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Abstract

To study the significance of the increased ratio of the estrogen/androgen concentration for the male reproductive functions, we have
generated transgenic mice expressing human P450 aromatase under a promoter providing ubiquitous and permanent transgene ex
pression (AROM- mice). AROM+ male mice are characterized by elevated serum estradiol and prolactin (Prl) concentrations, com-
bined with markedly reduced testosterone levels. The mice are present with a multitude of structural and functional alterations in
the reproductive organs such as cryptorchidism, Leydig cell hyperplasia, disrupted spermatogenesis and infertility. Furthermore, the
mice develop infravesical obstruction associated with the rhabdosphincter atrophy and rudimentary accessory sex glands. Interestingly,
the mammary gland in AROM males undergo a ductal and alveolar development morphologically resembling terminally differen-
tiated female mammary glands, and express several signaling proteins typical for female mammary glands. Some of the abnormal-
ities seen in AROM- mice are similar to those described in both mice and humans exposed to diethylstilbestrol (DES) in utero.
The importance of the AROM model may lie in its predictability, i.e. the model suggests which abnormalities of the human re-
productive functions may be associated with the increased ratio of estrogen/androgen concentrations in early life and at adult age
as well.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction levels of free estradiol (E2) during first semester compared
with mothers whose offspring had normally descended testes
Estrogenic stimulation has been shown to be involved in [3]. Moreover, recent findings on an increased level of estra-
several clinical manifestations in both females and males. diol in the human placenta of cryptorchid newborn support
Both human and rodent studies indicate that prenatal or earlythis concepf4,5]. On the other hand, men who are infertile
postnatal exposure to exogenous estrogens induces persigvith relative high estrogen concentration in serum have been
tent changes in the structure and function of reproductive successfully treated with an aromatase inhib@r Animal
organs. The term developmental estrogenization syndromestudies support the correlation found in humans. Estroge-
has been suggested to refer to the common phenotypic feahization of male rodents with DES during the early devel-
tures seen in diethylstilbestrol (DES) exposed offspring of opmental stages initiate structural and functional changes
both animals and humaifi]. Especially, cryptorchidism in ~ observable in adult animals, these include atrophic and
humans has been associated with estrogen concentrations iamall testes, epididymal cysts, and abnormalities in the rete
pregnancy. A higher risk of undescended testis, smaller testistestis[7—9]. Results also suggest that estrogens might have a
size and lower sperm count have been reported in men expo-<entral role in the mechanisms leading to other male repro-
sured to DES in utero than in their unexposed counter partsductive tract malformations such as enlarged prostatic utri-
[2]. In addition, mothers of cryptorchid children had higher cle, and diseases such as testic{l&] and prostatic tumors
[11].

To further study the consequences of long-term excessive
mted at the VI International Aromatase Conference estrogen e?(posure on males, we have rece.ntly generated
AROMATASE 2002, Kyoto, Japan, 26-30 October 2002. a transgenic mouse model (ARGM expressing human

* Corresponding author. Fax:358-2-2502610. P450 aromatase under the human ubiquitin C promoter
E-mail address: matti.poutanen@utu.fi (M. Poutanen). (Fig. 1). P450 aromatase (P450arom) enzyme is the product
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Fig. 1. Transgene construct used for overexpressing P450aromatase in transgenic mice. The transgene consists of human ubiquitin C protimoter (Ubiqui
C), human P450arom cDNA (AROM-cDNA), and poly-A signal region of the bovine growth hormone (BGH pA).

of the cypl9 gene[12]. The enzyme catalyzes aromati- 2. AROM+ mice

zation of the A-ring of androgens such as testosterone

(T) and androstenedione, resulting in the formation of a 2.1. Generation of AROM+ mice, and their reproductive

phenolic A-ring characteristic of estrogens, E2 and estrone, characteristics

respectively{13,14] Together with 1B-hydoxysteroid de-

hydrogenase type 1 (BHSD type 1), P450arom catalyzes The AROM4+ mice were generated in FVB/N genetic

the final steps in ovarian E2 biosynthesis, but these en-background15]. Three of the founders (two females and

zymes are also expressed in female and male extragonadabne male) were infertile as judged by their inability to pro-

tissues, suggesting a role for these enzymes in the local,duce offspring over a 4-month period. This suggests that

