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Summary--Inhibition of 11-fl-hydroxysteroid dehydrogenase (11-fl-OHSD) in the kidney can 
cause excess mineralocorticoid effect and hypokalemia. To find out if gossypol, a potential oral 
contraceptive for men that has been associated with cases of hypokalemia, inhibits this 
enzyme, its effect on guinea pig kidney was studied. Working with microsomes from the kidney 
cortex, and using corticosterone as the substrate, racemic gossypol was found to be a 
competitive inhibitor of 11-fl-OHSD with a Ki of 67 __+ 5/z M. The ( + ) enantiomer was a little 
more potent than the ( - )  enantiomer. Microsomes from the kidneys of animals given 
gossypol for 2 weeks had lower enzyme activities than saline-treated animals. Microsomes 
from a strain of hairless guinea pigs had lower intrinsic enzyme activity than the normal 
animals. We conclude that there is genetic variation in the activity of this enzyme and that 
it can be inhibited by gossypol. 

INTRODUCTION 

Gossypol is a polyphenolic constituent of 
cotton seed which suppresses sperm formation 
and motility without affecting the hormone- 
producing cells of the testis [I-5]. Although it 
has been considered a promising agent to induce 
infertility in many laboratory animals and in 
humans [6, 7], hypokalemia has been observed 
in some men taking gossypol. This hypokalemia 
attributed to gossypol has inhibited further 
development of gossypol for use as a male 
oral contraceptive [8, 9]. Because the studies on 
hypokalemia have not yielded a satisfactory 
explanation of the mechanism underlying the 
development of  hypokalemia during gossypol 
treatment[10-12], a reliable way to prevent 
gossypol-induced hypokalemia is not known. 

Recently, it has been reported that the 
enzyme, 11-fl-hydroxysteroid dehydrogenase 
(ll-fl-OHSD)'s inactivation of cortisol is re- 
sponsible for the apparent selectivity of the 
mineralocorticoid receptor in the kidney for 
aldosterone despite the much higher circulating 
levels of glucocorticoid[13]. Inhibition or 
congenital deficiency of this enzyme results 
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in a failure of the normal protective mechanism 
by which cortisol is converted to cortisone 
or corticosterone to 11-dehydrocorticos- 
terone[14, 15]. As a result inhibition leads to 
apparent excessive mineralocorticoid effect in 
the kidney causing potassium loss and sodium 
retention. Hypokalemia can result from this. 
Gossypol has been found to inhibit many 
enzymes in vitro. If it inhibits 11-fl-OHSD, this 
could be a mechanism for the hypokalemia. 

The present paper reports in vitro and in vivo 

inhibitory effects of racemic gossypol acetic 
acid, ( + )  and ( - )  gossypol on corticosteroid 
11-fl-OHSD activity of the guinea pig kidney. 

MATERIALS AND METHODS 

Chemicals and solutions 

Racemic gossypol acetic acid was a gift 
from Dr G. M. Waites (HRP/WHO, Geneva, 
Switzerland). Its purity was 99.9%. The ( + )  
and ( - )  isomers of gossypol were a gift for 
Dr S. A. Matlin (City University, London, 
U.K.), these two enantiomers are chemically 
and optically pure and do not form acid com- 
plexes. Corticosterone, 1 l-dehydrocorticos- 
terone, prednisone, NADP, glycyrrhizic acid 
and carbenoxolone were purchased from Sigma 
Co. (St Louis, MO, U.S.A.). 
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Racemic gossypol acetic acid, ( + ) and ( - ) 
gossypol were dissolved in methanol to a con- 
centration of 8.65mM for the racemic and 
9.65 mM for the ( + )  and ( - )  gossypol and 
kept at -10°C. For injection into guinea pigs, 
gossypol was dissolved in saline to a concen- 
tration of 1.73 mM by adding dropwise 10N 
NaOH until it was in solution and then the 
pH value was rapidly brought back to 7.5 by 
dropwise addition of 5 N HC1. Glycyrrhizic acid 
and carbenoxolone were dissolved in distilled 
water. 

