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Abstract

Gossypol, a plant disesquiterpene, has been used as a male contraceptive in
China. After oral administration, gossypol can be taken up by several tissues, including
liver, muscle and testes. Force-feeding of rats with gossvpol causes degeneration of the
plasma membrane, mitochondria and axial filaments of epididvmal sperm, nuclear
vacuolation and mitochondrial swelling in spermatocytes and spermatids, and
intercellular and intracellular vacuolation of Sertoli cells. Chemically, gossypol has been
shown to react with macromolecules, such as proteins, and to form chelates with ferrous
ions. It has direct effects on spermatozoa, decreasing the motility very markedly, and
inhibiting the activities of several enzymes, including mitochondria-related enzymes. In
addition, gossypol adversely affects the proliferation of pritmary cultures of Sertoli cells
and transformed Sertoli cell tumor lines: in the case of the rat tumor cell line, protein
synthesis was also shown to be inhibited. Similar to spermatozoa, mitochondrial
transmembrane potential is diminished, as assessed by rhodamine-123 incorporation.

Introduction

Gossypol is a compound naturally found in cottonseed extract. Approximately

78,000 tons of gossypol is present in 25 million tons of cottonseed produced each year.
. . . . . -3

The compound is toxic to nonruminant animals taking cottonfeed . Gossypol became a
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subject of worldwide interest in 1978 when a Chinese publication claimed that the
compound had been used successfully as a male contraceptive for 10,000 men". By
ingesting gossypol at a much lower level than that causing toxicity, i.e., 20 mg daily for
about 2 months, more than 99% of the men became oligospermic with less than 4 million
spermatozoa per ml. of semen. Gossypol does not cause any drastic acute side effects,
although about 1-7% of these people complained of fatigue, decrease in male libido,
dizziness, gastrointestinal symptoms and hypokalemia4. The last side effect is of major
concern since it leads to paralysis. However, this hypokalemic side effect may be a result
of dietary habits, since it was found only inone:village and could be alleviated by sufficient
intake of potassium3’ 3. The antifertility effect of gossypol is also reversible. Sperm
density of greater than 10 million/ml resumes within one year after discontinuing the
drug4. Moreover, gossypol is not mutagenic, as assessed by Ames test. Therefore,
gossypol is attractive as a male contraceptive due to its effectiveness, minimal side effects,
reversibility and inexpensive cost of préparation.

Chemical Properties

The structure of gossypol comprises two modified naphthalene rings connected at
2, 2 positions. Three main functional groups attached to the rings are 1) two aldehyde
groups at the 8, § positions; 2) six hydroxyl groups at the 1, 16,6,7, 7 positions; and
3) four alkyl groups: two methyl groups at the 3, 3 positions and two isopropyl groups at
the 5, 5 positions. The aldehyde group can form a Schiff’s base with an amine group of
proteins or phospholipids g Apart from an aldehyde form, gossypol can exist as other
tautomers, i.e., the hemiacetal and the ketonoid (Fig. 1)]. The enolic proton of the
ketonoid form' ionizes with pK_ at 6.0%. The compound is yellow, soluble in organic
solvents, and has a maximum absorption wavelength at 385 nm and a molar extinction
coefficient of 18,000 in etha‘no7. When stored in organic solvents in the dark at -20° C,
gossypol is relatively stable. By contrast, it shows severe degradation in aqueous solutions
of pH 7.0 or higher™ 8

Metabolism of Gossypol in Animals

Gossypol’s antifertility effect has been observed also in experimental animals
such as rats, mice, hamsters, stumptail monkeys and cynomolgus monkeys. Conversely,
rabbits, dogs, rhesus monkeys and ruminant are less responsives. Studies on the
metabolism of gossypol may give some clues to this preferential susceptibility in certain
animals, as well as on the mechanism of the drug’s action. However, earlier observations
were directed toward defining the drug’s toxic effects, rather than to discern the
relationship between the drug’s metabolic fate and its contraceptive properties. More
than 70% of the(l4C) gossypol administered to rats, chickens and swine is excreted in the

4, 9-11

feces during the first three to four days . In rats, the t,,, for the retention of(I4 )
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hemiacetal ketonoid

Fig. 1:
Structure and tautomerism of gossypol (1, 1, 6, 6, 7, 7, hexahydroxy-3, 3, dimethyl-5, 5, diisopropyl-2,2,,
binaphthyl-8, § dialdehyde).
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gossypol is 48 to 72 hr* ', The amount of the drug remaining after the first few days of
administration is distributed in the blood and various organs, primarily in liver and
muscle. The next highest concentrations of gossypol are found in intestine, kidney and
spleen4. However, the testes can also take up gossypol, and this uptake only becomes
maximal after 9 days, so that testes might conceivably be able to retain the drug better
than other organs. In rats treated for two days, (14C)gossypol present in the liver is
distributed primarily in the microsomes, plasma membrane and mitochondria, whereas in
testicular cells at 9 days, 50% of the drug is recovered in the mitochondrial12