intracrine, estrogen production. However, extragonadal tis- a high overexpression of P450arom may disrupt the repro-

sues lack the capacity to synthesize androgenic precursorsductive function both in males and females. The phenotypic

and estrogen production is dependent on the gonads forcharacteristics of the two AROM mouse lines generated

the supply of these precursors. In the AR®Nhice a were identical, and hence, most of the currently available

multitude of structural and functional alterationgable 1) data arise from using the mouse line 21. The ubiquitin C

were found in several male organ systef§]. Several promoter used in the generation of the AR@Nhodel typ-

of the abnormalities in the urogenital organs are similar ically give low level of expression in multiple tissues, and is

to those described in the developmental estrogenizationprenatally activatefll6,17] Accordingly, our RT-PCR anal-

syndrome. ysis demonstrated low level of transgene expression both

in gonadal and extra-gonadal tissues of the ARDMale
mice[15]. Continuous mating was carried out to analyze the

Table 1 fertility of the AROM+ females and males up to 6 months

Reproductive phenotypes in AROMmale mice of age. All the AROM+ males of the I generation, and

thereafter, failed to have offspring. In contrast to males, the
AROM+ females were not found to have obvious defects

Decreased level of testosterone . . . .

Increased level of estradiol in their reproductive functions. They go through pregnancy,

Increased prolactin deliver pups, and nurse the offspring normally.

Increased corticosterone

Hormonal levels

Urogenital tract 2.2. Hormonal levels

Infertility at all ages

Cryptorchidism In our first set of experiments, the hormone levels of
Reduced testis size AROM+ male mice were analyzed at the age of 4 months
Leydig cell hyperplasia and hypertrophy [15]. Serum E2 concentrations were elevated while T con-

Abnormal seminiferous tubules with spermatonic arrest . .
Reduced size or rudimentary prostate centrations were markedly reduced in serum. Serum proges-

Rudimentary seminal vesicles terone concentrations in the AROGMmale mice were also
Mammery gland slightly ele\_/ated, but the differ_ence bfatvygen ARO®Nnice
Ductal elongation, branching and differentiation and WT mice was not statistically significafits]. Serum
Expression of3-casein FSH concentrations were found to be reduced at the age
Expression of estrogen recepterand of 4 months[15], supporting the hypothesis that estrogens
Expression of phosphorylated Stat5 suppress FSH secretion in malgs$]. No significant dif-
Adrenals ferences in the average LH concentrations were seen be-
Enlarged adrenal gland size tween AROM+ and WT male mice. However, the tendency
Adrenal cortical hyperplasia towards a lower LH concentration was frequently seen in
Pituitary AROM+ mice. FSH is more sensitive than LH as regards the
Enlarged pituitary size suppressive effect of E2 also in mii9]. The AROM+ mice

Increased number of lactotrophs

could, thus, provide an interesting tool for further studies
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of the role of estrogens in the regulation of LH and FSH developing germ cellsFig. 2C and & Furthermore, cells
secretion. with intensively stained bilobulated nuclei and eosinophilic
As compared with gonadotropins, a more marked effect cytoplasm, morphologically resembling eosinophilic leuko-
was seen in serum prolactin (Prl) concentrations, which cytes, were present in seminiferous tubules at the age of 4
were increased over 40-fold at the age of 4 months. The months.
number and density of Prl-producing cells were strikingly =~ The testicular interstitium was enlarged and filled with
increased in AROM- males, while the positive cells were two populations of cells, namely hypertrophic Leydig cells
distributed throughout the anterior pituitafd5]. The high and large multinucleated cel[$5]. The Leydig cell origin
Prl concentrations found in the AROMmales are in line  of the hyperplasia was supported by immunostaining the tes-
with previous observations showing that increased estrogenticular sections with an antibody againg-Bydroxysteroid
exposure, both during the neonatal period and at adult agedehydrogenase type Fig. 3 at the age of 4 months. The
may cause hyperprolactinemia in male 28,21] Interest- 3B-hydroxysteroid dehydrogenase positive cells displayed
ingly, female mice overexpressing h@Gubunit under the  a swollen cytoplasm, and were larger in size than those
ubiquitin C promoter show elevated E2 levels at the age of of the WT males. The phenotypes present in the mice
1-2 months, and also develop lactotroph adendithids in- with increased E2/T ratio suggest that excessive estrogen
dicating a connection between increased estrogen productiorexposure, directly or indirectly, disrupt Leydig cell func-
and the development of lactotroph adenomas in both sexestion and can cause hyperplasia, hypertrophy and Leydig
cell adenomas. In addition, estrogens are known to inhibit

