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SUMMARY

Racemic gossypol has been shown to have antitumor properties
that may be due to its ability to uncouple tumor mitochondria or
to its inhibitory effects on a variety of nonmitochondrial enzymes.
We have studied the antimitochondrial and enzyme-inhibiting
properties of gossypol in human carcinoma cell lines of breast
(MCF-7, T47-D), ovarian (OVCAR-3) colon (HCT-8), and pan-
creatic (MiaPaCa) origin by comparing the effects of its purified
(+)- and (—)-enantiomers. (—)-Gossypol shows up to 10-fold
greater antiproliferative activity than (+)-gossypol in the cancer
cell lines and in normal hematopoietic stem cells grown in vitro,
with ICs, values ranging from 1.5 to 4.0 um for the cancer cells
and from 10 to 20 um for the human marrow stem cells. As well,
multidrug-resistant MCF/Adr cells appear more resistant to (—)-
gossypol than their parental cell line. Electron microscopy indi-
cates that the earliest ultrastructural change in tumor cells ex-
posed to a cytotoxic (10 um) concentration of (—)-gossypol is the
selective destruction of their mitochondria. Consistent with this
observation, *'P magnetic resonance spectroscopy detects pro-
nounced changes in tumor cell high energy phosphate metabo-
lism within 24 hr of (—)-gossypol treatment, manifest by 1.6- to
>50-fold differential reductions in the intracellular ratios of ATP/
P, relative to (+)-gossypol-treated cell lines; the magnitude of
these antimitochondrial effects correlates with the antiprolifera-
tive activity of (—)-gossypol. Northermn biot RNA analyses suggest
that treatment with a 5-10 um dose of (—)-gossypol induces a

transient increase in the expression of heat shock gene products,
particularly hsp-70 transcripts. The mean 5-fold increase in (—)-
gossypol-induced hsp-70 mRNA appears coincident with a com-
parable heat-stimulated increase in transcript levels, as com-
pared with control or (+)-gossypol-treated cells. The enzyme-
inhibiting properties of gossypol enantiomers were compared in
cell-free assays measuring glutathione-S-transferase-«, -u, and
= activities, caimodulin stimulation of cyclic nucleotide phospho-
diesterase, and protein kinase C activity. Both enantiomers are
near equivalent antagonists of caimodulin stimulation and protein
kinase C activity, exceeding the potency of known inhibitors
such as phenothiazines by as much as 50-fold. In contrast, (—)-
gossypol is a 3-fold more potent inhibitor of glutathione-S-trans-
ferase-a and -x isozyme activity, resulting in IC5, values of 1.6
and 7.0 um, respectively, for these two isozymes. Because of
the enhanced resistance of MCF/Adr cells to (—)-gossypol, which
may be related to their increased glutathione-S-transferase and
protein kinase C content, (—)-gossypol should be evaluated for
its potential to modify the cytotoxic resistance of human carci-
noma celis to other chemotherapeutic agents. Furthermore, the
above newly described (+)- and (—)-gossypol effects may be
useful in directing structure-function studies using chiral-specific
gossypol derivatives, in order to develop more selective and
potent antimitochondrial chemotherapeutic agents.

Racemic gossypol [1,1’,6,6’,7,7’-hexahydroxy-5,5’-diisopropyl-
3,3’-dimethyl-(2,2’ -binaphthalene)-8,8’-dicarboxyaldehyde] is
a phenolic extract from cotton seeds first used in China as a
male oral contraceptive and later found to have in vitro and in
vivo antitumor properties (1, 2). As with certain other polycyclic
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lipophilic agents, gossypol appears to sequester within the
mitochondria of tumor cells, where it uncouples oxidative phos-
phorylation from electron transport and reduces intracellular
ATP, a process that can be monitored noninvasively using 3'P
MRS (2, 3). Studies in cell-free extracts have shown that
racemic (+)-gossypol can inhibit a variety of mitochondrial and
cytoplasmic enzymes, including hexokinase and lactate dehy-
drogenase (4, 5), GST and lipooxygenase (5-7), Ca’*-dependent
protein kinase C (8, 9), and nuclear enzymes such as DNA
polymerase (a and 8) and topoisomerase II (10, 11). It is not

ABBREVIATIONS: MRS, magnetic resonance spectroscopy; GST, glutathione-S-transferase; CaM, calmodulin; PKC, protein kinase C; EM, electron
microscopy; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N N’ N’-tetraacetic acid; PS, phosphatidyiserine.
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yet clear whether the mitochondrial uncoupling and ATPase
properties of gossypol are related to its ability to inhibit key
intracellular enzymes or the extent to which either of these
properties contributes to its antitumor effects.