Gossypol exists in both free (ether soluble) and bound (ether insoluble) forms,
which vary in tissue distribution from species to species. Thus, 24 hr after drug
administration, rat liver and testis contain 13.8% and 35% respectively of the total
gossypol in free form'". By contrast, equal amounts of free and bound gossypol are
found in pig liver 13 Presumably the ether-insoluble fraction represents gossypol bound
by ionic, hydrophobic and covalent interactions to macromolecules such as proteins and
phospholipids. Such interactions are likely to change the properties of the respective
14,13 alters the
protein’s sedimentation, electrophoretic and fluorescence spectral properliesm. Model

studies indicate that the carbonyl groups of gossypol form Schiff’s bases with amine

molecules. For example, the binding of gossypol to bovine serum albumin

groups of various free amino acids, thereby broadening the drug’s major absorption peak
at 392 nm to give two less intense peaks at 365 and 402 nm'®. At pH 7.0-7.5, lysine and
arginine react with gossypol at higher rates than do other amino acids. Covalent gossypol-
protein complexes may form in sea-urchin sperm on exposure to the drug”. In addition,
phospholipids containing amine groups, such as phosphatidylserine and phosphatidylethano-
lamine, may react with the drug to form gossypol-cephalin complexes, which have been
found in hens fed with cottonseeds'®. Besides its interaction with macromolecules,
gossypol can form an ether-insoluble complex with ferrous jons'?.

Such gossypol conjugates may have significant pharmacological effects. Albumin
can alleviate the adverse effects of gossypol on the proliferation of cultured Sertoli cells'?
and murine erythroleukemia cells'®. The binding of the drug to the proenzyme pepsinogen
inhibits its transformation to pepsinZO, and gossypol-bound enzymes such as glutathione-S-

transferase and LDH-C exhibit reduced activities®Z,
4

Effects on Semen

Gossypol adversely affects spermatozoa in vitro. Mitochondria appear to be a
primary site of gossypol action, as suggested by the decreased activities of mitochondrial-

related enzymes such as sperm-specific LDH-C‘213‘27

, malate dehydrogenase, glutathione-S-
transferase, fumarase, pyruvate dehydrogenase and Mgt *-and Na*-, K*-dependent
ATPases®®. Fructose also is converted to CO, at a reduced rate in human sperm exposed

to gossypol.zg’ 30 Moreover, sea urchin sperm, incubated with gossypol, exhibit perforations
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of the plasma membrane overlying the head and midpiece“. In addition, gossypol may
affect the motility apparatus by interacting with dynein ATPase in rat3? and sea urchin
sperm33. Together, these various effects could reduce sperm motility markedly2: 34-39
Other reported responses include an increased production of superoxide, a substance toxic
to sperm®, a reduction in acrosin activity2® 4!, and an inhibition of sperm capacitation
and fertilizing capability‘m'43 In addition to direct effects on spermatozoa, components
of seminal plasma such as acidic and neutral proteases are affected by gossypol44- The
proenzyme of acidic protease has been'shown to form covalent conjugates with gossypol.
Thus, the clearance of ejaculate in the vagina, a possibie function of this protease, would

be decreased. By contrast, inhibition of seminal plasma neutral protease causes a delay in
semen liquefaction44

Effects on Differentiating Spermatogenic Cells

Daily administration of gossypol to rats (20 mg/kg body wt), by either gavage or
subcutaneous injection, for three weeks causes morphological damage to spermatogenic
cells and epididymal sperm45’ 46 The initial effects on motile, epididymal sperm include a
degeneration of the plasma membrane and mitochondria, and a derangement and/or
absence of one or more outer dense fibers > 4 48, Longer periods of treatment cause more

adverse effects on the cell, including: a) separation of the axial fibers, which subsequently

bulge from the tail structure*> 46 49; and b) damage to the sperm head in the form of
fragmented and distorted acrosomal and nuclear membranes. By contrast to sperm, the

Epithelial cells of the rat epididymides appear to be insensitive to the drug35’ 4,

