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CARCINOGENIC ACTIVITY OF ESTROGENS AND CELL PROLIFERATION

Table 1 Estrogenicity and carcinogenicity of various steroidal and stilbene estrogens in the Syrian hamster kidney

Renal tumor % of Hamster kidney No. of animals Combined no.
ER competitive induction of PR® Serum prolactin with tumors of tumor foci
Estrogen binding" (fmoles/mg protein) (ng/ml) (%) in both kidneys
Steroidal
17B-Estradiol 55+2 48+ 6 390+ 76 100 17+4
118-Methoxy EE (MOX) 52+4 60 2 330+ 65 100 22+3
16a-Hydroxyestrone 483 457 387+35 38 31
11B-Methoxyestradiol 30+6 35+6 38917 25 21
11B-Methylestradiol 14+1 18+2 149 + 69 0 0
17a-Estradiol 345 61 12917 0 0
Deoxoestrone 14+1 81 94 +20 0 0
Stilbene
Diethylstilbestrol 464 50+4 449 + 89 100 19+4
Indenestrol B 462 495 281+ 90 100 123
Indanestrol 10+1 29+5 103 + 40 0

“ Duration of estrogen treatment was 9.0 months. Each treatment group contained 9-12 animals. Data, mean * SEM.
Competitive binding of radioinert estrogens to ER was carried out in renal tumor cytosolic fractions obtained from DES-induced renal carcinomas. Estradiol concentration in these
tumor cytosols (4 mg of protein/ml) without competitor corresponded to 0% inhibition. [3H]—eslradiol at 5 nm * cold competitor at 1.0-fold excess.
 Determined by affinity labeling of cytosolic fractions from 4.0-month DES-treated hamsters. [“ H]-progesterone at 5 nM * cold competitor at 100-fold excess.

RESULTS

Estrogenicity Studies. To assess the relative estrogenicity of the
various steroidal and nonsteroidal estrogens studied in the hamster,
competitive binding to kidney tumor cytosolic ER, induction of PR in
hamster kidneys, and changes in serum PRL levels were studied.
Untreated normal levels of PR and PRL in castrated male hamsters
were 3.3 * 0.2 fmol/mg protein and 34 * S pg/ml, respectively.
Generally, there was a good correlation among these parameters
concerning the relative estrogenic potency of the steroidal and non-
steroidal compounds studied (Table 1).

Utilizing the hormonal end points described herein, it is evident that
MOX, 17B-estradiol, and DES were the most potent estrogens,
followed closely by indenestrol B, 16a-hydroxyestrone, and 118-
methoxyestradiol with moderate estrogenic potencies, whereas
11B-methylestradiol, 17a-estradiol, indanestrol, and deoxoestrone
exhibited distinctly lower estrogenic activities (Table 1). The expected
strong estrogenicity of hydrolyzed Premarin (unconjugated estro-
gens) was confirmed by its competitive binding to renal tumor ER
(1.0-fold excess) at 42 * 3%, its induction of hamster kidney PR to
53 = 2 fmol/mg protein, and its elevation of serum PRL levels to
339 * 93 ug/ml.

Carcinogenic Activity of Various Estrogens. As reported previ-
ously (19, 26), 17B-estradiol and DES were equally carcinogenic in
the hamster kidney. These potent carcinogenic estrogens served as
positive references for the rest of the steroidal and nonsteroidal
estrogens studied. MOX was found to be the most potent carcinogenic
estrogen in the hamster kidney (Table 1), effecting a 100% tumor
incidence and more numerous individual tumor foci even at shorter
treatment periods (6.0-9.0 months) compared to either DES or 17f-
estradiol (data not shown). Both 16a-hydroxyestrone- and 113-me-
thoxyestradiol-treated hamsters exhibited moderate tumor incidences
and distinctly lower frequencies of renal tumor foci compared to
MOX, DES, or 17B-estradiol. In contrast, in hamsters treated for 9.0
months with either 17a-estradiol, deoxoestrone, 118-methylestradiol,
or indanestrol exhibited no tumors. These evidently noncarcinogenic
estrogens did not induce renal tumors even when the dose was
increased to 40 mg (2 pellets) and implanted every 2.5 months for 9.0
months (data not shown).

Interestingly, hamsters treated for 9.0 months with estrone, equilin
plus d-equilenin, or hydrolyzed Premarin exhibited 100% renal tumor
incidences and abundant tumor foci for the same treatment period
(Table 2).

