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3. Studies of Cancer in Experimental Animals
3.1 Oral administration
Rat: Groups of 36 male and 36 female Sprague-Dawley rats, 7 weeks of age, received diets providing a dose of 50, 150 or 500 mg/kg bw per day spironolactone for 78 weeks. Groups of 72 males and 72 females served as untreated controls. In a second experiment reported by the same authors, groups of 30 male and 30 female rats received diets providing a dose of 0 (control), 10, 30 or 100 mg/kg bw per day of spironolactone for 104 weeks. Both studies were terminated at the end of treatment. In the 78-week study, an excess of thyroid adenomas in both males and females and of interstitial-cell adenomas in the testis was observed at the two higher doses. The incidences of thyroid tumours in controls and at the three doses were 0/59, 4/33, 15/31 and 18/28 for males and 1/62, 1/31, 12/34 and 13/34 for females, respectively. Interstitial (Leydig-cell) tumours of the testis occurred in 0/72, 0/36, 5/36 and 12/36 males at the same doses, respectively. No increased tumour incidence was seen at these organ sites in the 104-week study at doses up to 100 mg/kg bw per day (Lumb et al., 1978). [The Working Group noted inconsistencies in the effective numbers for different organ sites.]

3.2 Administration with known carcinogens
Rat: In an initial experiment, 70 female Sprague-Dawley rats, approximately 50 days of age (weight, 150–180 g), received a single dose of 40 mg 7,12-dimethylbenz[a]- anthracene (DMBA) dissolved in 2 mL of corn oil by oral gavage. Of these rats, 20 also received spironolactone (pharmaceutical-grade) at a dose of 100 mg/kg bw in 1 mL of distilled water by oral gavage twice daily for 7 days, starting 4 days before DMBA admi- nistration.
The study was terminated 150 days after DMBA treatment, and the mammary tumour incidence determined by palpation. The incidence of palpable mammary tumours was reduced from 21/24 in the group receiving DMBA alone to 3/14 in that given DMBA plus spironolactone. In a second experiment, 80 female Sprague-Dawley rats received an intravenous injection into the jugular vein of 2 mg of DMBA in 0.4 mL of oil emulsion once daily on days 1, 4 and 7. Two days before the first DMBA injection, 40 of these rats received spironolactone (pharmaceutical-grade) at a dose of 100 mg/kg bw in 1 mL of distilled water by oral gavage twice daily for 12 consecutive days. On termination of the study 147 days after the start of DMBA treatment, mammary tumours were found at necropsy in 32/32 rats receiving DMBA alone and 23/36 rats receiving DMBA plus spironolactone (p < 0.001) (Kovacs & Somogyi, 1970).

4. Other Data Relevant to an Evaluation of Carcinogenicity and its Mechanisms
4.1 Absorption, distribution, metabolism and excretion
4.1.1 Humans
At the time spironolactone was introduced for clinical use, its bioavailability was inadequate, and this was improved by preparing the drug in finely powdered or micronized form. The absolute bioavailability was indirectly estimated at approximately 73%, which was enhanced in the presence of food. Nearly all absorbed spironolactone (> 90 %) is bound to plasma proteins and, with repeated dosing, a steady state is achieved within 8 days. After oral intake of a 100-mg dose, the plasma half-time of spironolactone was 1–2 h, the time to maximum plasma concentration was 2–3.2 h, the maximum blood concentration was 92–148 ng/mL, the area under the concen- tration–time (0–24 h) curve was 1430–1541 ng/mL per h and the elimination half-time was 18–20 h (Overdiek & Merkus, 1987).
Spironolactone is rapidly and extensively metabolized to compounds that are excreted in the urine and faeces. It undergoes enterohepatic recirculation, but no unchanged drug appears in urine or faeces (Sadée et al., 1973, 1974a; Karim et al., 1976a,b; Overdiek et al., 1985; Overdiek & Merkus, 1987; Gardiner et al.,  1989).

