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Suramin: An Inhibitor of the Final Steps of
the Mineralocorticoid Pathway?
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The authors used incubated adrenal mitochondria to study the in vitro effect of suramin, an
antiparasitic drug, on the transformation of corticosterone and 18-hydroxycorticosterone into
aldosterone. The results show that, under conditions preserving membrane integrity, the “imperme-
ance” of suramin meant that concentrations similar to the plasma-levels reached in treated patients
induced only slight inhibition of the final intramitochondrial steps in aldosterone synthesis.
However, suramin strongly inhibited mitochondrial respiration. The inhibition of two intramito-
chondrial mechanisms (respiration and steroid synthesis) suggests that the effect of suramin
involves partial inhibition of metabolic intermediate carriers. The inhibition of the activity of
various extramitochondrial enzymes involved in intermediate metabolism, suggests that the inhi-
bition of steroid biosynthesis can be explained only on the basis of an extramitochondrial action of
suramin. The action of suramin must, therefore, primarily and directly affect extramitochondrial
steroid synthesis and only indirectly affect intramitochondrial steroid synthesis as a result of an
impact on the reducing equivalent supply. However, even if suramin does not bind to cytochrome
P450 118 which catalyzes the final steps of aldosterone biosynthesis pathway, this does not imply that
suramin has no direct effect on steroid synthesis within the mitochondria, in addition to its toxic
effects, particularly if the cell structure is disrupted (as is often the case in tumor tissues).
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INTRODUCTION aspect has been carried out to date. The inhibitory
effect of suramin on steroid synthesis has been demon-
strated in vitro using mitochondria after freezing to
disrupt the mitochondrial membranes [14] and using
cultured adrenal carcinoma cells [5]. However, due to
the inability of suramin to cross membranes [15-17] we
still did not know whether the steroid synthesis steps
which actually take place within the mitochondria can
be controlled by this drug.

The purpose of the research reported here was to
find out whether, under conditions in which the mito-
chondrial membrane is intact, suramin has any im-
mediate direct or indirect inhibitory effect on
intramitochondrial steroid synthesis. In an attempt to
find out, the authors chose a model which had never
previously been used: the final steps of the mineralo-
corticosteroid biosynthesis pathway (from cortico-
sterone to aldosterone) investigated in-vitro in the
presence of suramin using mitochondria with intact
*Correspondence to B. Aupetit-Faisant. membranes, which act as a barrier to the entry of
Received 29 May 1993; accepted 24 Sep. 1993. suramin.
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The adrenolytic effect of suramin, a drug originally
used to treat parasitic diseases [1, 2], has been observed
since it was first used. This effect has recently been
confirmed in studies in animal models [3-5] and in
clinical trials [6-9], notably in the treatment of AIDS
[10]. This adrenolytic effect led to suramin being
considered for use in the treatment of adrenal carci-
noma [11-13] in order to reduce the tumor mass.
However, in adrenal carcinoma, chemotherapy is in-
tended not only to reduce the tumor mass, but also to
reduce hormone synthesis, which must rapidly be
brought under control. What has to be determined,
therefore, is whether suramin has an inhibitory effect
on steroid synthesis in general as soon as treatment is
begun and before it has had any impact on tumor mass.
As far as we are aware, no in-vivo investigation of this
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EXPERIMENTAL
Chemicals

Suramin was a generous gift from Bayer Pharma.
Sodium L-malate, sodium succinate, rotenone and an-
timycin A were supplied by Sigma, KCN by Prolabo,
ADP by Boerhinger Inc., [4-'*Claldosterone (118,21-
dihydroxy-4-pregnene-3,18,20-trione) by New Eng-
land Nuclear Corp., [1,2-*H]corticosterone (118,21-
dihydroxy-4-pregnene-3,20-dione) and 18-hydroxy-
[1,2-*H]corticosterone (118,18,21-trihydroxy-4-preg-
nene-3,20-dione) by Amersham. The other reagents
were commercial products of analytical reagent grade.