Renal Tubule Cell Proliferation. Fig. 2 depicts the cell prolifer-
ation of cultured hamster renal proximal tubule cells with several

steroidal estrogens at varying concentrations (0.01-100 nM) under
serum-free chemically defined conditions. Estrone attained a maximal
2.4-fold increase in renal cell proliferation between 0.1 and 10 nM;
4-hydroxyestradiol exhibited a similar maximum proliferative re-
sponse at 10 nM. Additionally, 4-hydroxyestrone exposure resulted in
a maximal 2.1-fold rise in tubule cell proliferation at 1.0 nm. It is
noted that 2-hydroxylated metabolites of 17B-estradiol and estrone
exhibited lower renal cell proliferative activity compared to their
corresponding 4-hydroxylated counterparts (data not shown). Inter-
estingly, renal proximal tubule cell proliferation increased only a
maximal of 1.7-fold after exposure to EE. At 100 nM, all of the above
indicated estrogens exhibited a decline in tubular cell proliferation.

Exposure of the proximal tubule cell cultures to MOX resulted in a
consistently high cell proliferation response over a concentration
range of 0.1-10 nm (Fig. 3A). Moreover, 178-estradiol resulted in a
similar 2.4-fold rise in tubule cell proliferation at 1.0 nM. At 1 nM
concentration, however, exposure of the tubule cells to either 16a-
hydroxyestrone or 11B3-methoxyestradiol elicited a lower 1.4- and
1.3-fold increase in cell proliferative response, respectively. The hy-
drolyzed Premarin exhibited a 2.0-fold increase in tubule cell prolif-
eration with a maximum occurring at 10 nM. On the other hand,
11B-methylestradiol exhibited little ability to effect renal tubule cell
proliferation (Fig. 3A). In contrast, DES exhibited a strong cell
proliferative response, between 1.0 and 10 nM, when exposed simi-
larly to proximal tubule cells in culture (Fig. 3B). Indenestrol B
exposure also showed a strong, 2.2-fold, cell proliferative response at
1.0 nM concentration. However, exposure of hamster renal tubule cells
to weak estrogens, such as 17a-estradiol, indanestrol (Fig. 3A and
3B), and deoxoestrone (data not shown), did not result in significant
renal tubule cell proliferative responses in these cultures.

DISCUSSION

Previous studies from our laboratory (19, 26, 27) have concluded that
a good correlation exists between hormonal activity and carcinogenicity

Table 2 Carcinogenicity of unc d estrogens
No. of animals Combined no.
with tumors of tumor foci
Estrogen” (%) in both kidneys
Estrone 100 153
Equilin + d-Equilenin 100 18+1
Premarin 100 16+2

“ Duration of estrogen treatment was 9.0 months. Each group contained 6—8 animals.
Data, mean + SEM.
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Fig. 2. Effect of various steroidal estrogens (0.1-100 nm) on proliferative outgrowth of
kidney tubule cells grown on PF-HR9 basement membrane in serum-free chemically
defined medium. Hamster cortical explants (~500/flask) were plated in separate 25 cm?
flasks. Twelve days after initiation of the culture after * estrogen exposure, all tubules
were washed and treated with 0.1% EDTA. Both parent explants and monolayer cells
were removed and disaggregated into single cells. The cells were then counted in a
hemocytometer. Points, mean of six counts from three individual flasks; bars,
mean * SEM. The data are expressed as a stimulation index, the ratio of the number of
cells grown in the presence of estrogen versus the number of cells grown in the absence
of estrogen. The steroidal estrogens shown are estrone (V), 4-hydroxyestradiol (@),
4-hydroxyestrone (V), ethinylestradiol (OJ), and 17a-estradiol ().

among estrogens tested in the hamster kidney. However, EE was a
notable exception because it exerted poor carcinogenic activity at this
organ site (10% tumor incidence), and yet is considered to be at least five
times more estrogenic than 17B-estradiol by standard uterus assay (32)
and is also evidently a strong estrogen in the hamster by most of the
estrogenic criteria used herein (19, 27). It is clear, however, from the
present results and those reported elsewhere (33) that various estrogens
can have profoundly different effects in the same target tissue. For
example, compared to other potent estrogens, hamsters treated with EE
exhibited a very different series of morphological changes in the kidney.
After only brief treatment (=1.0 month), consistent unusual hyperplasia
was seen in a subset of proximal tubule cells located deep in the cortex
adjacent to the renal pelvis (33). This unique hyperplasia observed in
EE-treated hamsters was only uncommonly observed in either DES or
17B-estradiol treated animals. This finding may in part help explain the
low carcinogenic activity of EE at this organ site. On the other hand, in
the rat and human, MOX has an estrogenic potency at least five times
greater than EE and about ten times that of 17B-estradiol and its metab-
olites (2- and 4-hydroxylation; Refs. 34, 35) by virtue of its lower affinity
to plasma proteins, slower dissociation from ER, and markedly reduced
metabolism, particularly to catechol intermediates, in both human liver
and hamster kidney (35, 36). As a result of these properties, it was not
surprising that MOX exhibited strong estrogenic activity in the hamster
based on the hormonal end points studied, but is also the most potent
carcinogenic estrogen tested thus far in the hamster kidney.