We have tried to relate the antitumor and enzyme-inhibiting
properties of gossypol by comparing the effects of its purified
optical (+)- and (—)-isomers. Initial studies suggested that (—)-
gossypol produces at least 2-fold greater antifertility and anti-
proliferative effects in vitro and in vivo, compared with the
effects of (+)-gossypol (12-14). In cell-free or serum-free assay
conditions, gossypol inhibitory effects on cell mitochondria and
some enzyme systems may be nearly equal for the two enantio-
mers (15). We have investigated this discrepancy by correlating
the antitumor and antimitochondrial properties of (+)- versus
(—)-gossypol with their effects in human carcinoma cell lines
on selected RNA transcripts (from the heat shock protein-70
gene, c-myc oncogene, and $2-microglobulin gene) as well as
on several isolated enzyme systems (PKC, Ca?'-dependent
CaM activity, and GST isozymes) that may be involved in
tumor growth regulation and resistance to therapy.

Materials and Methods

Growth inhibition of human tumor cell lines and bone mar-
row stem cells. Gossypol enantiomers [(+)- and (~)-] were purified
as previously described (16). The antiproliferative effects of each en-
antiomer were determined for each of the previously described cell
lines, which were originally derived from breast (MCF-7, T47-D),
ovarian (OVCAR-3), colon (HCT-8), and pancreatic (MiaPaCa) neo-
plasms (2). These antitumor effects were also compared with enan-
tiomer effects on the clonogenic growth of normal human bone marrow
stem cells.

For the assessment of tumor cell line growth inhibition, cells (5 x
10*) were plated on day O into replicate 25-cm? sterile plastic flasks
(Costar, Cambridge, MA) and allowed to attach for 24 hr before drug
addition on day 1. The drugs were added from ethanol-dimethyl sulf-
oxide-containing stock solutions, to a final vehicle concentration <0.1%
ethanol and <0.002% dimethyl sulfoxide. Drug exposures were contin-
uous until cells were harvested on day 6-8, when control culture growth
was still in logarithmic phase and when the total cell count had reached
1-2 X 10° cells/flask. Trypsin-harvested cells were counted on a model
ZB1 counter (Coulter Electronics, Inc., Hialeah, FL), and the results
of these growth inhibition studies were reported as either the mean +
standard deviation of cell number or the mean percentage of control
cell counts. All experiments were repeated at least once for verification.

To culture bone marrow stem cells, the freshly aspirated normal
bone marrow from three consenting patients was injected into sterile
tubes containing preservative-free heparin (1000 IU). The marrow
suspension (7 ml) was layered onto 3 ml of lymphocyte separation
medium (Bionetics Laboratory Products, Kensington, MD) and cen-
trifuged, and the stem cell layer was removed. Remaining erythrocytes
were removed by hypotonic shock, and the nucleated cells were then
washed twice with McCoy’s medium 5A (GIBCO Laboratories) con-
taining 10% fetal calf serum. Bone marrow stem cell colonies were
grown from the nucleated cells (10°), which were plated into replicate
35-mm wells using the standard bilayer-agar method previously de-
scribed (2). Colony formation was microscopically quantitated 9-12
days later, and the cloning efficiency of vehicle-treated marrow cells
processed in this manner was about 0.1%.

EM and *'P MRS. EM was performed on carcinoma cells after
treatment in culture. Following vehicle or drug treatment, monolayer
cells were harvested, rinsed free of medium, fixed in cold 2.5% gluta-
raldehyde and 0.1 M sodium cacodylate, and then treated with 1.6%
osmium tetroxide. The fixed cells were later suspended in 0.5% uranyl
acetate in veronal acetate buffer, this was followed by dehydration in
graded ethanol and embedding in Polybed 812 (Pelco Inc., Redding,
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CA). Thin sections were poststained with uranyl acetate and lead
citrate, examined at 80 KV in a JEOL 100S electron microscope, and
then photographed.

3P MRS was performed on cultured carcinoma cells using a home-
built 5.6 T spectrometer configured about a Nicolet 1180 computer, as
previously described (2). Spectra were obtained using a 60° tip angle,
25-usec pulse width, spectral width of 10 KHz, recycle time of 2.2 sec,
and quadrature detection over 4000 data points in each channel; data
were processed using 20-30 Hz of line broadening. Methylenediphos-
phonic acid (0.5 M) in Tris buffer, pH 7.4, was used as an external
reference. Treated cells (5 X 10°) were pelleted loosely into a 10-mm
diameter glass tube and spectra were recorded at 4° within 20 min of
culture harvest as described (2). Spectral peak areas were calculated by
fitting computer-generated peaks to the acquired spectrum using Ni-
colet software. The ratios of ATP/P; peak areas were calculated to
compare drug-treated with vehicle-treated control values.

