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Abstract—We previously reported that the racemic mixture and both enantiomers of gossypo! inhibit
the replication of human immunodeficiency virus-type 1 (HIV-1) (Lin er al., Antimicrob Agents
Chemother 33: 2149-2151, 1989). The present study evaluates the activities of a variety of analogs of
gossypol as well as a few non-gossypol analogs. Compounds 2, 3, 10, and 13 were slightly more
inhibitory than (—)-gossypol to the replication of HIV-1 in cell culture. Compounds 4 and 8 were
cytotoxic to human peripheral blood monocyte (PBM) cells, and compounds 2 and 3 were cytotoxic to
Vero cells but not PBM cells. The effects of the two enantiomers of gossypol on the cell volume and
migration of H9 cells through the cell cycie were evaluated during 72 hr of incubation. The (—)-
enantiomer of gossypol was more toxic to H9 cells than the (+)-enantiomer of gossypol as evidenced
by cell destruction. Prior to cell destruction, there appeared to be no significant effect on cell cycle

distribution with eithgr enantiomer.

Gossypol is a natural product extracted from the
cottonseed, which has been studied extensively as a
potential male contraceptive and has been well
reviewed by Qian and Wang [1]. When isolated from
cottonseed, gossypol is a racemic mixture. The
enantiomeric forms are due to atropisomerism, i.e.
restricted rotation of the two naphthyl rings about
the interlinking C—C bond (Fig. 1). The two
enantiomers have been resolved by several groups
[2-4]. Each enantiomer can exist in solution in
three tautomeric forms. Gossypol has antiparasitic
activities [5,6] and antiviral activities against
enveloped viruses such as herpes simplex virus type
2 (HSV-2) and para-influenza virus type 3, but not
against non-enveloped poliovirus [7-9]. Polsky et al.
[10] incubated the HTLV-III B strain of human
immunodeficiency virus with gossypol in a cell-free
medium and found that gossypol prevents recovery
of viable viruses when subsequently incubated with
HO-T cells. The racemic mixture (+) and the two
pure enantiomers were evaluated against human
immunodeficiency virus-type 1 (HIV-1Y) by Lin e
al. [11]. We found the (—)-enantiomer of gossypol
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to be very inhibitory (ECss = 1.0 t0 5.0 uM), whereas
the (+)-enantiomer was much less active {ECsy = 50
to 100 uM). The cytotoxicity (IC5) for the (—)-
enantiomer to uninfected human peripheral blood
mononuclear (PBM) cells was > 100 uM, and 52 uM
for the (+)-enantiomer.

Since toxicity of gossypol may be a result of a
Schiff base type of reaction between the aldehyde
group and cellular proteins, Radloff and colleagues
[9] evaluated a series of gossylic nitrile-1,1'-diesters
of which the diacetate and divalerate inhibited HSV-
2 replication in Vero cells that were infected with
the virus before administration of the drug. They
found that modification of the aldehyde functional
groups on gossypol lowers the toxicity of the drug,
but does not abolish its antiviral properties. Antiviral
activity was noted with gossypol concentrations as
low as 0.5 uM. Royer et al. {12, 13] also found such
modifications to be less toxic than the parent
compound. Various analogs of gossypol have been
synthesized and reported in the literature [14-16].
The present report presents the antiviral activity
against HIV-1 of several gossypol derivatives, their
cytotoxicity to PBM and Vero cells, and their effects
on the cell volume and cell cycle of H9 cells,

MATERIALS AND METHODS

Assay for antiviral activity. For studies with PBM
cells, 3-day-old mitogen-stimulated cells (10%/mL)
were infected with HIV-1 (LAV) at a concentration
of about 100 TCIDsy (50% tissue culture infective
doses per mL equivalent to about 60,000 dpm of
reverse transcriptase activity per mL) and cultured
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Fig. 1. Structures of various analogs of gossypol and a few related non-gossypol structures.

in the presence and absence of various concentrations
of (—)-gossypol and gossypol derivatives. Six days
after infection, the supernatant was clarified and the
virus was pelleted at 147,000g. The reverse
transcriptase activity in the disrupted virus was
determined. The methods for cultivating the PBM
cells, harvestmg the virus, and determining the
reverse transcriptase activity have been reported
previously [17]. The concentrations required to
reduce viras yield by 50% (ECg) were determined
by the median effect method [18].