Although a good association exists between estrogenicity and car-
cinogenicity by using the hormonal end points described herein, the
correlation is apparently limited in some respects. For example, 16a-
hydroxyestrone exhibited appreciable estrogenicity by these end
points and yet yielded only a moderate, 38% tumor incidence. It
should be noted that 16a-hydroxyestrone, unlike in humans, is not
formed from either 17B-estradiol or estrone in the hamster kidney or
liver (12, 37, 38). Moreover, the significant binding of 17a-estradiol
to renal ER in the hamster did not result in substantial elevation in PR

or serum PRL levels in this animal. Previous studies in our laboratory
have demonstrated that 2-hydroxyestrogen (estradiol and estrone)
metabolites were devoid of carcinogenic activity in the hamster kid-
ney (27). In contrast, 4-hydroxyestrogen metabolites, particularly
estradiol, exhibited significant carcinogenic activity at this organ site.
In regard to PR induction in the hamster kidney, 2-hydroxyestradiol
was shown to be a poor inducer when compared to 4-hydroxyestradiol
(data not shown). This observation is consistent with the relatively
stronger estrogenic activity reported for 4-hydroxyestradiol in other
target tissues when compared to 2-hydroxyestradiol (39, 40).

The relative abilities of estrone, 4-hydroxyestradiol, 4-hydroxy-
estrone, and EE to elicit tubule cell proliferation essentially coincides
with the abilities of these estrogens to induce renal tumors in the
hamster (27). Similarly, the ability of DES and indenestrol B to effect
tubule cell proliferative responses also correlates well with the ability
of these nonsteroidal estrogens to induce kidney tumors. It should be
noted that the relative estrogenicity of these stilbene estrogens re-
ported herein is similar to those reported elsewhere using uterotropic
activity studies in the mouse (41).

Although determination of hormonal activity described in these
studies is a useful marker of estrogenicity, and the relative amounts of
catechol estrogen metabolites generated by various estrogens on the
hamster kidney have been assessed (42, 43), neither of these param-
eters has adequately predicted the carcinogenic potential of a given
estrogen. A more accurate indicator of carcinogenicity for an estrogen
in the hamster kidney is the ability of the hormonal agent to enhance
cell proliferation in the proximal tubule cells. For example, neither
16a-hydroxyestrone nor 118-methoxyestradiol (data not shown) elic-
ited strong proliferative responses in these cells, consistent with their
observed lower carcinogenic activity. Although exposure of these
renal tubule cells to highly potent carcinogenic estrogens (MOX,
estrone, 17B-estradiol, DES, and indenestrol B) in the hamster kidney
resulted in significant renal tubule cell proliferative responses, estro-
gens that were either poorly carcinogenic or exhibited no tumor
development showed markedly less renal cell proliferation activity
(118-methylestradiol, indanestrol, deoxoestrone, and 17a-estradiol).
In contrast to our finding that 2-methylestradiol is devoid of carcino-
genic activity in the hamster kidney, it has been reported by others that
this estrogen induced renal tumors in 2 of 10 hamsters after 7.0
months of treatment, but no renal neoplasms in 0 of 10 hamsters after
8 months of treatment (42). Because estrone comprised >40% of
hydrolyzed Premarin, it was not surprising that this preparation was
highly carcinogenic in the hamster renal tumor model and also sig-
nificantly affected renal tubule cell proliferation. It should be noted
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Fig. 3. Effect of different steroidal estrogens (A) and nonsteroidal stilbene estrogens
(B) at varying concentrations (0.01-100 nm) on proliferative outgrowth of kidney tubule
cells grown on PF-HR9 basement membrane in serum-free chemically defined medium.
All culture conditions are the same as described in Fig. 2. A, stimulation by steroidal
estrogens 17B-estradiol (@), MOX (V), hydrolyzed Premarin (V), 16a-hydroxyestrone
(@), and 11B8-methylestradiol (M). B, stimulation by nonsteroidal stilbene estrogens DES
(O), indenestrol B (@), and indanestrol (V).
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that in human and animal studies, it is the unconjugated or “free” form
of Premarin that is the hormonally active form because the conjugated
form has been found to be hydrolyzed by target-tissue sulfatases
(44, 45).

Therefore, it is possible that the disparity observed among some

estrogens in the hamster kidney, as it concerns hormonal activity and
the response to estrogen-dependent cell proliferation, may be due to
the fact that elevation of serum PRL and renal PR (46) requires the
expression of only a few genes, which may be more readily expressed
by virtually all estrogens to varying degrees. However, cell prolifer-
ation elicited by most potent estrogens likely requires the expression
of about 24 genes in a highly coordinated and concerted process (47,
48) which may not necessarily be elicited by all estrogens in a given
tissue. The data presented in this study are consistent with recent
evidence implicating estrogen-mediated cell proliferation as an early
critical event in a multistage process of estrogen carcinogenesis in the
hamster kidney (11, 12).
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