2.3. Testis phenotype Leydig cell development and function, resulting in sup-
pression of androgen producti¢h5,22,23] Apparently, a
The testes in the newborn AROMmice are histologi-  delicate balance between E2 and T is essential, as also the

cally indistinguishable from the WT testdsig. 2). However, P450arom-deficient ArKO mice develop Leydig cell hy-
at adult age all the AROM males were cryptorchid, with  perplasia and hypertroptg4]. Consistent with the studies
the testes located in the abdominal cavity at the inlet of the on gene modified mouse models, both prenatal exposure to
inguinal canal. Histological evaluation suggested that germ DES and chronic exposure to DES at adulthood have been
cell development was arrested at the stage of pachytene irshown to induce Leydig cell tumors in mi¢25,26] It is

the AROM4 mice at the age of 4 montH45]. At the age likely that cryptorchidism alone does not lead to hyper-
of 15 months, most of the seminiferous tubules lacked the plastic Leydig cells, as similar phenotype was not seen in

Fig. 2. Testis histology in wild type (WT) mice and in AROMmice. At the late fetal life (E17.5), no obvious differences could be detected in the
testicular histology between the WT (A) and ARGMnice (B). At the age of 4 months, Leydig cell hyperplasia and disrupted spermatogenesis is
detected in AROM- mice (D), as compared with the WT mouse testis (C). (E) ARPMice testis at 15 months of age shows present of giant cells
(G), and no germ cells were present in the seminiferous tubules (S). Leydig cell (L).
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Fig. 3. Immunhistochemical staining foB3HSD type | in the testis. (A) Wild type mouse, and (B) AR@Mnouse at the age of 4 months. The staining
shows a markedly increased number of the Leydig cell in AROMice. S, seminiferous tubule. LCH, Leydig cell hyperplasia. G, giant cell.

cryptorchid InslI3 knockout mice lacking the gubernaculum are consistent with earlier observations on the effects of
developmen{27,28] Hence, the structural and functional long-term exposure to high estrogen levels.

changes in the Leydig cells of AROMmales are suggested Somewhat surprisingly, AROM mice do not develop

to be related with the increased E2 levels both prenatally prostatic tumors or hyperplasia, even though they have per-
and at adulthood. However, as the number of Leydig cells manently elevated levels of estrogens and Prl. It is well es-
in experimentally cryptorchid testes is typically increased tablished that perinatal exposure to estrogens, or long-term
and T production suppressg#9], it is possible that the  exposure to estrogens and androgens in adulthood, results
impaired Leydig cell function is partly associated with the in the development of prostatic neoplasia in the rodents
E2-induced cryptorchidism rather than to a direct effect of ([32], for review). Furthermore, hyperprolactinemia causes
E2 on Leydig cells. P450arom is endogenously expressedpronounced prostatic enlargement in mf88&] and Prl in-

in the testis at low level§30], but the role of P450arom as duces epithelial hyperplasia in rat prostg8é]. At present,

a local autocrine/paracrine modulator of spermatogenesisthere is no clear explanation for the lack of prostatic neopla-
remains to be characterized further. Disruption of sper- sia in AROM4+ mice. It is likely that insufficient androgen
matogenesis in AROM mice could well be a consequence action (AROM+ mice are hypoandrogenemic) is associ-
of multiple factors, including cryptorchidism, abnormal ated with the prostate phenotype, but further studies are
Leydig cell function, hypoandrogenemia or hyperestrogen- needed to clarify if androgen replacement can induce nor-
emia, and also at least partially caused by suppressed FSHnal prostatic growth or development of prostatic tumors in
action. AROM+ mice.