The metabolites of spironolactone can be divided into two main groups: those in which the sulfur moiety is retained and those in which the sulfur is removed by dethio- acetylation. For many years, it was thought that the dethioacetylated metabolite, canrenone, was the major metabolite; however, with more specific analytical methods such as HPLC, 7-thiomethylspirolactone was recognized as the major metabolite of spironolactone  (Overdiek  et  al.,  1985;  Gardiner  et  al.,  1989).  This  metabolite is formed by hydrolysis of the thioacetate group to form 7-thiospirolactone (as an inter- mediate), followed by S-methylation to 7-thiomethylspirolactone.

This can then be hydroxylated to form 6-hydroxy-7-thiomethylspirolactone and oxidized to form 7-methylsulfinyl- and 7-methylsulfonylspirolactone or via sulfoxidation to form 6-hydroxy-7-methylsulfinyl- and 6-hydroxy-7-methylsulfonylspirolactone.

For formation of the group of metabolites in which sulfur is removed, 7-thio- methylspirolactone is also dethioacetylated to canrenone, which is further metabolized by three pathways: hydrolysis of the -lactone ring to form canrenoate, which is excreted in the urine as a glucuronic ester, and, next, hydroxylation to form 15-hydroxy-canre- none or reduction to produce several di-, tetra- and hexa-hydro derivatives. Canrenone and canrenoate are in equilibrium with one another.

Not only spironolactone but several of its metabolites have biological activity; in decreasing order of potency, these are 7-thiospirolactone, 7-thiomethylspirolactone and canrenone.

4.1.2 Experimental systems
The disposition of [14C]spironolactone was studied in male rats, female dogs and female monkeys after intravenous or oral administration of 5 mg/kg bw. Gastro- intestinal absorption was estimated to be 82% in rats, 62% in dogs and 103% in monkeys. Spironolactone was extensively metabolized in all three species, and the metabolites were excreted primarily in the urine and faeces. The amount of radiolabel excreted in urine or faeces of all three species was similar after intravenous and after oral dosing. In monkeys, as in humans, the amounts excreted in urine and faeces were about equal, while faecal excretion predominated in rats and dogs as a result of biliary excretion. After the oral dose, the percentage of urinary excretion was 4.7% in rats, 18% in dogs and 46% in monkeys. The high excretion of radiolabel in the faeces of rats (90%) after intravenous administration shows the importance of biliary excretion for that species (Karim et al., 1976c). Species differences were also noted in the bio- transformation of spironolactone. Canrenone was a principal extractable metabolite in rat (Sadée et al., 1974b) and dog plasma, whereas in monkeys and humans, both canrenone and a very polar, unidentified metabolite were the major constituents. In the urine of all four species, canrenone was a principal constituent. Notable species differences in the metabolites of spironolactone in the faeces were found, the pattern of metabolites in dog faeces being markedly different from that in rats, monkeys or humans. Overall, it was concluded that the disposition and metabolism of spirono- lactone in monkeys, rather than that in rats or dogs, is closest to that in  humans.

Spironolactone is metabolized by microsomal monooxygenases and is converted to a reactive metabolite that destroys microsomal cytochrome P450 (CYP) and decreases steroid hydroxylase activity. This effect is seen only in animals that produce cortisol rather than corticosterone and that have a high activity of adrenal steroid 17-hydroxy- lase  (Menard  et al.,  1974a,b,  1976,  1979). When  spironolactone  was incubated with guinea-pig hepatic, adrenal, renal or testicular microsomal preparations, 7-thiospiro- lactone, a potent mineralocorticoid antagonist, was produced which destroyed adrenal and testicular CYP.
In guinea-pig microsomes, the 7-thiospirolactone metabolite was determined to be an obligatory intermediate in the action of spironolactone on adrenal monooxygenases, but required further metabolism for its toxicity. In contrast, hepatic microsomal CYP in guinea-pigs was not inhibited by spironolactone, apparently because 7-thiospirolactone was not further metabolized (Sherry et al., 1986). Further studies of the species difference in the effects of spironolactone on CYP showed inhibi- tion in guinea-pigs and dogs but not in adrenal microsomes from rats or rabbits (Sherry et al., 1988). Spironolactone was reported to inactivate dexamethasone-inducible rat hepatic CYP in a suicidal manner (Decker et al., 1986, 1989). In adrenal glands, a good correlation was found between covalent binding and CYP destruction, consistent with the hypothesis that 7-thiospirolactone is a suicide inhibitor of adrenal CYP and that covalent binding  to protein  is involved  in the degradation  of these  isozymes (Colby et al., 1991).

