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Abstract

We showed that tumor cells with wild-type p53 and high levels of Bcl-xL are cisplatin resistant

but are induced to undergo apoptosis by (−)-gossypol, making this a promising agent for

overcoming cisplatin resistance. However, some cells in a population with this phenotype are not

killed and continue to survive. Conversely, tumor cells with low Bcl-xL expression and either wild

type or mutant p53 are relatively cisplatin sensitive and do not exhibit such high levels of

apoptosis. However, these do undergo progressive loss of viability after (−)-gossypol that may not

be tumor specific. We sought to elucidate the basis for these observations using cDNA microarray

analysis of (−)-gossypol treated cisplatin sensitive and resistant cells. Genes in the reactive oxygen

species (ROS) pathway were highly up-regulated in response to (−)-gossypol. The up-regulation

was of much greater magnitude in cisplatin sensitive than resistant cells. Staining with an

oxidation reporter dye confirmed differential induction of ROS in tumor cells with low Bcl-xL. As

(−)-gossypol is known to undergo oxidative metabolism in vivo, ROS generation may be

responsible for both off-target cytotoxicity and inactivation of the drug. In agreement with this

hypothesis, oxidation of (−)-gossypol by pre-treatment with hydrogen peroxide eliminated its

activity. Combined treatment with the antioxidant N-acetyl-cysteine (NAC) to block ROS

increased (−)-gossypol-induced cytotoxicity to tumor but not normal cells. Furthermore, NAC

increased the induction of apoptosis as measured by the sub G1 population, in both cisplatin

sensitive and resistant cells. We postulate that concurrent treatment with antioxidant to block ROS

prevents oxidative inactivation of (−)-gossypol and limits off-target toxicity allowing more potent

(−)-gossypol-induced anti tumor activity.

Corresponding Author: Thomas E. Carey, 1301 East Ann Street; University of Michigan, Ann Arbor, MI 48109-0506 USA.
careyte@umich.edu.

NIH Public Access
Author Manuscript
Cancer Biol Ther. Author manuscript; available in PMC 2014 September 08.

Published in final edited form as:
Cancer Biol Ther. 2008 May ; 7(5): 767–776.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

Cisplatin resistance; (−)-gossypol; Bcl-xL; reactive oxygen species; head and neck squamous cell
carcinoma; apoptosis

Introduction

Evasion or blockade of apoptosis plays a key role in tumor progression and poor response to

chemotherapy and radiation. The Bcl-2-family proteins function as regulators of the intrinsic

mitochondrial-mediated apoptosis pathway 1-3. Bcl-2, Bcl-xL and Mcl-1 are homologous

Bcl-2 family members that act to suppress the intrinsic apoptotic pathway by binding and

blocking the action of pro-apoptotic Bcl-2 family members (Bax, Bak, Bad, etc.), and

prevent the release of apoptotic factors from the mitochondria 1, 4, 5. Over-expression of Bcl-

xL has been shown to inhibit chemotherapy- and radiation-induced apoptosis in both solid

and hematologic tumors 6, 7. In previous studies of laryngeal tumors, 15% of tumors were

found to over-express Bcl-2, but over-expression did not correlate with resistance to

chemotherapy. However, 74% of tumors were found to over-express Bcl-xL. Low Bcl-xL

expression was associated with response to therapy and larynx preservation 6. These results

suggest a need for therapeutic agents that target Bcl-xL, as over-expression of Bcl-xL may

be a key mechanism in chemoresistance and HNSCC tumor cell survival after therapy both

in vitro and in vivo.

Gossypol is a natural compound isolated from cottonseeds, and has been used as an anti-

tumor agent for several decades. The racemic form of gossypol, (±)-gossypol, was well

tolerated in clinical trials 8-11. However, the mechanism of action of gossypol was not well

understood until sophisticated protein binding experiments demonstrated that (−)-gossypol

binds to the BH3 pocket of Bcl-2, Mcl-1 and Bcl-xL and can liberate pro-apoptotic BH3

peptides such as Bax and Bak 12. Thus, interest in gossypol as a novel therapeutic to target

anti-apoptotic mechanisms in cancer has been rekindled. Our group has shown that (−)-

gossypol has the capacity to induce apoptosis in vitro in HNSCC cell lines that express high

levels of Bcl-xL and contain wild-type tumor-suppressor p53 13, 14. We also demonstrated

that (−)-gossypol can inhibit tumor growth in an orthotopic mouse model of aggressive

HNSCC 15. With (−)-gossypol showing promising results in pre-clinical xenograft mouse

models of HNSCC, as well as in recent Phase I and II clinical trials in several cancer types,

reducing the non-specific toxicities and improving the anti-tumor activity of (−)-gossypol

will be important for developing optimized clinical treatment and combination strategies.