Preparation of homogenate and wmutochondrial fraction

The duck adrenal gland is the best animal gland for
this investigation since the aldosterone biosynthesis
pathway is the same as in humans and the conversion
yield is sufficient to study all the steps in this pathway,
even those with a low yield [18-20]. Adrenal glands
were taken from adult male Musk ducks (Cairina
moschata) weighing 2.5-3.5 kg. The ducks were killed
in the laboratory and the adrenal glands rapidly cooled
in an ice bath. The following procedures were carried
out at + 4°C. The mitochondrial fraction was prepared
according to the methods of Hogeboom [21]and Sauer
and Mulrow [22], with some modifications as described
previously [23]. The composition of the buffer used for
homogenization was as follows: sucrose 450 mM, Tris
30mM, EDTA 1mM, bovine serum albumin 19%,
pH 7.4. The mitochondrial fraction was not subjected
to any physicochemical treatment which could modify
membrane permeability. Mitochondrial protein con-
centrations were determined by the method of Lowry
et al. [24] using bovine serum albumin as standard.
Respiratory characteristics were determined by polar-
ography with a Clark oxygen electrode at +40°C. The
incubation medium (buffer) used both to determine the
respiratory characteristics and for incubation had the
following composition: sucrose 250 mM, EGTA
0.5 mM, KH,PO4 10 mM, Tris 10 mM, MgCL,5 mM,
pH 7.0. Bovine serum albumin, which is usually in-
cluded in the composition of this medium, was not
added. This was because suramin is known to have very
high affinity towards serum albumin [25] and binding
could have made it impossible to observe any impact of
this drug on the aldosterone biosynthesis pathway.
This modification of the composition of the medium
did not have any impact on respiratory function or
steroid synthesis. The purity of the mitochondrial
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preparation was determined using enzyme markers
(succinate cytochrome-c¢-reductase, cytochrome-c-oxi-
dase, NADPH cytochrome-c-reductase, glucose-6-
phosphate dehydrogenase) as described previously
[23, 26].

Incubation conditions

The general incubation conditions were as follows:
1 mg of the mitochondrial fraction in 2 ml of incubation
medium, was incubated for 30 min under aerobic con-
ditions in a Dubnoff metabolic shaker at +40°C with
either 94 pmol of [1,2-*H]corticosterone (sp. act.
50 Ci/mmol) or 134pmol of 18-hydroxy[l,2-*H]-
corticosterone (sp. act. 37.8 Ci/mmol). Before starting
the reaction by adding 15 mM of L-malate or succinate,
concentrations of suramin similar to plasma-levels
reached in treated patients, were added. The nature
and concentration of the reagents used are reported in
each table. The reaction was stopped by adding chloro-
form and the samples were then frozen at — 18°C until
extraction.

Aldosterone purification and identification

An internal standard ‘“‘[4-!*C]aldosterone” was in-
cluded in order to determine the yield. The steroids
were extracted by chloroform. Aldosterone was
purified and identified by paper chromatography as
reported previously [23]. The tritiated aldosterone
formed was calculated from the dpm (liquid scintil-
lation counter, Tricarb 2000). The results were ex-
pressed as pmol of aldosterone formed per mg of
mitochondrial protein per 30 min.

Spectrophotometric study

Cytochrome P450 11 was prepared according to
Katagiri et al. [27] with minor modifications [28].
Cytochrome P450 11§ was diluted in phosphate buffer
(50 mM, pH 7.4) containing dithiothreitol (0.1 mM),
EDTA (0.1 mM) and Tween 20 (0.39,). Signal-pro-
ducing ligand binding was determined at the appropri-
ate wavelengths (4 390420 nm). Spectra were recorded
using a Uvicon Kontron spectrophotometer.

Statistical analysis

Statistical significance was determined using Stu-
dent’s ¢-test.

Table 1. Enzyme activities in the mitochondrial fraction and homogenate

Enzyme Homogenate Mitochondria
Succinate cytochrome-c-reductase (EC 1.3.1.6) 26.14+34 88.4 +1.2
Cytochrome-c-oxidase (EC 1.9.3.1) 376.2+ 7.5 716 + 153
NADPH cytochrome-c-reductase (EC 1.6.2.4) 21.5+1.7 12409
Glucose-6-phosphate 8.6 +0.7 0

dehydrogenase (EC 1.1.1.49)

Each value is reported as the mean + SD of 5 different experiments. Specific activities are

expressed as nmol/mg protein per min.
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B2 Malate dehydrogenase

(] succinate cytochrome-c-reductase
£3 NADPH cytochrome-c-reductase

Bl Glucose-6-phosphate dehydrogenase

Fig. 1. Suramin (0.1 mM) inhibits various enzyme activities

of the intermediate metabolism. Each value is reported as

the mean + SD of 5 different experiments. Concentrations of

the reagents were as follows; L-malate 15 mM and succinate
15 mM.