In vitro effects of gossypol on I I-[3-OHSD 
aciivity 

Homogenate preparation and enzyme assay. 
Renal cortex was obtained from two strains of 
1-month-old male Hartley guinea pigs: one with 
hair (haired) and one without hair (hairless). 
The tissue (0.5 g wet wt) was minced and hom- 
ogenized in 10 ml Krebs-Henseleit buffer (NaC1 
6.9 g, NaHCO3 2.1 g, D-glucose 2.0 g, KH z PO4 
0.16g, KC1 0.36g, MgSO4.7 H20 0.29g and 
CaC12 0.37 g, in 1 1. distilled water, pH 7.2) with 
a Polytron tissue homogenizer. Throughout 
the procedure, the temperature was maintained 
in the range of 0-4°C. A 500/~1 aliquot of 
homogenate from the pool was incubated at 
37°C for 60min with 100pl NADP (5 mM) in 
Tris-HCl buffer (0.1 M, pH 8.0), 40/~1 of 
144/~M corticosterone, with or without gossy- 
pol, or glycyrrhizic acid. Incubations were run 
in duplicate. After incubation, steroids were 
extracted from the assay mixture. Concen- 
trations of corticosterone and 11-dehydrocorti- 
costerone were measured by HPLC, and the 
percent conversion of corticosterone to 11-dehy- 
drocorticosterone by 11-/~-OHSD and the yield 
of 11-dehydrocorticosterone were calculated to 
indicate the activity of 11-fl-OHSD. 

Preparation and microsomes and assay for 1 I-fl- 
OHSD 

A modification of the method of Monder and 
Lakshmi[16] was used. Male Hartley haired 
guinea pigs, weighing 200-250g, were eutha- 
nized by CO2. Kidneys were obtained and 
kidney cortex homogenized at 0°C in 4 vol 
0.01 M sodium phosphate buffer, pH 7.0, 
containing 0.25 M sucrose. All subsequent steps 
were performed at 0-4°C. The homogenate was 
centrifuged at 750 and 20,000 g in sequence for 
30 rain, saving the supernatant at each step. The 
last supernatant was centrifuged at 105,000 g for 
1 h. The microsomal pellet was resuspended in 

sucrose-phosphate buffer, and centrifugation 
was repeated. The washed microsomal fraction 
was stored - 7ff~C. The 1 I-fl-OHSD activity of 
the microsomal pellet was stable for at least 
6 weeks. Protein levels of microsome suspen- 
sions were measured with Sigma microprotein 
determination kits and adjusted to about 
2 mg/ml. 

Enzyme activities of 11-/3-OHSD were deter- 
mined by measuring the percent conversion of 
corticosterone to ll-dehydrocorticosterone 
and yield of l l-dehydrocorticosterone in the 
presence of NADP. The assay mixture con- 
tained 0.5 ml Krebs-Henseleit buffer (pH 7.2), 
50/~1 5 mM NADP, 40/~1 of 144 #M cortico- 
sterone in methanol and 40-80 # 1 of microsome 
suspension (2mg/ml protein) in 0.01 M phos- 
phate-sucrose buffer. Incubation was carried 
out in 13 × 100 mm glass tubes in a VWR model 
1720 incubator at 37°C for 1 h. Enzyme reac- 
tions were terminated by adding methylene 
chloride. Steroids were extracted and measured 
by HPLC. 

Extraction of steroids and HPLC measure- 
ment [17] 

The basic method of Hofreiter et a/.[17] 
was used. The glass tubes containing the assay 
mixture were put in an ice bath immediately 
after incubation, and 20#1 of 139#M pred- 
nisone was added to each assay tube as internal 
standard. Extraction of corticosterone and its 
metabolite, 11-dehydrocorticosterone was per- 
formed using 3 ml methylene chloride. The 
tubes were vortexed for 1 min, then centrifuged 
at 750g for 10rain. The aqueous layer was 
removed by aspiration. 300 #1 Of 0.1 N NaOH 
was added to the organic phase followed by 
vortexing for 30 s. The mixture was centrifuged 
and the aqueous layer removed. A final wash of 
the organic phase was with 500/~1 distilled 
water. 1.5 ml of the solvent phase was trans- 
ferred to glass tubes and evaporated to dryness 
at 40--45°C water bath under nitrogen. For 
HPLC analysis, the dried extracts were dis- 
solved in 100pl methanol and 2#I of the 
methanol solution was injected into the HPLC 
system. A standard curve for corticosterone 
and 11-dehydrocorticosterone was always deter- 
mined concurrently with each assay using the 
same amount of microsome suspension after 
boiling to inactivate the enzyme. Peak heights of 
corticosterone or 11-dehydrocorticostexone di- 
vided by peak heights of the internal standard 
were plotted as functions of these steroidal 
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concentrations. All unknown concentrations 
of corticosterone and 11-dehydrocorticosterone 
were determined from these standard curves. 