We previously observed that at therapeutic concentrations of (−)-gossypol, induction of

apoptosis was pronounced in cisplatin-resistant (wild-type p53 and high Bcl-xL) HNSCC

cell lines, but not in cisplatin-sensitive lines (mutant p53 and low Bcl-xL) 13, 16. However,

cisplatin-sensitive cell lines had similar overall reductions in cell viability and survival

following (−)-gossypol treatment. The discrepancy between levels of apoptosis and overall

viability indicated that (−)-gossypol induces other non-apoptotic cytotoxic effects that may

potentially be less selective for tumor cells. In the present study, we performed cDNA

microarray analysis of HNSCC cell lines following (−)-gossypol treatment to identify
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patterns of induction of gene expression that would provide clues to alternative, non-

apoptotic mechanisms of cell death induced by (−)-gossypol. ROS responsive genes were

found to be among the most significantly up-regulated genes in response to (−)-gossypol

treatment. Therefore, we examined ROS generation in vitro in response to (−)-gossypol

treatment in HNSCC cell lines and investigated antioxidant treatment as a mechanism to

block ROS generation and non-specific cytotoxicity in HNSCC cell lines.

Materials and Methods

Reagents

(−)-Gossypol was isolated and purified from racemic gossypol as previously described 14,

and dissolved in DMSO at a stock concentration of 30 mM. NAC (Sigma, St. Louis, MO)

was dissolved in media (below) immediately prior to use at a stock concentration of 1 M. 5-

(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-

H2DCFDA) was from Molecular Probes (Eugene, OR), and dissolved in DMSO at 500 mM

stock concentration. Bovine liver catalase (Calbiochem, San Diego, CA) was reconstituted

in water immediately prior to use at ~16,000 units/μL.

Cell Culture

Human HNSCC cell lines were established at the University of Michigan 17, 18. Informed

consent was obtained from all patients for the use and development of these cell lines. UM-

SCC-5, with mutant p53 and low Bcl-xL expression, is from a primary tumor of the larynx

and UM-SCC-74B, with wild-type p53 and low Bcl-xL expression, is from an intraoral

recurrence of a primary tumor of the base of tongue. Pt-R (platinum resistant) cells

(formerly UM-SCC-5PT) were selected for cisplatin resistance as previously

described 13, 19. UM-SCC-74B was stably transfected to over-express Bcl-xL and the

resulting subline was designated UM-SCC-74BxL. Cell lines were grown in DMEM

containing 2 mM L-glutamine, 1% nonessential amino acids, 1% penicillin-streptomycin

(Invitrogen, Carlsbad, CA), and 10% fetal bovine serum in a humidified atmosphere of 7%

CO2 at 37°C. Pt-R cells were cultured in the continuous presence of 0.9 μM cisplatin to

maintain the resistant phenotype.

The immortalized human oral keratinocyte cell line HOK16B 20 was grown in EpiLife

media (Cascade Biologics, Portland, OR) supplemented with provided calcium (60 μM),

human keratinocyte growth supplement (Cascade Biologics), and 1% penicillin-

streptomycin. Media was supplemented with 1% bovine serum albumin for all experiments

using these cells.

cDNA Microarray Analysis

UM-SCC-5 and Pt-R cells were plated at 2×106 cells/75 cm2, and allowed to grow overnight

prior to treatment with 10 μM (−)-gossypol (~IC50). Treatment began concurrently, and cells

from individual flasks were harvested for mRNA after 0, 4, 8, 12, and 24 hrs. Untreated

control cells were grown and harvested simultaneously with each treatment timepoint to

control for gene expression changes with growth time. mRNA was isolated using the

RNeasy Mini kit according to the manufacturer’s protocol (Qiagen, Valencia, CA). In order
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to survey gene expression changes on a genome wide scale, we compared changes in gene

expression between treated and untreated cells using a microarray containing 27,323 cDNA

clones. Linear amplification of total RNA and subsequent fluorescent labeling of

corresponding cDNA was carried out using the MessageAmp T7 linear amplification kit

(Ambion) and cDNA labeling protocols developed at the AECOM Microarray Facility

(http://microarray1k.aecom.yu.edu) 21. The ratio of the fluorescence intensities of the two

dyes therefore represented a measure of differential gene expression between the two

samples of interest. We considered a gene to be differentially expressed if we observed at

least a 2-fold induction (or repression) of a given gene between treated and untreated cells at

a given timepoint.