Testicular damage is evident after three or more weeks of gossypol treatment
(20-30 mg/kg body wt). The Chinese group has reported detrimental effects on pachytene
spermatocytes and spermatids at steps 7 to 9 of spermiogenesis (Stage VII)4’ 12, 50, while
Hoffer?®, and Oko and Hrudka*? have noted an apparent sensitivity of steps-18 and 19
spermatids, which all occur at Stage VII of the cycle of the seminiferous epithelium. By
contrast, Hadley et al. did not report any marked changes in germ cell number or
their associations in the seminiferous epithelium. The observed deleterious effects
on spermatogenic cells include nuclear vacuolation, swelling of the mitochondria,
demembranation and, in maturing spermatids, detachment of the acrosome. The most
injured organelles are probably mitochondria, which appear as distended structures after
being isolated from the testes of rats receiving gossypol.':Z The greater susceptibility of
germ cell mitochondria may be due to their enhanced ability of the cells or their
mitochondria, themselves, to accumulate gossypol. Among rat spermatogenic cells, the
mitochondria of spermatids at steps 18 and 19 are the first®> 4% 51 o show a deleterious
response to in vivo treatment with gossypol. Prolonged exposure to gossypol also causes
extensive damage at other stages of spermiogenesis, including the formation of
multinuleated cells, cytolysis, pycnosis, asynchronous cellular associations, and
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premature exfoliation of germ cells into the tubular lumen. Thus, abnormal germ cells
with morphologically deranged nuclei, mitochondria, acrosomes, and plasma membranes
gradually accumulate in the epididymis. After chronic treatment with gossypol only

Leydig cells, Sertoli cells and spermatogonia may remain in the testes® 30: 31

Effects on Sertoli Cells

Sertoli cells are sustentacular cells, spanning the seminiferous tubules from the
basal membrane to the lumen? >3 They adhere to each other, surrounding the tubules.
The tight junctions between adjacent Sertoli cells form a blood-testis barrier that create a
specific microenvironment for the developing spermatogenic cells in the adluminal
compartmentsz'54 In response to FSH, Sertoli cells secrete lactate’® 36, ABP37 38,

59, 60 and plasminogen activator®! into this compartment. In addition,
)63, 64

transferrin

retinol binding protein®? and the seminiferous growth factor (SGF are localized in

Sertoli cells. These various substances function in mediating and/or facilitating

spermatogenesis. Lactate is known to promote protein and RNA ‘synthesis in round

55, 56 59, 60

Similarly, transferrin , which is essential for cells to progress

65-66

spermatids
through the G2 phase of the mitotic cycle , probably enhances the proliferation and

differentiation of spermatogenic cells.

Gossypol may also affect Sertoli cells directly. Thus exposure of primary cultures
of rat Sertoli cells, tranformed cell lines originating from rat (TR-ST) and mouse (TM-4)
Sertoli cell tumors to gossypol causes a decrease in cell prollferat10n67’ 68. Total protein
synthesis in TR-ST cells treated with gossypol also is mhlbned . In primary cultures of
rat Sertoli cells, ABP is produced at a diminished rate67. In all kinds of Sertoli cells
studied, intracellular vacuolation has been observed upon exposure to gossypol. These
vacuoles have been shown by electron microscopic and cvtochemical studies to be

—~

distended mitochondria, possessing cytochrome C oxidase69- Concomitant to this
morphological damage, mitochondrial transmembrane potential is perturbed significantly
in gossypol-treated TR-ST cells®8, as assessed by a decrease in the accumulation of
rhodamine-123 into this organelle70. In addition to the impairment of-mitochondrial
structure and function, gossypol causes a change in Sertoli cell shape from epitheloid to
stellate then to a rounded conformalicm69

Both intracellular and intercellular vacuolation also has been observed in 10% of
Sertoli cells of rats administered in vivo with 10-30 mg gossypol/kg body wt for three
weeks''. It is not clear whether intracellular vacuoles are phagosomes or other distended
organelles, and their temporal formation needs to be studied more carefully. By contrast,
intercellular vacuoles may refleci damage to the Sertoli cell tight junctions. Similar results
were observed 1n immature guinea pigs fed gossypoln- However, the permeability of the
blood testis barrier apparently is not altered in gossypol-administered rats’'. In
prepuberal guinea pigs fed gossypol, the nuclei of Serioli cells also assume irregular
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shapes and develop increasing areas of heterochromatin. Similar but less severe effects
occur in mature, gossypol-treated guinea pigsn.

Since the metabolism of spermatogenic cells is under the influence of Sertoli cells,
the deleterious effects of gossypol on Sertoli cells may also result in the impairment of
spermatogenic cells. To discern this possibility temporal changes on the structure and
function(s) of Sertoli cells and spermatogenic cells caused by gossypol should be studied
more carefully. In addition, with the availability of (}4C)gossypol, studies on the
accumulation of the drug may give more definite information on the primary site of
action of gossypol.

Concluding Remarks

Gossypol may have multiple sites of action on testicular cells. Its effects on
Sertoli cells would result in a disruption of spermatogenesis. In addition, gossypol
directly affects spermatozoa, allowing a possibility of its usage as a spermicide. However,
before implementing gossypol as a male contraceptive or spermicide, it is necessary to
define its molecular mechanism of action, its specificity on testicular cells, and the recovery
of these cells after discontinuing the drug. The preferential effects of gossypol on Sertoli
cells and spermatozoa should be understood in association with 1) the ability of these cells
to accumulate the drug and/or 2) specific nature of their membranes, mitochondria or
other organelles, rendering these cells more susceptible to gossypol.
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