4.2 Toxic effects
4.2.1 Humans
Spironolactone is an aldosterone antagonist that acts on the mineralocorticoid receptor. It is a potassium-sparing diuretic, and hyperkalaemia is the most common and potentially serious complication of therapy. Impaired kidney function appears to increase this risk, as does supplementation with potassium chloride. Excessive diuresis can also lead to dehydration and hyponatraemia (Greenblatt & Koch-Weser, 1973). A number of endocrine effects have also been reported, the most common of which is gynaecomastia, with a dose-related incidence of 7–52%. This side-effect is reversible and disappears upon discontinuation of therapy (Jeunemaitre et al., 1988; Nielsen, 1990; Thompson & Carter, 1993). Other endocrine effects include loss of sexual potency in men and menstrual irregularity, amenorrhoea, breast engorgement and chloasma in women. These effects are probably due to interaction of spirono- lactone with the antrogen receptor.

There are a few isolated case reports of idiosyncratic drug reactions, including one case of hepatitis (Shuck et al., 1981) and several cases of agranulocytosis (Stricker & Oei, 1984; Jivraj et al., 1987; Ferguson et al., 1993; Whitling et al., 1997; van der Klauw et al., 1998). Approximately 10 cases have been reported of allergic contact dermatitis after topical application of spironolactone for various dermal indications involving its antiandrogen activity (Corazza et al., 1996).

In an assessment of pituitary–thyroid function in spironolactone-treated hyper- tensive women, high doses for 4 weeks did not affect the basal serum concentrations of triiodothyronine (T3), thyroxine (T4) or thyroid-stimulating hormone (TSH) in six euthyroid, hypertensive women. It did augment the pituitary TSH and thyroid T3 response to thyrotropin-releasing hormone (Smals et al., 1979).

Spironolactone also had no consistent effect on basal serum concentrations of T3, T4 or TSH in healthy men who had taken similar doses of spironolactone for as long as 24 weeks (Caminos- Torres et al., 1977).

4.2.2 Experimental systems
The acute toxicity of spironolactone was determined after administration via the oral and intraperitoneal routes in rats, mice and rabbits. The oral LD50 was > 1000 mg/kg bw in all species, and the intraperitoneal LD50 was 786 mg/kg bw, 356 mg/kg bw and 866 mg/kg bw in rats, mice and rabbits, respectively (Lumb et al., 1978). Spironolactone can exert antiandrogenic effects by several mechanisms: it can destroy testicular CYP and decrease 17-hydroxylase activity, resulting in decreased testosterone synthesis (Menard et al., 1974b); and it can inhibit 5-dihydrotestosterone binding to cytosolic androgen receptor in the prostate (Pita et al., 1975; Rifka et al., 1978).

Studies of toxicity were conducted in Sprague-Dawley-derived rats, beagle dogs and rhesus monkeys (Macaca mulatta). In a 26-week study, rats were given diets containing spironolactone at a concentration of 0, 120, 300 or 700 mg/kg for the first 3 weeks and 0, 150, 500 or 2000 mg/kg for the remaining 23 weeks. In a 78-week study, rats were given diets that provided a dose of 0, 50, 150 or 500 mg/kg bw per day; and in a 104-week study, the animals received a dose of 0, 10, 30 or 100 mg/kg bw per day. In dogs, a 13-week study was conducted, in which initial doses of 0, 12, 30 and 70 mg/kg bw per day were given in a capsule for 6 weeks and then increased to 100 mg/kg bw per day for weeks 7–9 and to 250 mg/kg bw per day for the last 4 weeks. In rhesus monkeys, a 26-week study was conducted in which the animals received a dose of 0 or 125 mg/kg bw per day in a banana sandwich, and a 52-week study was conducted with doses of 0, 20, 50 and 125 mg/kg bw per day for 9 weeks followed by 250 mg/kg bw per day for 43 weeks (Lumb et al., 1978).