Chromatographic conditions 

A Waters Assoc. (Milford, MA, U.S.A.) 
# Bondapak C18 column (300 x 4 m m ,  i.d.) 
was used at ambient temperature for all as- 
says. Components of the HPLC assembly 
were made by Waters Associated Inc., and 
included a Model U 6K injector, Model 481 LC 
absorbance detector and a Model 6000A 
solvent delivery system. Output from the 
absorbance unit was recorded with a BBC 
SE 120 chart recorder. A wavelength of 254 nm 
and a maximum sensitivity of 0.005 absorbance 
units, full scale, were used. The mobile phase 
consisted of methanol-water (60:40, v/v). At 
a flow rate of 1.0 ml/min, the retention times 
for corticosterone, 11-dehydrocorticosterone 
and prednisone were 11.1, 7.7 and 6.2min, 
respectively. Assuming a minimal detectable 
peak height of 5 mm, then 1.7 pmol cortico- 
sterone, 1.97 pmol l l-dehydrocorticosterone 
and 1.1 pmol prednisone on the column can be 
detected. The coefficient of variation of the 
corticosterone assay was 1.3% using 6 simul- 
taneous replicate samples at 5.8 nmol cortico- 
sterone added to the incubation mixture using 
boiled microsomes. 

Corticosterone and 11-dehydrocorticosterone 
were added to guinea pig kidney microsomes 
to levels of 1.15, 3.46 and ll .5/zM cortico- 
sterone and 1.16, 3.48 and 11.6 #M 11-dehydro- 
corticosterone. The recovery rate by methylene 
chloride extraction were 96.8, 100 and 
100.4% for corticosterone and 99.7, 94.5 and 
95.3% for l l-dehydrocorticosterone, respect- 
ively. 

Determination of kinetic constants [18] 

The basic method of Monder et al. [18] was 
used. Reaction mixtures contained 0.5ml 
Krebs-Henseleit buffer, 50/zl 5mM NADP, 
40/~1 of 144/~M corticosterone as the substrate 
and 10-160/~ g microsomal protein. The velocity 
of the reaction was directly proportional to the 
amount of microsomal protein added. For en- 
zyme kinetic study, 40/~ 1 of microsomal suspen- 
sion (2 mg/ml protein) was chosen and different 
concentrations of corticosterone were added to 
the assay mixture. Each experimental point was 
determined in duplicate or triplicate. The data 
were plotted as double reciprocal plots and 
Dixon plots according to the Lineweaver-Burk 

linear transformation of the Michaelis-Menten 
equation [19]. 

Inhibition studies 

Racemic gossypol acetic acid, ( + ), and ( - ) 
gossypol in various amounts from 35 to 722 #M 
were added to the incubation mixture. Steroid 
substrate was varied in the range of 
2.3-11.5/~M. The ICs0 values (concentrations 
inhibiting the reaction by 50%) were calculated 
by probit analysis from 5 concentrations of 
gossypol in the range of 35-691#M. For 
the determination of Km and Vmax values, 4 
concentrations of the substrate were used, while 
inhibition constants were determined with 
Dixon plots [19]. 

In vivo administration of gossypol acetic acid and 
its effect on I I-fl-OHSD in mierosomes of guinea 
pig kidney 

To study the effect of gossypol acetic acid on 
1 I-fl-OHSD in vivo, two experiments using the 
same protocol were conducted at different 
times. Male Hartley haired and hairless guinea 
pigs, obtained from Charles River Labs, Inc. 
(Wilmington, MA, U.S.A.), weighing 340-350 g 
were housed three animals per cage. Water and 
Purina diet were allowed ad libitum. The results 
of the two experiments were similar and have 
been grouped together for analysis. 