2.4. Other male genital organs 2.5. Uretral dysfunction in AROM+ mice

As expected, the weights of the epididymides, seminal Compared with WT mice, AROM mice showed higher
vesicles, and prostatic lobes were significantly reduced in maximal bladder pressure and decreased maximal urinary
AROM+ mice. Histological examination further revealed flow rate Fig. 4), consistent with the presence of the in-
undifferentiated stratified epithelium and uncanalized bud- fravesical obstruction[35]. The infravesical obstruction
like formations surrounded by dense fibromuscular stroma was associated with the rhabdosphincter atrophy and with
[15]. This is well in line with previous studies showing the reduced size of the prostatic lolf88]. These changes
that perinatal exposure to estrogens results in permanentesemble closely those observed in neonatally estrogenized
suppression of prostate growth in rodenf81{, for re- male ratg36,37], which develop non-traumatic infravesical
view). The low androgen level in adult AROMis, of obstruction. The findings in AROM model suggest that el-
course, likely to contribute to the small size of the androgen evated endogenous estrogens (or androgen deficiency) may
dependent accessory sex glands. Furthermore, in the procause functional rhabdosphincter disorder. The treatment
static collecting ducts, squamous epithelial metaplasia wasof adult AROM+ mice with aromatase inhibitor (finrozole,
present in all analyzed AROM males, although the extent Hormos Medical Corp., Finland) for 6 weeks significantly
varied from animal to animal. In some AROMmales a increased the maximal flow rate in AROMmice, while
prominent prostatic utricle with keratinized stratified squa- the bladder pressure slightly decreased. Furthermore, the
mous epithelium was observed. In addition, pronounced relative thickness of the proximal rhabdosphincter was re-
expansion of the lamina propria of the vas deferens was stored after the finrozole treatment in ARGMnice [38].
frequently seen bi- or unilateral[t5]. All of these findings This indicates that developmentally induced urodynamic
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Fig. 4. Simultaneous recording of the bladder pressure (a) and flow rate
(b) during typical micturination contraction of an adult wild-type male
mice (A) and AROM+ males (B).

alterations in AROM- male mice are reversible in the

473

ing levels of E2 and Prl in the etiology of adrenocortical
hyperplasia in these mouse models.

2.7. Mammary gland phenotype

Interestingly, the AROM- male mice develop gyneco-
mastia[42], and their mammary glands undergo ductal and
alveolar development morphologically resembling those of
females Fig. 4). Mammary gland ducts were seen prepu-
bertally as early as day 20 after birth, and at 40 days of age
ducts were well organized, and the ductal tree resembled
that of a normal age-matched virgin female mice. At the
age of 4 months, the ducts had completed their elongation
and the ductal tree filled the mammary fat pad, similarly to
that in age-matched virgin WT female mice. Histological
sections indicated that ducts had a single layer of epithelial
cells surrounded by stromal cells. At the age of 6 months,
increased tertiary side-branching and lobulo-alveolar de-
velopment could be detected, and the glands structurally
resembled mammary glands of WT female mice on the
second week of pregnancy. At the age of 9 months, the
AROM+ male mammary glands had differentiated further
and resembled terminally differentiated female glapiy
typically present in late pregnancy (day 16.5 of gestation,
Fig. 5.

As analyzed at the age of 4 months, stainable material was
frequently seen in the lumen of the ducts. The data, further-
more, revealed thgs-casein mMRNA was expressed in the

adulthood. DES exposed men have been reported to eX-mammary gland of AROM males. Immunohistochemical

perience problems in passing urine, but no urodynamic

analysis at the age of 4 months showed the positive stain-

studies have been conducted to elucidate the pathogenesifg for estrogen receptar-(ER) in the epithelial cells of

of the possible voiding problemg9]. Furthermore, the

both ducts and alveoli. A similar cellular distribution was

significance of the decrease in T and the possible increaseppserved for ER, and progesterone receptor (PR), which

in E2 concentrations with age is open for the development
of obstructive voiding. It also remains to be demonstrated
if aging men with bladder outlet obstruction would benefit

from aromatase inhibitor treatmeit0].

2.6. Adrenal phenotype

In addition to the disrupted urogenital organs, the
structure and function of adrenals was also affected in
AROM+ mice. The weights of the adrenals were signif-
icantly greater than those of control mice at the age of 4

were also frequently detected in the alveolar and ductal ep-
ithelial cells. We have further shown the phosphorylation of
Stat5 proteins in AROM mammary glands at the age of
4 months, indicating that these Prl signal transducers were
activated upon stimulation with Prl. Intense positive stain-
ing was found in the nuclei of epithelial cells, especially in
the alveoli, similar to that found in the mammary glands of
pregnant WT female micft2]. This suggests that, like in
females, Stat 5 proteins are involved in the establishment
of the differentiated mammary gland in the ARGMnales
with gynecomastia like phenotyp43,44] Estrogens are ap-