RNA transcript levels. Total cellular RNA was extracted from
logarithmic phase cultures of treated and control carcinoma cells (5 X
10°) by guanidine isothiocyanate-cesium chloride gradient centrifuga-
tion, electrophoresed (10 ug/lane) for Northern blot hybridization into
1% agarose-formaldehyde gels, and transferred onto nitrocellulose fil-
ters as previously described (17). Probes containing c-myc or 8;-micro-
globulin sequences (16) or heat-shock protein cDNA sequences for hsp-
70, hsp-90, and hsp-27 (18) were **P-labeled by random primer exten-
sion and individually hybridized (10’ cpm) to the bound RNA. After
autoradiography, filters were stripped and rehybridized to compare c-
myc, B;-microglobulin, and hsp transcripts from the same blotted RNA
samples.

GST Isozymes. To purify GST-a and GST-u, normal human liver
was pulverized at —70° and homogenized in 50 mM Tris- HCI, pH 7.5,
0.5 M NaCl, followed by centrifugation at 27,000 X g. The supernatant
was passed through a DEAE-cellulose column (Whatman DE-52) equil-
ibrated with extraction buffer and was frozen in aliquots at —70° for
later use. Aliquots of 25 ml (approximately 200 IU) were thawed,
desalted on a 160-m! column of Sephadex G-25 (Pharmacia), and
applied to an 85-ml column containing a mixture of 25 ml of S-hexyl-
GSH-agarose and 60 ml of GSH-agarose (Sigma). The column was
washed with 200 ml of 0.2 M NaCl in 50 mM Tris- HCI, pH 7.5, and the
GST was eluted with 50 mMm Tris- HCI, pH 9.6, containing 10 mM GSH
and 0.2M NaCl. Fractions containing GST activity were pooled and
dialyzed against 10 mM KPO,, pH 6.5, and the near-neutral and basic
GST isozymes were purified on a 45-ml hydroxylapatite column. The
first peak, containing GST-u, and the second peak, containing GST-a,
were pooled separately, dialyzed against 10 mM KPO,, pH 7.5, and
frozen at —50° aliquots for later use. GST-» was purified from human
placenta using the same protocol until reaching the GSH-affinity
column step, after which the enzyme was dialyzed against 10 mM
Tris- HCI, pH 7.5, loaded onto a 30-ml DEAE-cellulose column equili-
brated with the same buffer, washed with 100 ml of equilibration buffer,
and eluted with a 0-400 mM NaCl gradient in starting buffer (150 ml
total). Fractions containing GST activity were pooled, dialyzed against
10 mM KPO,, pH 7.5, and frozen. All GST isozymes were shown to be
homogeneous and free of contamination by protein electrophoresis and
Western blotting, using antibodies raised against each of the three
classes of human GST. The absolute activities for the purified GST
isozymes were GST-a = 11 nmol/min/mg, GST-x = 11 nmol/min/mg,
and GST-x = 13 nmol/min/mg. The effect of gossypol enantiomers on
the purified isozyme activities was assayed under the following condi-
tions: 1 mM GSH, 1 mM 1-chloro-2-dinitrobenzene (Sigma), in 0.2 M
potassium phosphate buffer, pH 6.5. Gossypol (or 10 ul of vehicle) was
added before enzyme addition, and the assays were performed at 25°
using a Gilford Response spectrophotometer to detect product forma-
tion.

PKC and CaM-stimulated activity. PKC was purified from drug-
resistant human cancer cell lines as previously detailed (19). The
activity of PKC in the presence or absence (vehicle only) of gossypol
enantiomers was determined by measuring incorporation from [y-*P]
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ATP (3000 Ci/mmol) into lysine-rich histone under triplicate reaction
conditions controlled for linearity with respect to incubation time and
enzyme. The reaction mixture consisted of 40 ug of histone (type III-
S; Sigma), 2.5 ug/ml diolein with or without 1.25 ug/ml PS (Sigma),
and 50 ul (about 1 ug) of PKC enzyme, in 20 mM T'ris- HCI containing
10 mM MgCl, and 0.5 mM CaCl,, pH 7.5. The reaction was initiated by
the addition of 20 uM ATP containing 4.4 X 10° cpm of [**PJATP in a
final volume of 200 ul. After a 10-min incubation at 30°, reaction
aliquots (25 ul) were spotted onto Whatman P81 cation exchange
paper, washed three times in 75 mM phosphoric acid, and counted in a
Beckman LS 7500 liquid scintillation counter. Basal PKC activity in
the absence of PS was 0.10 (+10%) pmol of P;/mg of protein/min, and
PS stimulated PKC enzymatic activity 2- to 3-fold. Drug had no effect
on basal enzymatic activity, and in the presence of PS the drug effect
was recorded as the mean percentage of vehicle-treated and PS-stim-
ulated PKC activity (100% control).