Each experiment included six groups. All 
drugs were given by s.c. injection daily for 14 
days except group D. Group A, B, C and D 
were haired guinea pigs. Group A received 
saline 2 ml/day as control. Group B and C 
received gossypol acetic acid at 10.4 and 
13.8/zmol/kg/day, separately. Group D were 
injected s.c. with 17.5/~ tool of carbenoxolone 33 
and 3 rain before being sacrificed. Group E and 
F were hairless guinea pigs. Group E received a 
s.c. injection of saline 2 ml/day and group F 
received gossypol acetic acid 10.4/~mol/kg/day. 
All animals were euthanized by COs 48 h after 
the last dose of drug, with the exception of 
group D. Plasma samples were collected and 
gossypol levels were measured by HPLC by the 
method of Wu et al. [20]. Kidneys were obtained 
immediately after sacrificing the animals. 
Microsomes from the renal cortex were pre- 
pared from each individual animal and the 
enzyme activity of 11-fl-OHSD was determined 
for each. The data were analyzed by group 
comparison using two sided unpaired student's 
t-tests. 
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Fig. 1. In vitro effect of gossypol on 11-~-OHSD activity in 
the supematant of kidney cortex homogenate of haired and 
hairlex guinea pigs after 750 g x 30 rain centrifugation. The 
rate is the amount (nmol) of l l-/1-dehydrocorticosterone 

formed/h/g fresh kidney cortex. 

RESULTS 

In vitro studies with homogenate preparation 

The renal cortex homogenate obtained from 
normal haired guinea pigs readily converted 
corticosterone to 11-dehydrocorticosterone. 
After 1 h incubation, the yield of 11-dehydro- 
corticosterone was 151 + 4.7 nmol/g wet tissue/ 
h, and the percent conversion of corticosterone 
to 11-dehydrocorticosterone was 64-67%. Gly- 
cyrrhizic acid inhibited the conversion in a 
dose-dependent manner. However, no signifi- 
cant inhibition was observed with up to 346 p M 
racemic gossypol acetic acid. More than 99% of 
the gossypol acetic acid added to the assay 
mixture was found to be protein bound after 
incubation, as determined by HPLC analysis. 
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Fig. 2. Determination of /~, and V, for ll-p-OHSD 
rea~n in ~ t~  kidney ~ ~ t i o a .  The 
system contain~ O,~mM NADP and 160#gml mkxo- 
somal protein at pH 7.2 (n ffi 3, microsomone batch number 

9OO401). 
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Fig. 3. In vitro effect of gossypol and glycyrrhizic acid on 
I I-p-OHSD activity in kidney microsomal preparation 

(haired animals). 

Figure 1 shows the effect of gossypol acetic 
acid on 1 I-//-OHSD activity in the supematant 
of kidney cortex homogenate of ~ and 
hairless guinea pigs after 750g x30min  
centrifugation. The l l-//-OHSD activity in 
the supematant from hairless animals was 
much lower than that from haired. In addition, 
gossypol acetic acid showed some inhibitory 
effects on the 11-~-OHSD activity in the super- 
natant from hairless guinea pigs kidney hom- 
ogenate, but no inhibition could be observed 
with the supernatant of haired guinea pigs 
kidney homogenate at the concentrations 
used. 

Enzymic activity of 11-~-OHSD in haired guinea 
pig kidney microsomes 

The velocity of the conversion of cortico- 
sterone to 1 l-dehydrocorticmterone was 
directly proportional to the amount of micro- 
somal protein added to the assay mixture 
from 20-320pg protein/rnl. The velocity of 
the I I-~-OHSD reaction was ~ by 
adding 80 pg micrmomal pcotein to  0.5 ml as- 
say mixture with different c o ~ t i o n s  of 
corticostvrone as substrate in the ~ of 
0.5 mM NADP. As shown in Fig .  2, the  appar-  
ent  / ~  and Vm~ were calculaWd from the 
double r~iprocxl plots a~ord~g  to Dixon. 
In the ab~nce of inhibitor, ~ comtmRs 
were: V ~  ffi 38 nmol/mg.min, K,  (cortico- 
sterone) = 2.7 + 0 .2  pM. 
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Table I. Effects of gossypol on I I-//-OHSD activity in kidney microsomes from guinea pigs 

Activity = 

Gossypol concentration Yield of I I-dehydrocorticosterone 
(#M) (gM) % 

0 24.97 + I 1.50 100 
35 17.71 _ 5.43 77.9 + 16.7 
69 15.39 + 7.29 62.4 + 9.1 

173 12.31 __. 5.26 52.3 + 10.8 
346 9.99 __. 5.17 39.4 __. 2.1 

"n = 3 (three batches enzyme); + SD. 
ICs0 = 141.4/t M with 95% confidence limit (64-314 # M). Working condition: 40/t I 

microsomal suspension (2mg/ml protein); 11.5 nmol corticosterone in 0.5 ml 
assay system. 