RT-PCR

To validate results obtained by microarray analysis, mRNA was harvested from UM-SCC-5

and Pt-R cells treated as described above. Reverse transcriptase PCR (RT-PCR) was

performed according to the manufacturer’s protocol using random hexamers (Reverse

Transcriptase System, Promega, Madison, WI). PCR primers were designed to span exon

junctions to eliminate amplification of any contaminating genomic DNA and to generate

amplicons of 300-500 base pairs. Specific primer sequences for ATF3, BNIP3, BTG1,

DDIT4, GADD45A, NOXA, and VEGF are available upon request. GAPDH was used as a

loading control. PCR products were run in 1% agarose gels with ethidium bromide in tris-

borate-EDTA buffer, and band intensity was analyzed using ImageJ densitometry software

(NIH).

Detection of Intracellular ROS

Cells were stained with CM-H2DCFDA to detect intracellular generation of ROS. CM-

H2DCFDA is a cell permeable fluorescein derivative that is non-fluorescent until oxidized in

the cytoplasm of live cells. After entering live cells, the diacetate groups are cleaved by

intracellular esterases. Oxidation of the reduced dyes can then occur in the presence of ROS,

causing the dyes to fluoresce green. CM-H2DCFDA is retained in cells because of the thiol-

reactive chloromethyl group, which reacts with intracellular glutathione and other thiols

(Invitrogen).

For ROS detection by fluorescence microscopy, cells were plated in 8-well chamber slides

at 35,000 cells per well. After 2-3 days of growth (60-70% confluency), cells were treated

with 10 μM (−)-gossypol. Following 0-24 hrs of treatment, cells were washed with Hank’s

buffered salt solution (HBSS), and stained with 2.5 μM CM-H2DCFDA and 1:750 dilution

of MitoTracker (from 1mM stock in DMSO, Molecular Probes) in HBSS to detect

intracellular ROS and mitochondrial morphology and localization, respectively. Cells were

incubated with staining solution for 15’ at 37°C, then washed and stored in HBSS.

For flow cytometry analysis, cells were plated 500,000 per flask, and treated for 0-24 hours

with 10 μM (−)-gossypol. Cells were stained with 2.5 μM CM-H2DCFDA and propidium

iodide (PI, Sigma, 50 μg/mL) with RNase type I-A (Roche, 100 μg/mL) in HBSS and

incubated with staining solution for 15’ at 37°C. Cells were harvested and washed twice

Sikora et al. Page 4

Cancer Biol Ther. Author manuscript; available in PMC 2014 September 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://microarray1k.aecom.yu.edu


with HBSS. CMH2DCFDA fluorescence was detected by flow cytometry using FITC (488

nm) channel. PI was detected at 620 nm; cells were gated for viability by PI exclusion.

Cell Viability Assay

Cell lines were plated in 24-well plates at a density of 40,000 cells per well. After 24 hours,

cells were treated and assessed for viability every 24 hours by comparison to untreated cells

grown during the same time period. Cells (including media containing non-attached cells)

were harvested, washed and stained with trypan blue (0.4%, Invitrogen), and viable cells

(trypan blue negative) were counted using a hemacytometer following each time point.

Viability was plotted as a percentage of total cells ± standard deviation. Total cell number

was obtained using a cell counter (Beckman-Coulter, Fullerton, CA).

Peroxide Inactivation of (−)-Gossypol

Culture media (described above) with or without 10 μM (−)-gossypol was incubated with

hydrogen peroxide (0.00003-0.03%) for 60 minutes in a humidified atmosphere of 7% CO2

at 37°C. A fresh aliquot of peroxide was used for each experiment. To inactivate peroxide

~30,000 units of bovine catalase was added to the media and allowed to incubate at room

temperature for 15 minutes. Media containing the oxidized (−)-gossypol and/or catalase

inactivated peroxide was then added to cells, which were assessed for viability after a 48

hour incubation as described above.

Sub-G1 Analysis

Cells were plated at 1×106 cells per flask and allowed to grow for 24 hrs prior to treatment.

Cells were then treated for 48 hrs with 10 μM (−)-gossypol and/or 10 mM NAC. Following

treatment, cells were trypsinized and washed with PBS, then fixed in 70% ethanol at 4°C

overnight. Cellular DNA was stained with PI (50 μg/mL) and RNase type I-A (100 μg/mL)

in PBS at 4°C overnight. Total DNA content and percentage of cells with sub-G1 DNA

content was analyzed by flow cytometry.

Statistical Methods

All p-values reported are determined by Student's t-tests of representative experiments

repeated in triplicate.