The activity of purified bovine brain CaM (CalBiochem) in the
presence or absence (vehicle only) of various concentrations of gossypol
enantiomers was determined by the ability of 10 units of CaM to
stimulate a Ca?*-CaM-dependent form of cyclic nucleotide phosphodi-
esterase. The phosphodiesterase was prepared, as previously detailed,
by disruption of rat cerebral tissue in a sucrose/Tris/glycine/EGTA
buffer (pH 7.6), followed by high speed centrifugation, dialysis, and
electrophoresis of the enzyme-enriched supernatant (20). The cyclic
AMP phosphodiesterase activity, as assayed by the luciferin-luciferase
method, was 70 nmol of cyclic AMP hydrolyzed/mg of protein/min.
CaM consistently produced 4- to 8-fold activation of this preparation
of phosphodiesterase under control treatment conditions and the re-
sults from the drug treatment conditions were recorded as the mean
percentage of control (100%) treatment value (20).

Results

Fig. 1 shows that a continuous exposure to (+)- or (—)-
gossypol inhibited growth of human breast (T47-D), pancreatic
(MiaPaCa), ovarian (OVCAR-3), and colon (HCT-8) cancer
cell lines in a dose-dependent manner. Drug concentrations
necessary to produce 50% growth inhibition (ICs) of these
cancer cells ranged between 1.5 and 4.0 uM for (—)-gossypol

TUMOR CELL LINES

100 -

(+) GOSSYPOL

MARROW CFUgm
O T470 °
8 HCT-8 © Donor 2
0 OVCAR-3 \'\ © Donor 3
§ MisPaCa .
__—_——-—_"O—_‘: J

and 15 and 25 uM for (+)-gossypol. All but one of the cell lines
were completely growth arrested by a 5 uM dose of (—)-gossypol;
additional experiments showed that even 25 uM (+)-gossypol
was insufficient to produce this same degree of growth arrest,
which could, however, be achieved by a 50 uM dose of (+)-
gossypol. The clonogenic stem cells from the three normal
human bone marrow preparations appeared to be 5-fold more
resistant than the carcinoma cell lines to (—)-gossypol, with an
ICs value ranging between 10 and 20 uM. Thus, both the
marrow stem cells and the carcinoma cell lines required a 5- to
10-fold greater dose of (+)-gossypol to achieve the same degree
of growth inhibition as for (—)-gossypol.

Comparison between the carcinoma cell lines suggested that
differences in sensitivity to (—)-gossypol were more pronounced
at concentrations exceeding the ICy, values. In Fig. 2, normal
MCF-7 cells were compared with their Adriamycin-resistant
subclone, MCF/Adr, which is known to possess the pleotropic
characteristics of multidrug resistance, including overexpres-
sion of the mdr-1 gene (21). Previous studies had suggested
that random selection of MCF-7 subclones did not, in itself,
result in cells with altered drug or hormone sensitivities (22).
Like the other carcinoma cell lines, MCF-7 and MCF/Adr cells
were not significantly inhibited by (+)-gossypol doses up to 10
uM. However, with administration of 5 uM (—)-gossypol, MCF-
7 cells were inhibited to 4% of control growth, whereas MCF/
Adr cells were only marginally inhibited, to 81% of control
growth. This resistant pattern of MCF/Adr response persisted
for (—)-gossypol doses up to 10 uM, suggesting that the in-
creased activity of GST and PKC associated with this Adria-
mycin-resistant subclone could also be associated with in-
creased gossypol resistance (21).

With the continuous administration of 10 uM (—)-gossypol,
most cell lines were permanently and completely growth ar-
rested; a limited 24-hr exposure to this same dose also prevented
further cell proliferation for at least 4 days. There was no

© Donor 1

Fig. 1. Dose-dependent in vitro growth in-
hibition of human tumor cell lines and nor-
mal marrow stem cells (colony-forming
units-granulocyte/macrophage) (CFUgm)
by gossypol enantiomers. Tumor cells (5 X
10*) are plated on day 0 into triplicate flasks
and the drug is added on day 1 for a
continuous exposure over 6-8 days, after
which total cells are counted and recorded

(% control growth)