Inhibition of kidney microsomal 11-[3-OHSD by 
gossypol acetic acid and glycyrrhizic acid in vitro 

Figure 3 shows that microsomal 11-fl-OHSD 
suspended in Krebs-Henseleit buffer was signifi- 
cantly inhibited by both gossypol acetic acid 
and glycyrrhizic acid. Both of these two com- 
pounds showed dose-dependent inhibition. 
When 160/ag microsomal protein and 11.5 nmol 
corticosterone were added in 0.5ml assay 
mixture, the ICs0s were 297 and 1994/aM for 
gossypol acetic acid and glycyrrhizic acid, re- 
spectively. The relative inhibitory potency of 
gossypol acetic acid was about 6.7 times that for 
glycyrrhizic acid. As gossypol acetic acid 
methanol solution was used in the study, the 
possible effect of methanol on l l-fl-OHSD 
activity was tested. A final concentration of 
methanol <6.5% in the assay system showed 
no effect on 11-~-OHSD activity. 

Table 1 shows the detailed results for gossy- 
pol acetic acid inhibition of the enzyme activity 
of 11-fl-OHSD when 80/ag microsome protein 
and l l.6nmol corticosterone were used in 
0.5 ml assay system. The inhibitory effect of 
gossypol acetic acid showed dose-dependence. 
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Fig. 4. Effect of gossypol on kidney microsomal 1 I-//- 
OHSD. Double reciprocal plot; assay system 0.5 ml, mean 

values from two batches assayed. 

The IC50 of corticosterone to 1 l-dehydrocorti- 
costerone was 237/aM with a 95% confidence 
limit (159-355/aM). 

Kinetics of inhibition of kidney microsomal 1 I-[3- 
OHSD by gossypol acetic acid 

Figure 4 shows the inhibitory effects of vary- 
ing concentrations of gossypol acetic acid on 
11-/~-OHSD at different corticosterone concen- 
trations. The data plotted as double reciprocal 
plots converged on the ordinate, consistent with 
competitive inhibition. Another study of inhi- 
bition, plotted according to Dixon, confirmed the 
interpretation of competitive inhibition (Fig. 5). 
The inhibition constant was 67.4 + 4.8 /aM 
calculated from linearized plots of the data. 

Inhibitory effects of (+) and ( - )  gossypol on 
I I-fl-OHSD in the kidney microsome of the 
guinea pig 

Chemically and optically purified (+ )  and 
( - )  gossypol have been tested to observe their 
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Fig. 5. Dixon plot of effect of gossypol on kidney 
microsomal II-fl-OHSD. Conditions were: NADP 
500#M, 40gl  microsomal suspension containing 80#g 
protein, and volume of 0.5 ml V = rate of formation of 
ll-dehydrocorticosterone. Si: corticosterone 4.6#M, 
Y = 0.857 + 0.0059X, r = 0.96; $2: corticosterone 9.2 # M, 
Y = 0.0702 + 0.0038X, r = 0.98; $3: corticosterone 
11.5 #M, Y = 0.0653 + 0.0032X, r = 0.99; and K~: 64.0 # M 

(gossypol). 



174 GUO WEI SANG et al. 

Table 2. Effects of ( + ) and ( - ) gossypol on l I-fl-OHSD activity in kidney microsomes of 
guinea pig 

Percent inhibition of l l-,8-OHSD activity 

( + ) gossypol ( - ) gossypol 
Gossypol concentration . . . . . . . . . . . . . . . . . . . . . .  

(,aM) A B A a 

39 37.6 51.4 20.9 44.2 
77 49.6 56.9 26. I 51.4 

193 69.7 77.9 35.9 65.7 
386 84.6 84.5 65.0 80.1 
771 93.2 94.5 82.5 91.2 

IC5o~ M) 71~5 44.9 206.0 65.0 

A; adding 80/Jg microsom¢ protein in 0.5 ml assay system and B; adding 40/~g microsome 
protein in 0.5 ml assay system. Each value is the mean of duplicate determinations. 

effects on guinea pig kidney microsomal 11-fl- 
OHSD. As shown in Table 2, both (+ )  and ( - ) 
isomers of gossypol showed dose-dependent in- 
hibition of kidney 11-fl-OHSD. In contrast to 
their antifertility and other biological effects, the 
(+ )  isomer of gossypol appeared to be a more 
potent inhibitor than the ( - )  gossypol. These 
two isomers are not acetic acid complexes and 
dissolve more easily in methanol than racemic 
gossypol acetic acid. 