RESULTS

The activities of the various enzymes measured to
determine the purity of mitochondrial fraction are
shown in Table 1. Levels of the mitochondria-associ-
ated enzymes, cytochrome-c-oxidase, and succinate
cytochrome-c-reductase, were increased in the mito-
chondrial fraction, whereas those of the microsomal
marker, NADPH cytochrome-c-reductase, were re-
duced and the cytosol enzyme “glucose-6-phosphate
dehydrogenase” was absent.

As shown in Fig. 1, suramin at a concentration of
0.1 mM markedly inhibited the activity of various
enzymes involved in intermediate metabolism (malate
dehydrogenase, succinate cytochrome-c-reductase,
NADPH cytochrome-c-reductase, glucose-6-phos-
phate dehydrogenase).

Respiratory characteristics are reported in Table 2.
Respiratory intensity (RI) represents oxygen consump-
tion; Respiratory control (RC) and phosphorylation
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capacity (P/O) provide a true indication of the efficacy
of oxidative phosphorylation. The oxidative phos-
phorylation chain functioned normally (rotenone did
not inhibit respiration in the presence of succinate, but
did so in the presence of L-malate). The respiratory
control ratio was lower than that usually found in other
tissues as reported previously [29-31]. As shown in
Fig. 2, suramin (0.15 and 0.5 mM) strongly inhibited
mitochondrial respiration in the presence of L-malate
or succinate. The respiratory control ratio was reduced
by 809, by suramin (0.15 and 0.5 mM) in the presence
of ADP 0.75 mM.

Tables 3 and 4 show the effects of suramin at various
concentrations on the final steps of the aldosterone
biosynthesis pathway. The findings show that the
percentage inhibition of the conversion of cortico-
sterone into aldosterone induced by suramin at concen-
trations of 0.15 and 0.5 mM was found to be 3.29 and
20.74%,, respectively in the presence of L-malate and
8.39 and 26.30%, in the presence of succinate (Table 3).
The percentage inhibition of the conversion of 18-hy-
droxycorticosterone into aldosterone by the same con-
centrations of suramin was 4.18 and 32.5% in the
presence of L-malate and 2.03 and 27.089%, in the
presence of succinate (Table 4).

Our findings demonstrate that suramin did not bind
to reconstituted cytochrome P450 118, which catalyzes
the conversion of corticosterone and 18-hydroxycorti-
costerone into aldosterone (Fig. 3). The change in
optical density caused by the binding of metopirone to
cytochrome P450 118 was not observed with 0.5 mM
suramin.

DISCUSSION AND CONCLUSION

Our results show that in vitro, at concentrations
similar to those found in the plasma of treated subjects,
suramin only slightly inhibited the intramitochondrial
steps of the steroid biosynthesis pathway, i.e. the final
steps in the mineralocorticosteroid biosynthesis path-
way, which are catalyzed by cytochrome P450 118.
Since these experimental conditions preserved the in-
tegrity of the mitochondrial membrane, the limited

Table 2. Respiratory characteristics of the mitochondrial fraction

RI RC
Substrate Inhibitors  (nmol O,/mg protein per min) (ADP 0.75mM) P/O
Succinate (o] 320+1.8 1.67 1.10
Rotenone 316+1.4
Antimycin A 0
KCN 0
L-malate 0 260+4+24 1.71 1.04
Rotenone 1.50 £ 0.8
Antimycin A 0
KCN 0

Each value of respiratory intensity (RI) is reported as the mean + SD of 6 different
experiments. Concentrations (mM) used were as follows: L-malate and succinate 15,
rotenone 25 x 1073, antimycin A 9 x 1075, KCN 10-!. RI, respiratory intensity; RC,
respiratory control (ratio of RI in the presence and without ADP 0,75 mM); P/O,

oxidative phosphorylation capacity.
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Fig. 2. Suramin induces a strong inhibition of mitochondrial respiratory intensity. Each value is reported as
the mean + SD of 5 different experiments. Concentrations of the reagents were as follows: L-malate and
succinate 15 mM, suramin 0.5 or 0.15 mM.

inhibition observed can be attributed to the “imperme-
ance” of suramin.