Results

(−)-Gossypol Toxicity in HNSCC Cell Lines

We previously reported that (−)-gossypol is a potent inducer of apoptosis in cisplatin

resistant HNSCC cell lines. Apoptosis induction was more robust in the platinum resistant

cell line Pt-R than the cisplatin sensitive cell line UM-SCC-5 13. In those experiments,

treatment of UM-SCC-5 and Pt-R with 10 μM (−)-gossypol for 48 hours resulted in ~75%

TUNEL-positive cells in Pt-R, but only ~25% in UM-SCC-5. To determine the fate of the

cells that do not immediately undergo apoptosis, we examined viability at intervals after (−)-

gossypol treatment. In Pt-R, a subpopulation of cells that does not undergo apoptosis shows

no additional loss of viability over 96 hours, and continues to survive indefinitely. In
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contrast, UM-SCC-5 cells exhibit progressive loss of viability such that only 6% are viable

by 96 hours (Fig. 1A).

Since UM-SCC-5 and Pt-R differ in Bcl-xL expression (4.4-fold greater in Pt-R (Figure

2A)), we performed the same experiments in UM-SCC-74B, which expresses low levels of

BclxL, and in UM-SCC-74BxL, which was stably transfected to over-express Bcl-xL

(Figure 2A). Like UM-SCC-5 and Pt-R, treatment with 10 μM (−)-gossypol for 48 hours

induces apoptosis in ~70% of UM-SCC-74BxL cells, but in only ~26% of UM-SCC-74B

cells. Subsequent decreases in cell viability in UM-SCC-74B and -74BxL are like those seen

in UM-SCC-5 and Pt-R (Fig. 1B), so that by 96 hours of treatment, only ~6% of UM-

SCC-74B cells were viable, while ~54% of UM-SCC-74BxL cells remained viable.

Changes in Gene Expression in Response to (−)-Gossypol

To examine changes in gene expression that might elucidate the mechanisms of cell death

induced by (−)-gossypol treatment in HNSCC cells, microarray analysis was performed. A

total of 5231 and 2045 changes in gene expression across the treatment time-course (0-24

hrs) were identified in UM-SCC-5 and Pt-R, respectively, following 10 μM (−)-gossypol

treatment. Of this large set, we noted that ROS/hypoxia response genes were the only family

of genes strongly up-regulated in both UM-SCC-5 and Pt-R (Figure 2B). Expression of

these ROS responsive genes increased at each time point (4, 8, 12, 24 hrs), and to a greater

extent in UM-SCC-5 than in Pt-R. Furthermore, this family of genes exhibited the highest

levels of up-regulation of any gene family in the array. For example, at 24 hours ATF3 was

up-regulated ~38-fold and 13-fold and BNIP3 was up-regulated ~34-fold and 11-fold in

UM-SCC-5 and Pt-R, respectively. The microarray results were validated using RT-PCR

with primers for ATF3, BNIP3, BTG1, DDIT4, GADD45B, NOXA, and VEGF. GAPDH

was used as a loading/PCR control. Densitometry analysis confirmed general trends in gene

expression changes following (−)-gossypol treatment (Fig. 2C).

Induction of ROS by (−)-Gossypol

The intracellular generation of ROS by (−)-gossypol in HNSCC was examined over the

same time course as the gene expression studies, using CM-H2DCFDA (fluoresces green in

the presence of ROS) and MitoTracker (fluoresces red in healthy mitochondria). Following

(−)-gossypol exposure, induction of ROS was observed by both fluorescence microscopy

and flow cytometry. As shown in Figure 3A, increases in levels of intracellular ROS

(indicated by increased green fluorescence) are apparent at 12 and 24 hrs after treatment

with 10 μM (−)-gossypol. Increased green fluorescence corresponded with a loss in

MitoTracker intensity (decreased red fluorescence), suggesting mitochondrial dysfunction, a

known mechanism of (−)-gossypol. Flow cytometry confirmed increasing levels of ROS

over time (0, 12, 24 hours) (Fig. 3B) and allowed quantification of the change in ROS

activity. In the low Bcl-xL cell lines, UM-SCC-5 and -74B, the same treatment induced

approximately 6.0-fold and 14.2-fold increases in ROS, respectively, relative to controls. In

contrast, in the high Bcl-xL cell lines, Pt-R and UM-SCC-74BxL, 10 μM (−)-gossypol

induced lower levels of ROS which were approximately 3.0-fold and 4.3-fold increases

compared to vehicle control, respectively, by 24 hours.
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Antioxidant Increases (−)-Gossypol-Induced Cytotoxicty

Blockade of ROS induced by (−)-gossypol through the use of antioxidants (e.g. vitamin C,

tiron, trolox, N-acetyl-L-cysteine (NAC)) may prevent (−)-gossypol-induced oxidative stress

in HNSCC. NAC is non-toxic in vitro and in vivo at high concentrations 22-24 and has been

shown to block ROS generation and its associated cytotoxicity. To examine whether

treatment with NAC will block (−)-gossypol-induced ROS generation and cell death, cells

were treated concurrently with 10 μM (−)-gossypol and 10 mM NAC, and analyzed for

viability by trypan blue exclusion as described below (Fig. 4).