Inhibitory effects of  racemic gossypol acetic acid 
on kidney 11-fl-OHSD of haired and hairless 
guinea pigs in vivo 

The effects of racemic gossypol acetic acid 
administered s.c. on the 11-fl-OHSD activity in 
the haired and hairless guinea pig kidney micro- 
somes was observed in two experiments. For the 
Ist experiment, the animals weighed about 
250 g and the dose of gossypol acetic acid of 
10,4/~mol/kg/day given s.c. for 14 days was 
tolerated well and associated with weight gain, 
but 13.8/zmol/kg/day gossypol acetic acid 
caused impaired weight gain. For the 2nd exper- 
iment, guinea pigs weighing 460-520 g were 
used because the supplier did not have smaller 
animals at the time. Three haired guinea pigs 
on gossypol acetic acid 10.4 #mol/kg/day group 
and two on gossypol acetic acid 13.8 #mol/kg/ 
day group died after 11-14 days of treatment. 

The hairless guinea pigs tolerated this dose of 
gossypol acetic acid well. 

After grouping the data from two 
experiments (Table 3), the yield of 1 l-dehydro- 
corticosterone was 7.95 + 1.74 nmol/mg micro- 
somal protein/h in haired controls, and 4.26 + 
0.75 nmol/microsomal protein/h in haired 
guinea pigs receiving gossypol acetic acid 
13.8/zmol/kg/day (P < 0.01). For thecarbcnox- 
olone group, the yield of 11-dehydrocorticos- 
terone was 5.89 + 1.89 nmol/mg microsomal 
protein/h (P < 0.05 compared to haired con- 
trols). Gossypol acetic acid 10.4/~mol/kg/day 
given to the haired group showed a small 
decrease (not significant) from control. The 
hairless control group with a value of 5.40 + 
0.78 nmol/mg microsomal protein/h was signifi- 
cantly lower (P < 0.05) than the haired control 
group. In addition, the yield of 1 l-dehydrocorti- 
costerone was 3.60 _+ 1.28 nmol/mg microsomal 
protein/h in hairless guinea pigs receiving 
10.4/~mol/kg/day gossypol acetic acid which 
was significantly lower than hairless control 
group (P < 0.05). The plasma concentrations of 
gossypol at 48 h after last dose of racemic 
gossypol acetic acid were 23.2_+10.0 and 
38.9 _+ 19.4 nM for haired guinea pigs receiving 
10.4 and 13.8/~mol/kg/day of gossypol acetic 
acid, respectively. For hairless animals receiving 
gossypol acetic acid 10.4/~mol/kg/day, the 

Table 3. Results of in vivo study 

Groups Ist study 2nd study Combined 

Haired control 9.03 _+ 1.54 7.58 + 1.77 7.96 _+ 1.74 
Haired gossypol 

10.4/~mol/kg/d 8.94 + 4.70 4.56 :i: 0.44 6.76 _+ 3.77 
13.8/~mol/kg/d 4.76 + 0.15 3.86 + 0.81 4.27 + 0.75 a 

Haired carbonoxolone 7.08 + 3.19 5.31 + 0.35 5.89 + 1.89 ~ 
Hairless control 4.30 (1) 5.75 _+ 0.38(3) 5.40 + 0.78(4) b 
Hairless go~ypol 

10.4/Jmol/kg/d 2.53 + 0.09(2) 4.30 ± 1.16(3) 3.60 + 1.28 ~ 

Activity of I I-fl-OHSD of guinea # g  kidney cortex expressed as the rate of 
I i-dehydrocorti¢o6tetone ~ n  (nmol/mg micrmomal protein/h). Results 
for each study are given separately and then combined [mean + SD (N)]. 

• P < 0.01, compared with haired controls. 
bp < 0.05, compared with haired controls. 
~P < 0.05, compared with hairless controls. 



Gossypol inhibits 11-fl-OHSD 175 

plasma concentrations of gossypol were 
14.5 + 4.0 nM. 