1001 -

(-) GOSSYPOL

as the mean percentage of control (vehicle-
treated) cell counts. For colony-forming

ulocyte/macrophage growth, nu-
cleated marrow cells (1 x 10%) are cloned
in replicate wells by standard bilayer-agar
technique, in the presence of drugs or ve-
hicle, and colonies of 15 or more cells are
counted and recorded as the mean per-
centage of control colony growth. Control
cloning efficiency is about 0.1%.
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Fig. 1. Counts from replicate flasks and two different experiments are

averaged and recorded as the mean + standard deviation of total cell
counts for each treatment condition.

visible morphological change in the (—)-gossypol-treated cells
immediately after 24 hr of exposure, when the monolayer
cultures were examined under phase-contrast microscopy; how-
ever, ultrastructural analysis at this time revealed that exten-
sive mitochondrial damage had occurred in the (—)-gossypol-
treated cells. Fig. 3 shows control (vehicle-treated) and (+)-
gossypol (10 uM for 24 hr)-treated MiaPaCa cells with normal
nuclear and cytoplasmic appearance and intact mitochondria.
After 24 hr of (—)-gossypol treatment, however, the mitochon-
dria completely lost their cristae and could barely be recognized
due to their distorted membrane structure and extensive vac-
uolization. Despite this severe mitochondrial damage, the cy-
toplasmic and nuclear EM appearance of these cells was oth-
erwise normal, consistent with their normal phase-contrast
microscopic appearance after 24 hr of treatment with (—)-
gossypol.

In view of the ultrastructural evidence of mitochondrial
destruction, 3'P MRS was performed to detect changes occur-
ring in intracellular high energy phosphate levels after treat-
ment with either (+)- or (—)-gossypol. Fig. 4 illustrates the
spectral changes observed in T47-D cells treated with gossypol
for 24 hr. (—)-Gossypol (10 uM) caused a profound reduction in
nucleotide triphosphate (predominantly ATP) levels, associ-
ated with an increase in P;, similar to our earlier P MRS
results using a commercial preparation of racemic gossypol (2,
3). The same dose of (+)-gossypol had little effect on ATP but
slightly increased the P; spectral peak in these cells. Table 1

Antimitochondrial and Biochemical Effects of Gossypoi 843

compares 24-hr treatment effects on the ATP/P; peak areas in
four of the carcinoma cell lines treated with identical doses of
the enantiomers. Although 10 uM (+)-gossypol was minimally
cytotoxic for two of the five carcinoma cell lines studied (see
Fig. 1), 24-hr exposure to (+)-gossypol reduced ATP/P; levels
only in the T47-D cells. In MiaPaCa cells, the same dose of
(+)-gossypol reproducibly enhanced ATP/P; content. In con-
trast, (—)-gossypol reduced ATP/P; levels in all the cell lines,
and the magnitude of this reduction varied from 69% to <6%
of vehicle-treated control levels. Of note, the contrast between
enantiomer effects on ATP/P,; pools in MiaPaCa cells was
consistent with their mitochondrial effects noted on EM. In
Table 1, the measured ATP/P; changes in each cell line were
also expressed as ratios of the potency of (—)-gossypol relative
to (+)-gossypol, and these differences ranged from 1.6 to >50-
fold. The variation in (—)-gossypol potency had a close rank
order correlation with the sensitivity of these cell lines to (—)-
gossypol (1-10 uM); that is, the more sensitive cells (MiaPaCa,
T47-D) showed the greatest reduction in high energy phos-
phate levels, compared with the less sensitive cells (OVCAR-3,
HCT-8).

Mitochondrial uncoupling, or other nonmitochondrial cyto-
toxic effects induced by gossypol, could lead to the altered
expression of critical RNA transcripts. RNA extracted from
cells exposed for various intervals (0-60 hr) to (+)- or (-)-
gossypol (5 uM) was analyzed by Northern blot hybridization
to detect changes in the expression of heat-shock genes (hsp-
70, -90, and -27), a growth-related oncogene (c-myc), and a
constitutively expressed structural gene (B,-microglobulin). In
Fig. 5, it can be seen that MCF-7 levels of B,-microglobulin
mRNA exhibited little change under all gossypol treatment
conditions. When lane-loading differences are taken into ac-
count, this figure suggests that both (+)- and (—)-gossypol
isomers produced equivalent biphasic changes in c-myc expres-
sion, with an initial decline in mRNA levels at 12 hr, followed
by a return above baseline levels after 24 hr. These isomer-
independent effects on c-myc expression were not studied fur-
ther but served as an additional set of controls to illustrate the
isomer-specific effects of gossypol on hsp-70 transcript levels.
As shown in Fig. 5, (—)-gossypol produced a transient 4- to 5-
fold increase in hsp-70 mRNA, coincident with a heat (41° for
15 min)-stimulated 10-fold increase in hsp-70 mRNA 6 hr after
culture treatment, relative to vehicle- or (+)-gossypol-treated
cells. Repeat analyses showed that this 6-hr increase in hsp-70
mRNA ranged from 2- to 8-fold over baseline MCF-7 hsp-70
levels and followed a steep dose dependency, with induction
beginning at concentration above 2.5 uM and peaking at 10 uM
(—)-gossypol. Probing these same blots for expression of other
heat shock gene products revealed that the magnitude of (—)-
gossypol induction of hsp-90 and hsp-27 mRNA averaged <2-
fold.