Treatment with NAC alone did not adversely affect cell viability (Fig. 4) in any of the cell

lines. However, concurrent treatment with NAC enhanced (−)-gossypol-induced

cytotoxicity. In UM-SCC-5, treatment with NAC increased (−)-gossypol-induced

cytotoxicity from 94% (Fig. 1A) to 99% (Fig. 4A). Even more dramatic decreases in

viability (versus (−)-gossypol alone) were seen in Pt-R in which ~90% of surviving cells are

viable at 96 hours after treatment with (−)-gossypol alone (Fig. 1A). In contrast, combining

NAC and (−)-gossypol reduced the surviving population to ~16% (Fig. 4A). Similar effects

were seen in UM-SCC-74B and -74BxL with combination treatment, though the increased

toxicity was less dramatic than that in UM-SCC-5/Pt-R (Fig. 1B versus 4B). Increases in

cytotoxicity with combination antioxidant/(−)-gossypol treatment were also observed in all

four cells lines using other antioxidants (10 mM tiron or 2 mM trolox, data not shown).

Oxidative Inactivation of (−)-Gossypol

The increased induction of (−)-gossypol cytotoxicity by antioxidants suggested that ROS

was inhibiting the (−)-gossypol activity. The lack of toxicity caused by high concentrations

of antioxidants alone, and the similar effects of three unrelated antioxidants in combination

with (−)-gossypol, suggest that the increased (−)-gossypol activity is a result of ROS

blockade. We postulated that (−)-gossypol-induced ROS might lead to oxidation and

inactivation of (−)-gossypol. If so, then antioxidant treatment can prevent oxidation of (−)-

gossypol, and allow it to remain active.

To test the hypothesis that gossypol is inactivated by oxidation, (−)-gossypol was pre-treated

with hydrogen peroxide to simulate oxidation by mitochondrial ROS and ROS generated by

(−)-gossypol. Pre-incubation with hydrogen peroxide effectively neutralized the cytotoxicity

of (−)-gossypol in a dose dependent manner (Fig. 5). Peroxide concentrations of 0.03% and

0.003% (approximately 10 mM and 1 mM, respectively) prevented (−)-gossypol-induced

cytotoxicity. Total cell counts and trypan blue positive cell counts (Fig. 5A and 5B,

respectively) were almost identical to the untreated controls (columns 5 and 6 versus column

1). However, much lower peroxide concentrations of 0.0003% and 0.00003%

(approximately 100 μM and 10 μM, respectively) had no inhibitory effect on (−)-gossypol

cytotoxicity; cell counts and trypan blue positive cell counts were no different than (−)-

gossypol treated samples (columns 7 and 8 versus 2). Similar results were obtained for all

cell lines tested (UM-SCC-5, Pt-R, UMSCC-74B, -74BxL). Catalase alone (used to

inactivate residual peroxide) had no effect on (−)-gossypol toxicity (column 3)., Catalase

prevented the peroxide from having any adverse effect on the cells (column 4), and alone

had no effect on cell counts or viability (data not shown).
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Increased Apoptosis with (−)-Gossypol/Antioxidant Combination

Blocking the oxidative metabolism of (−)-gossypol with antioxidant may lead to increased

(−)-gossypol-induced apoptosis since without oxidative inactivation, more (−)-gossypol is

available to bind Bcl-2/Bcl-xL. To test this hypothesis, cells with sub-G1 DNA content were

used as a marker of apoptosis. The (−)-gossypol and antioxidant combination significantly

increased the proportion of cells with sub-G1 DNA content versus (−)-gossypol treatment

alone in all cell lines tested (Fig. 6). With (−)-gossypol alone, sub-G1 populations were 8.8-,

6.4-, 7.9-, and 2.6-fold greater than untreated controls in UM-SCC-5, Pt-R, UM-SCC-74B,

and -74BxL, respectively. With the combination of (−)-gossypol and antioxidant, sub-G1

populations increased over control by 11.6-, 23.2-, 20.8-, and 7.7-fold in UM-SCC-5, Pt-R,

UM-SCC-74B, and -74BxL, respectively. Antioxidant treatment alone caused no significant

increase in sub-G1 population in any of the cell lines.

Normal Cells are Resistant to (−)-Gossypol/Antioxidant Combination

To test whether the synergistic toxicity caused by the combination of (−)-gossypol and

antioxidant would specifically target HNSCC and not surrounding normal cells,

immortalized oral keratinocytes (HOK16B) were treated as described below and assessed

for total cell count and viability (Fig. 7). The combination of (−)-gossypol and antioxidant

did not exhibit the synergistic induction of cytotoxicity that was seen in the HNSCC cell

lines. Although there was some reduction in cell proliferation in the treated HOK16B cells,

following 48 hours of treatment, differences in total cell count and viability by trypan blue

exclusion (Figure 7A and 7B, respectively) seen between cells treated with (−)-gossypol

alone and cells treated with (−)-gossypol and antioxidant was not significant. Antioxidant

alone caused no significant change in cell count or viability versus untreated controls.