DISCUSSION 

Gossypol is a potential oral contraceptive 
agent for men, [1-5] and a potential treatment of 
uterine myomata, endometriosis and dysfunc- 
tional uterine bleeding in women [21], and even 
a potential treatment for cancer [22]. The major 
problem with gossypol as a contraceptive 
was the occurrence of hypokalemia with the 
incidence of about 1-4.7% [8, 9]. Despite exten- 
sive investigation, the mechanism of gossypol- 
induced hypokalemia presumably due to renal 
potassium loss observed in some patients has 
not been explained [10-12]. 

The present observations demonstrate that 
gossypol has a potent competitive inhibitory 
effect on the enzyme activity of l l-fl-OHSD 
in vitro using microsome preparations from 
guinea pig kidney. This inhibition was dose- 
dependent. The relative potency of gossypol 
acetic acid was about 6.7 times that of gly- 
cyrrhizic acid which is the glucuronide ester 
of glycyrrhetinic acid and is known to be an 
inhibitor of 11-fl-OHSD both in vitro and in 
vivo [14, 23]. 11-fl-OHSD oxidizes adrenal corti- 
cal hormones (cortisol and corticosterone) in 
the kidney to inactive compounds [24]. Inhi- 
bition or congenital absence of this enzyme 
leads to the impaired conversion of cortico- 
sterone to 11-dehydrocorticosterone or cortisol 
to cortisone and results in high intrarenal corti- 
costeroid levels which can act on the mineralo- 
corticoid receptor. Then, apparent excessive 
mineralocorticoid effect occurs in the kidney 
causing sodium retention and potassium loss. 
Our in vitro data indicate that the concentration 
of 35-69/~M gossypol showed significant inhi- 
bition of l l-fl-OHSD in vitro, and the IC50 of 
corticosterone to 11-dehydrocorticosterone was 
141.4/~M. Our preliminary in vivo experiment 
also suggested that 11-fl-OHSD in guinea pig 
kidney could be inhibited by 14 daily s.c. doses 
of 13.8 #mol/kg/day of racemic gossypol acetic 
acid. 

The enzyme activity of ll-fl-OHSD in un- 
treated hairless guinea pigs was lower than that 
of haired guinea pigs. The hairless guinea pig 
seemed more sensitive to the inhibition of 1 I-8- 
OHSD activity in kidney by gossypol, compared 
with haired animals (about 33% inhibition vs 
15% inhibition at 10.4/~mol/kg dose). These 
data suggest that there are pharmacogenetic 

differences between the strains. Therefore, it 
would be very interesting to speculate that there 
may be genetic differences in 11-fl-OHSD in 
different humans and in the sensitivity of differ- 
ent phenotypes to gossypol inhibition. 

Both the (+ )  and ( - )  isomer of gossypol 
showed potent inhibition of I I-fl-OHSD in 
vitro. The (+ )  isomer of gossypol appeared 
1.5-2.8 times more potent than the ( - ) isomer 
as an inhibitor of 11-fl-OHSD. This is interest- 
ing since the ( - ) isomer is the one with antifer- 
tility activity. 

From these results, our hypothesis remains 
that gossypol inhibits I I-fl-OHSD and causes 
glucocorticoid excess in the kidney leading to 
potassium loss and subsequent hypokalemia. 
Research is still needed to establish that the 
potency of gossypol given systemically is suffi- 
cient to inhibit 1 I-fl-OHSD and cause hypo- 
kalemia, at least in some people. Recently, 
Lohiya et al. [25] reported the occurrence of 
hypokalemia in adult male longus monkeys 
after 120 day treatment with gossypol acetic 
acid at 8.6#mol/day orally. Extensive renal 
potassium loss was evident and the renal ex- 
cretion of sodium decreased markedly. This 
finding in longus monkeys is quite consistent 
with our hypothesis of the inhibition of I I-fl- 
OHSD leading to gossypol-induced hypo- 
kalemia. Attempts to produce gossypol-induced 
hypokalemia in other species of animals, includ- 
ing dogs, rhesus monkeys, rats and guinea 
pigs have not been successful [26-28]. Therefore, 
we suggest that an important issue is the 
possible pharmacogenetic differences between 
species in the 11-fl-OHSD and its sensitivity to 
gossypol. Pharmacogenetic differences in the 
enzyme may also account for why hypokalemia 
developed in some people taking doses of gossy- 
pol that did not cause hypokalemia in most 
people. 
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