Assays for cytotoxicity. Cytotoxicity studies were
determined with uninfected PBM and Vero cells as
previously reported [17]. The concentration required
to reduce the cell number relative to control by 50%
(ICs) was determined.

Effect on DNA synthesis. Studies were performed
on the effects of several of the compounds on the
utilization of [HJthymidine by PBM cells as
described previously [17].

Effects of the enantiomers of gossypol on relative
cell volume and the cell cycle progression of H9 cells.
H9 cells were grown in RPMI 1640 medium
supplemented with 2% heat-inactivated fetal bovine
serum and 1% each of 200 mM glutathione, 1M
HEPES (pH 7.3), 100X HL-1 supplement (Ventrex
Laboratories) and heat-inactivated newborn caif
serum.

(—)-Gossypol and the various analogs of gossypol
were each dissolved in dimethyl sulfoxide (DMSO,
49.3mM) and diluted with culture medium to a
concentration of 700 #M for preparation of the stock
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Table 1. Effects of (—)-gossypol and various analogs of gossypol on the replication of HIV-1 in PBM
cells and cytotoxicity of PBM and Vero cells

Inhibition of HIV-1 Cytotoxicity Inhibition of [*H]dThd Cytotoxicity
in PBM cells in PBM cells  utilization in PBM cells in Vero cells
ECsp ICsp ICsp ICsy

Compound (uM) (uM) (uM) (uM)

1 1.7 >100 4.6 5.2

2 0.86 >100 1.7 0.87

3 0.93 >100 2.3 41

4 2.2 35.0 14.4 1.2

5 >100 >100 ND* >100

6 9.3 >100 1.0 >100

7 >100 >100 ND >100

8 5.0 8.7 27 2.7

9 26.5 >100 >100 >100
10 0.41 >100 32 7.5
11 91.5 >100 >100 ND
12 6.0 >100 1.2 ND
13 0.82 >100 44 77.4
14 34 >100 2.1 6.6
15 47.8 >100 6.2 13.5
16 17.3 >100 16.0 375
17 3.92 >100 2.0 =1.0
AZT 0.004 >100 ND 29.0
(control)

* ND = not determined.

solution. Gossypol solutions were diluted further
with culture medium containing 1.42% DMSO such
that when 4 mL of solution was added to 101 mL of
H9 cells (6.3 x 10*/mL) the following concentrations
in 0.054% DMSO were achieved: control, no
gossypol; (—)-gossypol, 2 and 5 uM; (+)-gossypol,
10 and 25 uM.

After 0, 3, 6, 12, 24, 48, and 72 hr of incubation
at 37° with 5% CO,, 1 mL was removed for cell
counting, and a volume containing 10° cells was used
for flow cytometry. The cells for analysis by flow
cytometry were centrifuged, and the cell pellets were
gently washed twice withice-cold phosphate-buffered
saline (PBS). They were then suspended with cold
PBS (2mL). Three portions of cold 95% EtOH
(2mL) were added with gentle mixing between
additions giving approximately a 70% EtOH
suspension of fixed cells; these fixed cells when
stored at 4° were quite stable until all the samples
were processed for analysis of their cell-cycle
distribution. After a minimum of 1-hr fixation, the
cells were resuspended in 1 mg/mL RNAse (Sigma)
for 30 min at 37°, and then stained with 0.05 mg/mL
propidium iodide (Sigma) for 1 hr on ice.

Flow cytometric analysis was performed with a
FACS 1V flow cytometer (Becton-Dickinson, San
Jose, CA). The cells were excited at 488 nm and the
emission was collected above 590 nm. A minimum
of 20,000 cells was analyzed for each sample. Cell
cycle analysis was performed according to the
mathematical model of Jett {19].