Discussion

Chemotherapy combined with radiation provides an alternative to the potential morbidity

and decreased quality of life associated with radical surgery required to treat advanced

cancers of the head and neck 25. However, tumor resistance to chemotherapy and recurrence

limit the usefulness of this approach. Our group has identified the anti-apoptotic protein Bcl-

xL and the tumor-suppressor protein p53 as key components in chemotherapy resistance in

HNSCC 6, 7, 16. The negative enantiomer of the natural compound gossypol, (−)-gossypol,

has shown promise as a novel small-molecule therapeutic that targets Bcl-xL and Bcl-2

proteins 13-15. Although (−)-gossypol has been shown to selectively induce apoptosis in

tumor cells in several in vitro and in vivo systems, the exact mechanisms of (−)-gossypol-

induced cell death are not completely understood. Broad effects of (−)-gossypol other than

binding to Bcl-2 proteins have been reported (summarized in 12), but the role of these

alternative effects in tumor cytotoxicity is unknown. Understanding the mechanisms of (−)-

gossypol-induced cell death in tumor cells will play an important role in the development of

clinical treatment strategies.

(−)-Gossypol induces HNSCC cell lines with high levels of Bcl-xL and wild-type p53 (the

cisplatin resistant phenotype) to undergo extensive apoptosis 13, 14, 16, but despite similar

reductions in overall cell viability, the apoptotic response is less robust in lines with low
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levels of Bcl-xL or mutant p53 (the cisplatin sensitive phenotype). The observations that

cisplatin sensitive cell lines undergo cell death in response to (−)-gossypol in the absence of

extensive apoptosis suggests that (−)-gossypol also induces alternative mechanisms of cell

death. Since (−)-gossypol has high affinity for Bcl-xL, and since it activates the intrinsic

apoptotic pathway, the lack of ‘target’ in low Bcl-xL expressing cell lines or lack of

functional p53 may allow (−)-gossypol to exert cytotoxic effects via alternative

mechanisms 26-31.

The increase of ROS responsive genes in HNSCC cells following (−)-gossypol treatment

represents an alternative mechanism of (−)-gossypol cytotoxicity. Changes in gene

expression found by microarray analysis suggest that the production of free radicals by

gossypol may lead to death by oxidative stress or ROS signaling. Kovacic and colleagues

also suggested that the pro-oxidant properties of racemic (±)-gossypol play a role in its

effects on mitochondrial respiration, anti-spermatogenic activity, and tumor

cytotoxicity 32-35. Early experiments by de Peyster and colleagues showed that gossypol

promotes oxygen radical generation in rat liver microsomes and human sperm, consistent

with ROS production as an underlying basis for its other biological activities 33.

The primary oxidation product of gossypol, gossypolone, has been implicated in the

formation of a redox system leading to additional free radical generation 32, 34, 35. In a study

examining the route of oxidative degradation of gossypol, Haas and Shirley demonstrated

that formation of gossypolone is the primary oxidative metabolite of gossypol 36. We have

observed that (−)-gossypol accumulates at the mitochondria, which is consistent with ROS

generation during electron transfer and oxidative phosphorylation. Supporting this view,

studies in liver microsomes have implicated cytochrome P450 enzymes in the oxidation of

gossypol to gossypolone 35. Conversion of gossypol to gossypolone may result in a stable

radical system that generates additional ROS. ROS can induce cell death by oxidative stress

or via downstream ROS/hypoxia signaling through induction of genes such as NOXA 37-39

and BNIP3 40-42, which we observed to be up-regulated in the microarray analysis. Thus,

generation of ROS is likely to play a key role in non-apoptotic death induced by (−)-

gossypol in HNSCC cells. Interestingly, we saw little or no change in glutathione-S-

transferase gene expression in response to (−)-gossypol (data not shown) suggesting that the

increased ROS is not secondary to reduced levels of endogenous antioxidants.

Pre-treatment of (−)-gossypol with hydrogen peroxide, a potent oxidant, resulted in loss of

its biological activity. The lack of (−)-gossypol inactivation with peroxide concentrations

below 1mM suggests that (−)-gossypol reacts in a stoichiometric ratio with oxygen radicals.