The enzyme-inhibiting properties of each enantiomer were
compared in cell-free assays using pure or partially purified
proteins. Fig. 6 compares (+)- versus (—)-gossypol inhibition
of the cationic (a), neutral (u), and anionic (x) isozymes of
GST. As shown, the dose-dependent inhibition of GST-u was
about equal for the two enantiomers (u ICs = 2.5 uM); however,
inhibition of the other two isozymes yielded approximately 3-
fold lower ICs, values for (—)-gossypol (« ICs = 1.6 uM; x IC;,
= 7.0 uM). Similar studies compared gossypol antagonistic
effects on CaM and PKC activities. Both isomers were found
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MiaPaCa cells
(Control)

(5000x)
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Fig. 3. EM

to have potent, dose-dependent, and near equivalent CaM-
inhibitory properties, with ICy = 6.0 and 4.0 uM for the (+)-
and (—=)-enantiomers, respectively; as well, both isomers showed
potent, dose-dependent, and similar inhibitory effects on PKC
activity, with ICy, = 1.6 and 2.4 uM for (+)- and (—)-gossypol,
respectively.

Our in vitro studies demonstrate that the nearly 10-fold more
potent antiproliferative effects of (—)-gossypol relative to (+)-
gossypol extend to a wide variety of human carcinoma cell lines
as well as to normal human hematopoietic stem cells grown in
culture. IC,, values of (—)-gossypol ranging from 1.5 to 4.0 uM
for these cell lines are consistent with values reported for other
cell lines derived from human reproductive tract cancers (14)
and are about 2-fold lower than earlier determined ICy, values
for the same cells tested with a commercial preparation of
racemic gossypol (2).

EM observations suggested that the earliest ultrastructural
change in cells sensitive to the antiproliferative effects of (—)-
gossypol is the destruction of tumor mitochondria, occurring
within 24 hr of drug exposure. This early and specific organelle
damage likely results from gossypol-induced mitochondrial un-
coupling, subsequent loss of the mitochondrial transmembrane
proton gradient, activation of ATPase, and organelle swelling
(2-4). With the observed resultant degree of structural damage
to tumor mitochondria, it is not surprising that *'P MRS detects

Gossypol treated x 24 h

of treated MiaPaCa oelis. Cultured celis are exposed for 24 hr to ethanol/dimethy! sulfoxide vehicie (control) or to & 10 um
dose of either (+)- or (—)-gossypol. Photographs taken after standard preparation of celis for EM show ultrastructural detail at low (5,000x) and
high (12,500x) power magnification.

pronounced (~)-gossypol-induced changes in high energy phos-
phate metabolism, manifested by a 1.8 to >60-fold differential
reduction in the intracellular ratio of ATP/P; relative to the
effect of (+)-gossypol. Variability in the magnitude of the
uncoupling and ATPase effect correlated with sensitivity of the
cells to the antiproliferative effect of (—)-gossypol, implicating
these early events in the antitumor mechanism of (—)-gossypol.
Additional EM observations in cultured cells demonstrated
mitochondrial swelling preceding membrane and cristae dam-
age and appearing as early as 1 hr after drug administration;
this was associated with early uncoupling and a measurable
increase in the spectral P, peak before any decline in the ATP
peak was detectable (data not shown). A recent report measured
early increases in the microviscosity of mitochondrial and
microsomal membranes of human tumor cells sensitive to gos-
sypol (23). As well, ultrastructural studies on late spermatids
of rodents given contraceptive doses of gossypol have revealed
similar pathognomonic mitochondrial changes that are specific
for the (—)-isomer of this agent (24). Thus, the early and
enantiomer-specific nature of our EM-observed mitochondrial
damage appears to be a novel feature associated with both the
antitumor and contraceptive properties of gossypol and is un-
like the mode of cytotoxic injury induced by standard antipro-
liferative drugs, suggesting that gossypol belongs in a prototype
class of antimitochondrial chemotherapeutic agents.