The apparent conflict between these findings and
those of Ashby et al. [14], who found major inhibition
of the synthesis of androgens and glucocorticosteroids,
1s probably misleading and attributable to a major
methodological difference between the two studies, viz.
whether or not the integrity of the mitochondrial
membranes was preserved.

However, even when the membranes were ruptured,
inhibition of the last steps in the aldosterone biosyn-
thesis pathway could not have been due to an action of
suramin on cytochrome P450 11, since suramin is not
bound to this cytochrome.

The inhibition of aldosterone biosynthesis which we
observed can, however, probably be explained as a
consequence of the action of suramin on metabolic
intermediate carriers required for hydroxylation
reactions.

Our findings demonstrate that suramin strongly in-
hibits mitochondrial respiration. This inhibition can-
not be due to a direct impact on intramitochondrial

Table 3. Inlibitory effect of suramin

electron transfer systems (since suramin does not cross
the mitochondrial barrier), it is reasonable to attribute
this effect to an inhibition of the replenishment of
reducing equivalents. This inhibition can be explained
by an extramitochondrial action of suramin on meta-
bolic intermediate carriers. In addition, the inhibition
of aldosterone biosynthesis induced by suramin is only
partial; it depends on the supply of reducing equiva-
lents; it can therefore be concluded that suramin only
partially blocks the metabolic intermediate transpor-
tation systems. The difference in inhibition by suramin
of two intramitochondrial mechanisms (respiration and
steroid synthesis), both of which require reducing
equivalents could be explained by competition within
the adrenal mitochondria between the respiratory path-
way and the hydroxylation pathway for these reducing
equivalents [32].

The inhibition of steroid biosynthesis seems there-
fore to be explicable only on the basis of an extramito-
chondrial action of suramin, as shown by the inhibition
of the activity of various extramitochondrial enzymes
involved in intermediate metabolism. These findings,

on the transformation of cortico-

sterone to aldosterone

Substrate Suramin Aldosterone formed % Inhibition
(15 mM) (uM) (pmol/mg protein per 30 min) of the reaction
Malate 0 28.10+ 3.1

150 27.18+ 2.0 3.29

300 25494 1.7 9.28

500 2227+14 20.74
Succinate 0 28.15+1.1

150 2578+ 3.2 8.39

300 2473+ 2.1 12.15

500 20.74 4+ 2.2 26.30

Each value is reported as the mean 1+ SD of 5 different experiments. The
reaction was carried out in incubation medium, pH 7.0, 1 mg protein,

94 pmol of [1,23H]corticosterone and
for 30 min.

L-malate or succinate 15 mM at 40°C
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Table 4. Inhibitory effect of suramin on the transformation of
18-hydroxycorticosterone to aldosterone

Substrate Suramin Aldosterone formed % Inhibition
(15 mM) M) (pmol/mg protein per 30 min) of the reaction
Malate 0 3.35+0.31

150 3.21+0.20 4.18

300 2.76 £ 0.28 17.83

500 2.26 +0.32 32.56
Succinate 0 2.50+0.19

150 2.454+0.36 2.03

300 2.184+0.12 12.50

500 1.82 +0.02 27.08

Each value is reported as the mean + SD of 5 different experiments. The
reaction was carried out in incubation medium, pH 7.0, 1 mg protein,
134 pmol of 18-hydroxy[1,2°H]corticosterone and L-malate or succinate

15 mM at 40°C for 30 min.

suggesting an extramitochondrial target for suramin, fit
in well with its chemical structure of an impermeant
substance. The action of suramin must, therefore,
primarily and directly affect extramitochondrial steroid
synthesis and only indirectly affect intramitochondrial
steroid synthesis as a result of an impact on the
reducing equivalent supply. Suramin must therefore be
able to control the extra- and intramitochondrial steps
of steroid synthesis in differing manners under normal
physiological conditions.

