]
98% growth inhibition was observed (Fig. 3b). The 1C50
value of cisplatin in MDA-MB-435 cells was 0.6 mmol/l
and 0.7 mmol/l in MDA-MB-231 cells (Fig. 3a and b).
Cisplatin in combination with IC20 POH and IC20 M],
the IC50 was decreased to 1umol/l in MDA-MB-435
cells, which is a 600-fold shift in IC50 (Fig. 3b). In
MDA-MB-231 cells, the IC50 was reduced to 0.5 pmol/l,
1200-fold shift in IC50 (Fig. 3b). This indicated that
treatment of breast cancer cells with plant compounds
increased cisplatin cellular toxicity.

Earlier reports on combination studies with POH and
cisplatin showed that POH sensitized prostate cancer
cells to cisplatin and activated the Fas-mediated death
pathway and decreased mitochondrial membrane poten-
tial [7,21]. Cisplatin was reported to release TNF-a into
the cell culture medium and activated TNFR1 in
proximal tubular cells [22,23]. Cisplatin in combination
with compound herbal medicinal prescription showed
synergestic effects in proliferation inhibition in ovarian
cancer cells (SKOV3). Mechanistic studies indicated
TNFR1 activation in the SKOV3 cells [24]. In our

previous studies, it was determined that MJ activated
TNFRI1 in prostate and breast cancer cells and decreased
membrane potential in breast cancer cells [25,26]. In
addition to that, TNF-a release (Fig. 6b) was measured in
combination treatments and did not observe any signifi-
cant increase in TNF-a release compared with the control
(Fig. 6¢). Taken together, all these observations and the
combination studies show that POH, M], and cisplatin
treatment activates TNFR1 and decreases mitochondrial
membrane potential. The proposed mechanism for growth
inhibition with combination treatment includes activation
of TNFR1 as well as mitochondrial membrane potential
decrease by cisplatin, MJ, and POH.

Cancer patients have disadvantages with single-agent
therapy such as side effects and severe toxicity. Com-
bination studies involving two or more agents to reduce
toxicity and improve efficacy of chemotherapy will
provide new avenues for cancer treatment. It is possible
that three compounds studied here could have indepen-
dent metabolic fates once in the human body. However, it
has been proposed earlier that POH and M] induce
mitochondrial-mediated apoptosis, hence by combining
compounds, which induce similar signaling pathways at
very-low dosages with cisplatin would be advantageous
and could be less toxic to cancer cells. Future animal
and in-vivo studies would evaluate drug distribution and
different fates of these compounds in the body. In

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



addition to that, scheduling and mechanistic studies at
different doses need to be carried out to improve the
efficacy of cisplatin.
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