This model of (−)-gossypol oxidation fits with in vivo models of gossypol oxidative

metabolism presented by Abou-Donia and colleagues, in which each step was predicted to

require 2-4 oxidations per molecule 32. These oxidized metabolites are unstable, water

soluble and readily excreted in the urine 32, 34. Thus, blocking ROS with antioxidant

treatment appears to protect (−)-gossypol from oxidation to inactive forms.

Greater increases in ROS responsive genes were observed in UM-SCC-5 versus Pt-R cells,

consistent with the hypothesis that ROS plays a greater role in cells unable to undergo

apoptosis in response to (−)-gossypol, i.e. cisplatin sensitive cells with low Bcl-xL
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expression. In fact, cells with high levels of (−)-gossypol-induced ROS (e.g., UM-SCC-5

and -74B) are those with low levels of (−)-gossypol-induced apoptosis. Conversely, cells

with relatively low levels of (−)-gossypol-induced ROS generation (Pt-R and UM-

SCC-74BxL) are those with higher levels of (−)-gossypol-induced apoptosis. Thus, we

postulate that Bcl-xL could influence the levels of ROS generated by treatment with (−)-

gossypol. High levels of Bcl-xL in a cell may provide an excess of ‘target’ for (−)-gossypol

to bind, thereby reducing its alternative effects. Cells with high Bcl-xL may be more

dependent on Bcl-xL expression for survival, such that targeting BclxL rapidly induces

apoptosis by activating the intrinsic apoptotic pathway. In contrast, without excess Bcl-xL,

free (−)-gossypol would be more readily oxidized to form a redox system generating further

ROS as described above. Further, Bcl-xL has been shown to directly prevent generation of

ROS in several systems 43, 44. Thus, over-expression of Bcl-xL may have a direct protective

role against the ROS-induced mechanism of cell death, providing an explanation for why

cells with high Bcl-xL favor (−)-gossypol-induced apoptosis, whereas those with low Bcl-

xL expression exhibit ROS as the primary mechanism of cell death. It is therefore

reasonable to postulate that antioxidant treatment plays a protective role against ROS

parallel to that of Bcl-xL, causing cells to favor (−)-gossypol-induced apoptosis over non-

apoptotic cell death. Interestingly, Figure 6B shows that the ability of NAC to specifically

increase (−)-gossypol-induced apoptosis (versus (−)-gossypol alone) is markedly more

significant in the low Bcl-xL cell lines UM-SCC-5 and -74B, suggesting that these cells

have reduced antioxidant capacity without Bcl-xL. However, wild-type p53 may be required

for efficient induction of apoptosis by (−)-gossypol, as the wild-type p53 cell line UM-

SCC-74B shows much greater increase in apoptosis with the addition of antioxidant versus

UM-SCC-5. We observed that while NAC was able to block (−)-gossypol-induced increases

in ROS at early time points (12 hours) as determined by DCF fluorescence, ROS at 24 hours

in cells treated with the combination was higher than cells treated with (−)-gossypol alone

(data not shown). We believe this is due to the increased induction of apoptosis by active

(−)-gossypol in cells treated with antioxidant and (−)-gossypol, which will cause

mitochondrial dysfunction and increased ROS.

Our hypothesis that oxidation inactivates (−)-gossypol, and our demonstration that increased

apoptosis occurs when antioxidants were added leads us to propose a new model of (−)-

gossypol cytotoxicity in HNSCC (Fig. 8). In cisplatin sensitive HNSCC cells, (−)-gossypol

cannot efficiently induce apoptosis due to lack of functional p53, or may be rapidly oxidized

in the absence of high levels of Bcl-xL. ROS generated by (−)-gossypol oxidizes (−)-

gossypol, leading to increased redox cycling and additional ROS generation that inactivates

more (−)-gossypol. High levels of ROS generated in this manner can also lead to oxidative

stress-induced cell death, which may play a role in undesired (−)-gossypol toxicity.

Conversely, in cisplatin resistant cells, functional p53 allows for efficient induction of

apoptosis, and high levels of Bcl-xL prevent the oxidation of (−)-gossypol. (−)-Gossypol

remains active, and available to bind more Bcl-2/Bcl-xL and further increase the induction

of apoptosis. The absence of significantly increased cell death in the human oral

keratinocyte cell line HOK16B following treatment with (−)-gossypol and antioxidant

suggests that this combination does not adversely affect normal cells, which are not

dependent on anti-apoptotic proteins for survival. In contrast, tumor cells that are reliant on
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anti-apoptotic proteins to balance accumulated pro-death signals readily undergo apoptosis

when Bcl-xL is blocked. Similarly, addition of antioxidant more efficiently kills the residual

surviving cells from the tumors that express the highest levels of Bcl-xL. Thus, we expect

the combination of anti-oxidant and (−)-gossypol to be more effective as an anti-cancer

agent, particularly in cisplatin resistant tumor cells.