An interesting molecular correlate of the early antimitochon-
drial effects of (—)-gossypol, and occurring at doses exceeding
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Fig. 4. >'P MRS effects of gossypol treatment in cultured T47-D cells.
Exponentially growing cells are exposed for 24 hr to ethanol/dimethyl
sulfoxide vehicle (control) or to a 10 um dose of either (+) or (—)
gossypol. Spectroscopy is performed at 4° on freshly harvested celis,
as described in Materials and Methods. The peak chemical shifts at +5.2
ppm (P) and —16.6 ppm (nucleotide triphosphates, predominantly ATP)
show altered phosphorus spectra occurring as a result of treatment,
relative to the control cell spectrum. In particular, the T47-D spectra
Indicate that (—)-gossypol produces an increase in P, and a marked
reduction in ATP, whereas (+)-gossypol produces only a slight increase
in P. Measurement of the P, and ATP peak areas enables the determi-
nation of ATP/P, ratios

TABLE 1
Treatment effects on intraceliular ATP/P, ratios

Carcinoma cell lines are treated for 24 hr with a 10 um dose of (+)- or (—)-gossypol;
3P MRS determination of the ATP and P, peak areas is used to caiculate and
compere ATP/P, ratios for treated and control cells.

ATP/P,
Cel ne treated/control i+ p
(+)-Gossypol (—}Gossypol
MiaPaCa 274 <0.05 >50
T47-D 0.36 <0.05 >7
Ovcar-3 1.07 0.69 1.6
HCT-8 0.94 0.53 1.8
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Fig. 5. Northemn biot analysis of RNA transcript levels in tumor cells
treated with (+)- or (—)-gossypol. MCF-7 cells are treated with 5 um (+)-
or (—)-gossypol for up to 60 hr and compared with vehicle-treated control
cells (0 hr) or cells given a 15-min heat shock (HS) at 41° followed by a
further 6-hr incubation at 37° before harvest. RNA samples (10 ng each)
extracted from harvested cells are electrophoresed in agarose-formal-
dehyde gels, stained with ethidium bromide to compare ribosomal RNA
bands (28 S and 18 S), membrane transferred, and hybridized with *P-
labeled probes. The membrane is repetitively stripped, hybridized, and
autoradiographed to detect the hsp-70, c-myc, and B-microglobulin
transcripts bound to the same blot. Unequal lane accounts for
the apparent variation in (+)- versus (—)- transcript levels at 60 hr.

the ICs, antitumor values, is the increased expression of hsp-
70 transcripts measured 6 hr after (—)-gossypol administration.
Investigators studying thermogenesis in nonhibernating mam-
mals have shown that temperature-induced physiological un-
coupling of brown fat mitochondria increases cellular caloric
output sufficient to heat local adipose tissue and its circulating
blood up to 6° (25). This natural uncoupling mechanism is
mediated by thermogenin, an anion-conducting pore protein
located within the inner mitochondrial membrane (26). Similar
non-thermogenin-containing OH™- and P;-conducting pores are
also present in liver and heart mitochondria; they may account
for rapid changes in mitochondrial volume, as observed in a
variety of normal and pathological states, and they also appear
to respond to a variety of chemiosmotic signals, including
thyroid hormone, Ca?*, pH, and oxygen tension (26). If (—=)-
gossypol were to uncouple tumor cell mitochondria by disrupt-
ing these anionic channels, then the intracellular heat produc-
tion induced by this uncoupling would be sufficient to stimulate
synthesis of the most sensitive of heat shock gene products,
hsp-70. For carcinoma cells transiently exposed to a 4° increase
in culture temperature, the expected increase in hsp-70 mRNA
occurred within 6 hr and reached a level slightly exceeding that
induced by exposure to 5 uM (—)-gossypol. Dinitrophenol, a
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well studied uncoupling agent, is also known to induce ther-
motolerance and an increase in hsp-70 expression; as well,
various other chemical and physical agents, not all of which
directly modify mitochondrial function, can induce the synthe-
sis of this class of heat shock gene product (27).