Rats treated for 78 weeks showed a dose-related increase in the weight of the liver at all doses, increased adrenal gland weights in males at the two higher doses and increased thyroid gland weights in males at the high dose and in all treated females. Dose-dependent decreases in prostate weights were seen in males at all doses. Similarly, in the 104-week study, liver weights were increased at all doses, and the thyroid gland weights were increased in males and females at the high dose. A slight arrest of matu- ration in the testis (an increased number of immature spermatozoal precursors) was noted in the 78-week study at the two higher doses. In monkeys, a slight decrease in testis weight and a slight depression of maturation was observed at the two higher doses. Although gynaecomastia occurs in male human patients treated with spironolactone, no mammary abnormalities were noted in rats or dogs, but male monkeys showed a treatment-related increase in cellular activity in the acini of the mammary gland (Lumb et al., 1978).

These studies revealed marked species differences in effects on the thyroid gland. No changes were seen in dogs or monkeys treated for 3 months or up to 1 year, respec- tively. In rats, thyroid changes were seen as early as 13 weeks at the high dose. The thyroid gland weights were increased, and, histologically, the follicles were smaller than normal, with diminished colloid, and the epithelial cells were taller and in some cases swollen. Species differences were also noted in the liver. Rats showed increased liver weights with no histological changes, while dogs had no increase in organ weight or histological changes. In monkeys, no weight changes or histological findings were observed in females, but males had a slight increase in liver weight at the high dose with no associated histological changes (Lumb et al., 1978).

Male rats were given diets containing spironolactone at concentrations that resulted in a dose of 0, 6, 50 or 200 mg/kg bw per day, for 13 weeks. Ten rats per group were killed after 2, 4 and 13 weeks of treatment for assessment of TSH, T4 and T3 concentrations, thyroid gland weights, histological appearance, thyroid iodine uptake and organification, and UDP glucuronosyltransferase (UGT) activity. After 13 weeks of treatment, the weights of the thyroid gland were significantly increased at all doses and the concentration of TSH was increased at the two higher doses. T3 and T4 concentrations were significantly decreased at the high dose at 2 and 4 weeks but had returned to normal by week 13. Thyroid iodine uptake and binding or organification were significantly increased at the high dose. Histologically, the follicular size patterns were altered in treated rats. The follicles were generally small to medium-sized, and the few remaining large follicles were lined with taller, wider follicular epithelial cells. In addition, the liver weights and para-nitrophenol UGT activity were significantly increased. The results of this study support the conclusion that spironolactone at high doses increases the hepatic clearance of T4 by inducing microsomal UGT activity. This causes a decrease in the serum concentrations of thyroid hormones, which activates a compensatory increase in pituitary TSH secretion resulting in increased thyroid gland weights and follicular-cell hypertrophy and hyperplasia (Semler et al., 1989).

Marmosets (Callithrix jacchus) were given spironolactone at 30 or 100 mg/kg bw per day, phenobarbital (see monograph in this volume) at 50 mg/kg bw per day or methimazole (see monograph in this volume) at 10 or 30 mg/kg bw per day for 4 weeks. Spironolactone caused follicular-cell hypertrophy, but less severely than methimazole and with less reduction of T4 concentration. Spironolactone and phenobarbital, but not methimazole, increased hepatic CYP and T4-UGT activity (Kurata et al., 2000).

4.3 Reproductive and prenatal effects
4.3.1 Humans
The anti-androgenic effects of spironolactone are discussed in section 4.2.