However, this does not imply that suramin has no
effect on steroid synthesis within the mitochondria,
particularly under abnormal conditions. It is not un-
usual for mitochondrial membrane structures to be
disrupted in tumor tissues and this would allow
suramin to enter these organelles and have a direct
effect on steroid synthesis in addition to its cytotoxic
effects.

Determination of the plasma levels of the steroids
involved in the end steps of the aldosterone biosyn-
thesis pathway could confirm this hypothesis.

PR

AA =0.02

350 400 450 (nm)wavelength

Fig. 3. Suramin is not bound to isolated cytochrome P-450

11p. Difference spectra obtained with adrenal mitochondria

(proteins 1.5 mg/ml) after adding: ----DOC (5 uM) + meto-
pirone (0.8 uM); —DOC (5 uM) +suramin (500 uM).

Acknowledgements—This work was supported by research grants
from Assistance Publique (1990-1991) and DRED. We would like to
thank Bayer Pharma for the generous gift of suramin.

REFERENCES

1. Fourneau E., Trefouel Mr et Mme et Vallee J.: Recherches de
chimiothérapie dans la série du 205 Bayer. Ann. Inst. Pasteur 2
(1924) 6-114.

2. Hawking F.: Suramin: with special reference to onchocerciasis.
Adv. Pharmac. Chemother. 15 (1978) 289-322.

3. Humphreys E. M. and Donaldson L.: Degeneration of the
adrenal cortex produced by germanin. Am. ¥. Path. 17 (1941)
767-775.

4. Feuillan P., Raffeld M., Stein C. A., Lipford N., Rehnquist D.,
Meyers C. E., La Rocca R. V. and Chrousos G. P.: Effects of
suramin on the function and structure of the adrenal cortex in
the Cynomolgus Monkey. §. Clin. Endocr. Metab. 65 (1987)
153-158.

5. La Rocca R. V., Stein C. A.,, Danesi R., Jamis-Dow A.,
Weiss G. H. and Miers C. E.: Suramin in adrenal cancer:
modulation of steroid hormone production, cytotoxicity in vitro,
and clinical antitumor effect. . Clin. Endocr. Metab. 71 (1990)
497-504.

6. Wells H. G., Humphreys E. M. and Work E. G.: Signifi-
cance of the increased frequency of selective cortical necrosis of
adrenal as a cause of Addison’s disease. ¥4AMA 109 (1937)
490-493.

7. Mahoney L. J. and Barrie H. J.: Adrenal insufficiency after
suramin treatment of pemphigus. Br. Med. ¥. 2 (1950) 655.

8. Stein C. A, Saville W., Yarchoan R., Broder S. and Gelmann
E. P.: Suramin and function of the adrenal cortex. Ann. Int. Med.
104 (1986) 286-287.

9. Py A,, Dairou H. and De Gennes J. L.: Toxicité surrénalienne
de la suramine. Presse Med. 16 (1987) 1979.

10. Cheson B. D., Levine A. M., Mildvan D., Kaplan L. D., Wolfe
P., Rios A., Groopman J. E., Gill P., Volberding P. A., Poiesz
B. T, Gottlieb M. S, Holden A., Volsky D. J., Silver S. S. and
Hawkins M. J.: Suramin therapy in AIDS and related disorders.
FAMA 258 (1987) 1347-1351.

11. Stein C. A., La Rocca R. V., Thomas R., McAtee N. and Myers
C. E.: Suramin: an anticancer drug with a unique mechanism of
action. Clin. Oncol. 7 (1989) 499-508.

12. Vierhapper H., Nowotny P., Mostbeck G. and Waldhaus! W.:
Effect of suramin in a patient with adrenocortical carcinoma.
Lancet 1 (1989) 1207-1208.

13. Allolio B., Reincke M., Arlt W., Deuss U. and Winkelmann W.:
Suramin for treatment of adrenocortical carcinoma. Lancer 2
(1989) 277.

14. Ashby H., Di Mattina M., Linehan W. M., Robertson C. N.,
Queenan J. T. and Albertson B. D.: The inhibition of human
adrenal steroidogenic enzyme activities by suramin. ¥. Cln.
Endocr. Metab. 68 (1989) 505-508.