Previous reports have attributed the differential antifertility
and antiproliferative effects of gossypol enantiomers to the
higher serum protein-binding affinity of (+)-gossypol, presum-
ably resulting in a lower extracellular concentration of free (+)-
gossypol and reducing its intracellular uptake (15). However,
this mechanism cannot reconcile disparate observations of
gossypol isomer effects, such as the more potent ability of (+)-
gossypol to induce DNA strand breaks in human leukocytes
(18), our observed isomer-independent effects on c-myc expres-
sion and inhibition of CaM and PKC activities, or the greater
inhibition by (—)-gossypol of certain GST isozymes (whose
activities were assayed under serum-free and cell-free condi-
tions). Unexplored alternative hypotheses that might explain
such variable isomer effects include the selective membrane
sequestration of (+)- or (—)-gossypol by chiral-specific phos-
pholipids (28) or the chiral nature of structure-function rela-
tionships involving the hydroxyl, aldehyde, and isopropyl moie-
ties on each of the naphthyl rings that appear to mediate the
contraceptive and antiproliferative activities of gossypol (11,
24). Reports indicating equal inhibition of lactate dehydroge-
nase and DNA polymerase activities by (+)- and (—)-gossypol
(11, 15) are consistent with our results showing that the isomers
have nearly equivalent inhibitory effects on CaM and PKC
activity. Both enantiomers are potent CaM antagonists, with
ICs values that are 2- to 6-fold lower than those determined
for various phenothiazines (20). The ability of gossypol to
inhibit CaM activity has not been reported previously. The ICs,
values for (+)- and (—)-gossypol inhibition of PKC (1.5-2.4

Fig. 6. Inhibition by gossypol isomers of GST
isozymes (GST-a, -u, and r). Freshly prepared

age of isozyme activity, gossypol concentra-
tions resulting in 50% activity (ICs) are deter-
mined for each isozyme.

uM) are 15-fold lower than that previously reported for racemic
gossypol and 50-fold lower than that determined for another
potent PKC inhibitor, trifluoperazine (8). Structure-function
studies demonstrating an influence of gossypol’s hydroxyl and
aldehyde groups on its in vitro ability to inhibit both PKC and
CaM would establish an important connection with its known
enantiomer-nonspecific effects on DNA polymerase (11). In
contrast to these isomer-independent gossypol effects on CaM
and PKC activities, two isozymes of GST appear to be able to
distinguish one enantiomer from another, supporting the pos-
sible relationship between chiral-specific protein interactions
and the enhanced antitumor potency of (—)-gossypol. Unlike
GST-u, GST-a and GST-» demonstrated 3-fold greater enzyme
inhibition by (=)-gossypol when assayed under identical con-
ditions. Because GST-u and GST-a were purified during the
same procedure using a single tissue source, this difference in
enantiomer recognition by the two isozymes is not likely an
artifact of the purification procedure or the assay. The ICy
values for GST-u are identical to a previously reported value
for racemic gossypol acetic acid; however, (—)-gossypol appears
to have a 15- to 25-fold greater inhibitory effect than the
reported IC,, values for this racemic compound on both the
GST-a and GST-r isozymes (6). With the isomer-specific
antimitochondrial and contraceptive properties of gossypol re-
portedly dependent on its isopropyl sidegroups (24), it would
be of considerable interest to establish the chiral importance
(or lack of) of this side group across the internaphthyl bond in
mediating the enhanced inhibition of GST-a and = by (~)-
gossypol.

Our in vitro assays add some support to, but do not prove,
an association between the enzyme-inhibiting properties of (~)-
gossypol and either its antimitochondrial or antitumor effects.
We do provide two new examples (GST-a and GST-x) of
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preferential protein recognition and enhanced enzyme inhibi-
tion by (—)-gossypol, which must be considered in contrast to
earlier reports explaining the enhanced potency of (—)-gossypol
on the basis of more avid protein binding ty (+)-gossypol (15).
The potent enzyme-inhibiting properties of (—)-gossypol sug-
gest several possible mechanisms and structure-function rela-
tionships that might account for its enhanced antitumor and
antimitochondrial properties that will remain questions for
future study. Of additional interest is the significant difference
between (—)-gossypol’s antiproliferative effects on the MCF-7
and MCF/Adr cell lines, because these syngeneic human breast
cancer cells differ only by the coupled set of metabolic param-
eters associated with acquisition of the multidrug-resistant
(mdr) phenotype (21). Included in this set of mdr-associated
changes in MCF/Adr cells are the increased cytoplasmic activ-
ities of GST-» and PKC (19, 21), making it possible that the
increased (—)-gossypol resistance of MCF/Adr cells is due to
their increased intracellular content of these enzymes. Inhibi-
tion of these enzymes might serve to reverse the mdr-associated
phenotype (19, 21); thus, it may be interesting to investigate
the effect of (—)-gossypol on restoration of the sensitivity of
MCF/Adr cells to various chemotherapeutic agents such as
anthracyclines, Vinca alkaloids, and cisplatin. The potent abil-
ity of (—)-gossypol to inhibit GST, PKC, and CaM, along with
its induction effects on an important class of heat shock pro-
teins (which might adversely promote drug resistance), war-
rants a thorough investigation into the molecular and antipro-
liferative effects of (—)-gossypol in combination with other
antitumor agents, particularly with regard to mdr-expressing
human cancers.
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