4.3.2 Experimental systems
No defects were produced in the offspring of rats and mice given intraperitoneal doses of up to 80 mg/kg bw per day potassium canrenoate, which is a metabolite of spironolactone in humans (Sadée et al., 1973; Funder et al., 1974) on days 8–14  (rats) or 7–13 (mice) of gestation, although at 80 mg/kg bw per day some resorptions occurred in mice (Miyakubo et al., 1977). An increased resorption rate was found in rats that received 100 mg/kg bw per day for various periods before day 6 of gestation (Selye et al., 1971).

Mature virgin female CD-1 mice were caged with fertile males for 2 weeks, during which time they were given an intraperitoneal injection of 100 mg/kg bw spiro- nolactone daily. There was no effect on mating (8/15 treated versus 22/30 controls), but the number of mice that became pregnant was reduced (3/8 versus 19/22), and fewer embryos per pregnant mouse were observed (mean, 4.3 versus 13.3). Similar results were obtained when mice were injected intraperitoneally with 100 mg/kg bw spironolactone twice daily. It was shown that the anti-fertility effect of spironolactone was mediated by inhibition of both ovulation and implantation, since the number of implants in ovulating animals could be increased by injection of estradiol on day 3 after mating (Nagi & Virgo, 1982).

A group of Wistar rats with regular estrous cycles received daily intraperitoneal injections of 100 mg/kg bw spironolactone for 7 days. The time spent in diestrus was significantly increased from 2 to 4 days, and, during the 14 days after treatment, 12 days were spent in diestrus; none of the animals had a complete cycle. Absence of estrus was accompanied by a reduction in plasma estradiol of 48%. In a group of 15 female rats treated with spironolactone from day 21 to day 45 of age, the onset of puberty was prevented in 47% of the animals, whereas all controls were postpubertal by that time. When female rats were treated simultaneously with spironolactone (100 mg/kg bw per day) and estradiol (1 g/kg bw per day) on days 21–45 of age, vaginal opening and uterine development were normal, showing that spironolactone did not inhibit the peri- pheral actions of estradiol (Nagi & Virgo, 1982).

Pregnant Wistar rats, weighing 130 g, were given daily subcutaneous injections of 10 or 20 mg spironolactone on days 14–20 of gestation and were then allowed to deliver their pups and rear them normally. At 70–80 days of age, some of the animals were killed while in the basal state or after injection of gonadotropin-releasing hormone plus thyrotropin-releasing hormone, and blood and tissue samples were taken for analysis. The offspring showed no changes in the external genitalia, body weight or testis weight after spironolactone treatment in utero, but males showed a dose-related decrease in ventral prostate and seminal vesicle weight. The basal and stimulated plasma concentrations of follicule-stimulating hormone, luteinizing hormone, testosterone and 5-dihydrotestosterone were normal, but those of prolactin were decreased. In females, the estrus cycle was unaffected, but the weights of the ovaries and uterus were significantly increased in those given 20 mg   spironolactone,

and the plasma concentrations of follicle-stimulating hormone, prolactin, estradiol and progesterone were comparable to those of controls; however, the concentrations of luteinizing hormone were increased (Jaussan et al., 1985).

4.4 Effects on enzyme induction or inhibition and gene expression
Spironolactone decreased the anaesthetic effects of pentobarbital and progesterone and a number of other compounds in female rats, and this was shown to be due to increase hepatic metabolism (Selye et al., 1969). In male and female mice, spirono- lactone decreased hexobarbital sleeping time and increased substrate metabolism, liver weights and CYP content (Feller & Gerald, 1971). In spironolactone-pretreated rats, although substrate metabolism was increased, the content of CYP decreased, and the induction was sex-dependent, with greater induction of more substrates in female than male rats (Fujita et al., 1982; Chung & Buhler, 1994).