15. Wilson E. J. and Wormall A.: Studies on suramin (Antrypol:
Bayer 205). Biochem. ¥. 45 (1949) 224-231.



270

16.

17.

18.

19.

20.

21.

22.

23.

24.

M. Zenatti et al.

Town B. W., Wills E. D., Wilson E. J. and Wormall A.: Studies
on suramin: the action of the drug on enzymes and some others
proteins. General considerations. Biochem. ¥. 47 (1950) 149-158.
Calcaterra N. B., Vicario L. R. and Roveri O. A.: Inhibition by
suramin of mitochondrial ATP synthesis. Biochem. Pharmac. 37
(1988) 2521-2527.

Sandor T. and Lanthier A.: Etude comparée de la biosynthése
de P’aldosterone et d’autres corticostéroides chez diverses espéces
de vertébrés. Union Méd. Can. 97 (1967) 1208-1211.

Sandor T. and Lanthier A.: Studies on the sequential hydroxyl-
ation of progesterone to corticosteroids by domestic duck (Anas
Platyrhinchos). Endocrinology 86 (1970) 552-559.

Aupetit B.: “Etude de la réaction de transformation de la
18-hydroxycorticostérone en aldostérone dans la surrénale de
Canard (Anas Platyrhinchos)”. Thése de doctorat d’état. Univer-
sité Pierre et Marie Curie, Paris VI (1978).

Hogeboom G. H.: Fractionation of cell components. In Methods
in Enzymology (Edited by S. Fleischer and L. Packer). Academic
Press, New York, Vol. 1 (1955) pp. 16-19.

Sauer L. A. and Mulrow P. J.: Steroid hydroxylations in rat
adrenal mitochondria. Archs Biochem. Biophys. 134 (1969)
486-496.

Aupetit B., Aubry-Marais F. and Legrand J. C.: Comportement
comparé de la 18-hydroxycorticosterone de synthése et de la
18-hydroxycorticosterone endogéne dans la synthése de
Paldostérone. Biochimie 59 (1977) 311-322.

Lowry O. H., Rosebrough N. J., Farr A. L. and Randall R. J.:
Protein measurement with the Folin phenol reagent. ¥. Brol.
Chem. 193 (1951) 265-275.

25.

26.

27.

28.

29.

30.

32.

Vansterkenburg E. L., Wilting J. and Janssen L. H.: Influence
of pH on the binding of suramin to human serum albumin.
Biochem. Pharmac. 38 (1989) 3029-3035.

Sottocasa G. L., Kuylenstierna B., Ernster L. and Bergstrand A.:
An electron transport system associated with the outer membrane
of liver mitochondria. ¥. Cell. Biol. 32 (1967) 415-438.
Katagiri M., Takemori S., Itagaki E. and Suhara K.: Purification
of adrenal cytochrome P-450 (cholesterol desmolase and steroid
11p and 18 hydroxylase). In Methods in Enzymology (Edited by
S. Fleischer and L. Packer). Academic Press, New York, Vol I1,
Part C (1978) pp. 124-132.

Lombardo A., Laine M., Defaye G., Monnier N., Guidicelli C.
and Chambaz E. M.: Molecular organization (topography) of
cytochrome P-450 118 in mitochondrial membrane and phos-
pholipid vesicles are studies by trypsinolysis. Biochim. Biophys.
Acta 863 (1986) 71-81.

Cammer W. and Estabrook R. W.: Respiratory activity of
adrenal cortex mitochondria during steroid hydroxylation. Archs
Biochem. Biophys. 122 (1967) 721-734.

Wakabayashi T., Kurono C. and Asano M.: Steroidogenesis in
the zona glomerulosa of the adrenal cortex. 1. Bioenergetics 8
(1976) 27-53.

. Aupetit B., Toury R. and Legrand ]J. C.: Relation between

energy metabolism and conversion of 18-hydroxycorticosterone
to aldosterone in adrenals. Brochimie 62 (1980) 823-827.

Emeric N.: Etude du mécanisme réactionnel de la transformation
de la 18-hydroxycorticostérone en aldostérone—Mise en évi-
dence d’une régulation intramitochondriale a ce niveau. Thése de
Doctorat de I’Université Pierre et Marie Curie, Paris VI (1986).