RESULTS AND DISCUSSION

The effects of gossypol and various derivatives on
the replication of HIV-1 in human PBM cells are
given in Table 1. Compounds 2, 3, 10, and 13

were slightly more inhibitory than (—)-gossypol
(compound 1), ranging from a factor of 1.8 to 4.2.
With the exception of compounds 4 and 8, none of
the other compounds demonstrated any apparent
cytotoxicity to human PBM cells. Although non-
toxic to PBM cells, compounds 2, 3, 4, 10, 14, and
17 were markedly toxic to Vero cells. When the
uptake of [*H]thymidine was used as a marker for
toxicity, compounds 1, 2, 3, 6, 8, 10, 12, 13, 14, 15,
and 17 exhibited significant toxicity (ICso: < 10 uM).

Effect on cell volume and cell cycle of H9 cells.
The effect of (—)-gossypol on the cell volume and
migration through the cell cycle is shown in Fig. 2
using two levels of (—)-gossypol (2 and 5 uM) for 0—
72 hr of incubation. A slight decrease in cell volume
of questionable significance was observed after 12 hr
of incubation with 2uM (—)-gossypol, which
increased slightly upon continued incubation up to
72 hr. There was no marked effect on the distribution
in the cell cycle.

At 5uM (—)-gossypol, a small decrease in cell
volume could be detected and an amount similar to
that produced by 2 uM (—)-gossypol. However, this
effect on cell volume was more apparent as incubation
continued. By 24 hr, a small decrease in the number
of cells in M/G, was observed, and cellular
degradation became more marked as incubation
continued up to 72 hr.

Studies with H9 cells indicated that the (—)-
enantiomer of gossypol was more cytotoxic than
(+)-gossypol (Figs. 2-4). Two levels of (+)-gossypol
(10 and 25uM) were evaluated. The lower
concentration (10uM) produced a very slight
decrease in cell volume after 24 hr of incubation,
but only after 72 hr of incubation was there evident
formation of cellular debris. However, there was no
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Fig. 2. Changes in cell volume and cell-cycle distribution
of H9 cells during continuous cell growth in the presence
of 2 or 5 uM (—)-gossypol.

apparent effect on the cell cycle distribution of H9
cells.

(+)-Gossypol at a 25uM concentration was
detectably toxic to H9 cells as early as after 6 hr of
incubation. A small decrease in cell volume was
observed, which was more marked after 12 hr of
incubation, with almost total destruction by 24 hr of
incubation. The destructive effect was reflected in
the cell cycle distribution as early as 12hr of
incubation.
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Fig. 3. Changes in cell volume and cell-cycle distribution
of H9 cells during continuous cell growth in the presence

of 10 or 25 uM (+)-gossypol.
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Fig. 4. Effect on replication of H9 cells in medium

supplemented with two levels of (—)-gossypol, 2 uM (A)

and 5 uM (O); with two levels of (+)-gossypol, 10 uM (A)
and 25 uM (W); and no gossypol (@).

Wang and Rao [20] evaluated the effect of gossypol
on the cell cycle progression of HeLa and Chinese
hamster cells, and found that at a concentration of
10 pg/mL (19.3 uM) gossypol blocked synchronized
Hela cells in S phase but had no effect on cells
progressing into G,, G, cells into § phase, and G,
cells into mitosis. The difference in results from our
findings may be related to different cell lines that
appear to be more susceptible to inhibition by
gossypol, or their use of a racemic gossypol rather
than the enantiomers.

Lin et al. [11] reported that (—)-gossypol is more
inhibitory than (+)-gossypol to the replication of
HIV-1 in human PBM cells but less cytotoxic;
however, similar studies in H9 cells indicated that
(—)-gossypol, although more inhibitory to the
replication of HIV-1, is more cytotoxic to these cells
than (+)-gossypol at a 50 uM concentration, but not
at 5uM. Studies by Joseph et al. [21] on the
cytotoxicity to BCL-D1 cells, a human diploid strain
of fibroblasts, found (—)-gossypol to be about 10-
fold more toxic than (+)-gossypol and racemic
gossypol to be 2.5-fold more toxic. In the present
study with H9 cells, 5uM (—)-gossypol was more
inhibitory than 10 uM (+)-gossypol in regard to their
relative effect on cell volume, cell cycle, and
replication of H9 cells.

We previously found that gossypol inhibited the
replication of HIV-1, and using this as a lead
compound we examined various analogs of gossypol.
Although differences in inhibition and cytotoxicity
were found, none was of the magnitude to justify
further study.
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