Assessment of combined antioxidant and (−)-gossypol treatment in HNSCC in vivo models

will be an important area of further investigation. NAC is well tolerated by

humans 23, 24, 45, 46 and mice, and has been shown to block ROS generation in mouse

tumors 22, 23, 47. Dietary supplements with high levels of NAC during (−)-gossypol

treatment may inhibit ROS generation in tumor cells, prevent oxidation of (−)-gossypol, and

increase its efficacy and specificity against HNSCC cells. Targeting Bcl-xL/Bcl-2 while

minimizing alternative effects of (−)-gossypol could increase specificity for tumors versus

normal tissue, thereby increasing the therapeutic index. Additionally, preserving (−)-

gossypol in an active form with antioxidants may allow (−)-gossypol treatment doses to be

lowered, further decreasing undesired toxicity, in vivo.
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Figure 1.
Percentage of viable cells by trypan blue exclusion assay in response to 10 μM (−)-gossypol

for 24-96 hours. A. UM-SCC-5 and Pt-R, untreated versus treated. B. UM-SCC-74B and

-74BxL, untreated versus treated.
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Figure 2.
A. Bcl-xL and GAPDH expression in cell lines discussed. UM-SCC-74B-Vec represents a

vector-only control. B. Fold increase in mRNA levels following 10 μM (−)-gossypol

treatment for 24 hours for selected ROS family genes found by cDNA microarray analysis

in UM-SCC-5 and Pt-R. Fold increase is shown versus paired untreated control (described in

materials and methods). C. RT-PCR/gel electrophoresis validation of increases in gene

expression following (−)-gossypol treatment seen in microarray analysis. Values underneath

represent densitometry values of fold increase versus the respective cell line untreated

control.
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Figure 3.
A. Representative images from confocal microscopy of indicated cell lines following

treatment with 10 μM (−)-gossypol for 0, 12, or 24 hrs. MitoTracker (red) indicates

functioning mitochondria, and increased fluorescence of CM-H2DCFDA (green) denotes

generation of intracellular ROS. B. Quantification of increased intracellular ROS generation

demonstrated in (A) by flow cytometry, as fold increase in DCF fluorescence versus

untreated control. All increases in fluorescence versus control were statistically significant

(p < .05). Increases in fluorescence between each high Bcl-xL and low Bcl-xL cell line were

also statistically significant. For UM-SCC-5 vs. Pt-R, p = .0026 and p = .0045, at 12 and 24

hrs, respectively. For UM-SCC-74B vs. -74BxL, p < .0001 and p = .032 at 12 and 24 hrs,

respectively.
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Figure 4.
Percentage of viable cells by trypan blue exclusion assay in response to 10mM NAC with or

without 10 μM (−)-gossypol for 24-96 hours. A. UM-SCC-5 and Pt-R, NAC versus

combination. B. UM-SCC-74B and -74BxL, NAC versus combination.
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Figure 5.
Cell viability following 48 hrs treatment with peroxide-inactivated (−)-gossypol. A. Whole

cell counts following treatment. B. Percentage of viable (trypan-blue negative) cells

following treatment. In both parts (A) and (B), lanes 1, 4, 5, and 6 represent the effect of

absent or inactivated (−)-gossypol, while lanes 2, 3, 7, and 8 represent the effect of active

(−)-gossypol.
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Figure 6.
Sub-G1 populations as a marker of apoptosis following NAC (10 mM) and (−)-gossypol (10

μM), alone and in combination. A. Flow cytometry histograms representative of experiments

performed in triplicate for (B). Sub-G1 population PI staining cut-offs are shown by the M2

region. B. Increases in sub-G1 (apoptotic) populations following treatment shown as fold

increase versus untreated control. NAC treatment was identical to untreated sub-G1

population, while (−)-gossypol and (−)-gossypol/NAC treatments each caused significant

increases in sub-G1 population versus control (p < .05). For all four cell lines, increases seen

in sub-G1 population with (−)-gossypol/NAC versus (−)-gossypol alone were statistically

significant (p < .05).
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Figure 7.
Cell viability following 48 hrs treatment of NAC (10 mM) and (−)-gossypol (10 μM), alone

and in combination, in immortalized human keratinocyte cell line HOK16B. A. Whole cell

counts following treatment. B. Percentage of viable (trypan-blue negative) cells following

treatment. Changes in viability measurement between (−)-gossypol alone and (−)-

gossypol/NAC was not significant in (A) or (B) (p > .05).
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Figure 8.
Proposed molecular model of (−)-gossypol toxicity. Details are discussed in the text.

Activation of Bak and Bax may instead be caused by activated BH3-only proteins

sequestered by Bcl-xL and released by (−)-gossypol, but is not shown in this model.
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