In isolated hepatocytes from male Wistar rats pretreated with spironolactone, a dose-related increase in UGT activity was observed (Guibert et al., 1983). Spirono- lactone increased para-nitrophenol UGT activity in male rats treated for 2 weeks at 200 mg/kg bw per day. It also induced bilirubin glucuronosyltransferase activity in rats and increased the plasma clearance and biliary excretion of bilirubin (Semler et al., 1989). Spironolactone was found be a more specific and effective inducer of bilirubin UGT activity in rats than phenobarbital (Mottino et al., 1989, 1991). The drug induced -glucuronidase activity in the liver of female rats (Kourounakis & Tani, 1995) and glutathione S-transferase activity in the liver and jejunum, but not the colon, of male rats (Catania et al., 1998).

4.5 Genetic and related effects
No data were available to the Working Group.

4.6 Mechanistic considerations
No data on the genotoxicity of spironolactone were available.

Spironolactone is a microsomal enzyme inducer and has been shown to increase UGT activity in rat liver. Studies on thyroid function in rats have shown decreased concentrations of thyroid hormones, increased concentrations of TSH, increased thyroid gland weight and follicular-cell hypertrophy and/or hyperplasia.

Increased pituitary secretion of TSH in response to increased thyroid hormone disposition is the likely mode of action for the production of thyroid neoplasms in rats. However, in view of the lack of data on genotoxicity, no definitive conclusion could be reached on the mechanism of spironolactone-induced carcinogenesis.

The increased incidence of Leydig-cell tumours of the testis may be related to the anti-androgenic effects of spironolactone.

5. Summary of Data Reported and Evaluation
5.1 Exposure data
Spironolactone is a steroidal potassium-sparing diuretic used in the treatment of oedema, hypertension and hyperaldosteronism.

5.2 Human carcinogenicity data
Spironolactone was mentioned specifically in two cohort studies and one case– control study. In one cohort study carried out in the USA, an excess risk for pharyngeal cancer was found, which persisted with longer follow-up. No evidence for an association with breast cancer was found in the other cohort study, and use of spironolactone was not associated with thyroid cancer in one case–control study. All three studies were based on small numbers of cases.

In five case–control studies of renal-cell carcinoma, use of potassium-sparing diuretics was not clearly identified as a risk factor independently of hypertension.

5.3 Animal carcinogenicity data
Spironolactone was tested by oral administration in one study in rats. Increased incidences of thyroid follicular-cell adenomas and Leydig-cell tumours of the testis were reported. Spironolactone reduced the incidence of 7,12-dimethylbenz[a]- anthracene-induced mammary tumours in rats.

5.4 Other relevant data
No data were available on the genotoxicity of spironolactone.

The metabolic pathway of spironolactone is complex and can be divided into two main routes: those in which the sulfur moiety is retained and those in which the sulfur moiety is removed by dethioacetylation.

Hyperkalaemia is the most common side-effect of exposure to spironolactone in humans, and a number of endocrine effects have been observed, the most common of which is gynaecomastia in men.

Spironolactone is transformed to a reactive metabolite that can inactivate adrenal and testicular cytochrome P450 enzymes. It also has anti-androgenic activity.

Spironolactone is a microsomal enzyme inducer. Studies on thyroid function have shown increased hepatic activity of uridine diphosphate-glucuronosyl transferase, decreased plasma triiodothyronine and thyroxine concentrations, increased thyroid- stimulating hormone concentrations and increased thyroid weights and follicular-cell hypertrophy and/or hyperplasia.

At relatively high doses, spironolactone induced resorption of embryos in rats and mice when given during the second week of gestation. Spironolactone reduced fertility in mice and delayed the onset of puberty when administered to young female rats. Prenatal treatment of rats with spironolactone caused a reduction in the weight of the prostate and seminal vesicles in male offspring.

5.5 Evaluation
There is inadequate evidence in humans for the carcinogenicity of spironolactone.
There is limited evidence in experimental animals for the carcinogenicity of spironolactone.

Overall evaluation
Spironolactone is not classifiable as to its carcinogenicity to humans (Group 3).