months, and an increased corticosterone production was deparently not required for normal prenatal mammary gland
tected[15]. Furthermore, histological examination showed development. In contrast, T produced by the developing go-
adrenocortical hyperplasia, with markedly expanded in- nads of the male fetus is known to cause a condensation of
nermost cortical layer. Morphologically and functionally, mesenchyme around the heel of the gland, and hence, the
these alterations resemble the adrenal phenotype recentlymammary gland in the male starts to regress on gestational
observed in female bLBICTP mice overexpressing a LH d13 in mice[45]. Excessive estrogen production, starting
analog. Similar to male AROM mice, female bLi3-CTP prenatally in AROM+ males, could, thus, interfere with the
mice had high serum corticosterone concentrations asso-normal T action required for regression. In the absence of
ciated with hyperplastic adrenal cortgkl]. Interestingly, T-induced regression, the mammary gland is known to main-
also in these mice the adrenal cortex hyperplasia is asso-ain its full competence for the development in male mice.
ciated with elevated serum E2, T and Prl concentrations. Our results are consistent with the idea that estrogens play
Hence, we are currently studying the role high circulat- a major role in promoting elongation of the mammary ducts
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Fig. 5. Mammary gland structure in AROMmice: (A) The mammary fat pad of the WT male mice is devoid of ductal structures. (B) At the age of

20 days, few rudimentary ducts are present proximal to the lymph node. (C) Prominent terminal end buds (TEBs) are visible at the age of 40 days
(arrow). (D) At the age of 4 months, the ducts have reached the border of the fat pad. At this stage the TEBs have disappeared. (F) At the age of 9
months, extensive lobuloalveolar development occurs that resembles the structures present in female mammary gland at late gestation., Alighis stage
mammary fat pad is completely filled with the secretory lobuloalveolar structures. Arrows indicate the presence of alveolar structures.

[46]. Together with progesterone, estrogens are also required E2 could also have a permissive role for the action of
for the development of tertiary ducts, and for the mainte- progesterond49,50] in the AROM4+ mammary gland. In
nance of ducts and lobulo-alveolar structures in fendlés mammary glands of the PR-deficient mice, the ductal struc-
Interestingly, the mammary phenotype of the AR®Mhale ture has less extensive side branching and acinar develop-
mice was partially reversible. A 6 week treatment with fin- ment, and lacks interductal lobuloacinar structgels52].

rozole, a novel and specific inhibitor of aromatizatid@] Progesterone concentrations of the AR®Ivhale mice
suppressed the formation of the alveolar structures and thewere not significantly elevated when compared with the WT
ducts lacked the majority of the tertiary side branciey. male mice, and were lower than in females, but obviously

This further substantiates the primarily role of estrogens in sufficient for an efficient activation of the PR mediated sig-
the development and maintenance of the mammary gland innaling systems in the AROM mammary gland42]. The
AROM+ male mice. presence of certain markers, such as the expression of Npt2b
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and B-casein suggested a differentiation towards the alve- [7] J.A. McLachlan, R.R. Newbold, B. Bullock, Reproductive tract

olar epithelium. The hormonal causes of gynecomastia are lesions in male mice exposed prenatally to diethylstilbestrol, Science

still poorly understood. Especially, the possible direct and 190 (1975) 991-992. _

antagonistic actions of androgens on estrogen action or the (8] fj'_A' McLachlan, Rodent models for perinatal exposure to
. . . iethylstilbestrol and their relation to human disease in the male,

androgen-independent action of estrogens remains to be ex- ;. AL Herbst, HA. Bern (Eds.), Developmental Effects of

plored. AROM+ male mice provide an animal model with a Diethylstilbestrol (DES) in Pregnancy, Thieme Stratton Inc., New

condition resembling gynecomastia which could be used for York, 1988, pp. 148-157.

better understanding the cellular and molecular mechanisms [©] IR-F;- Newbold, B.C. B(;J”OCkv fﬁ ':"C(Lj?i*r‘]'ﬁ”{,ltesionls gf the ";te

H H . estis In mice expose renata 0 die! stilpestrol, Cancer Res.

involved in the development of gynecomastia, as well as for = (1985) 5145_2150_ P y Y

implementation of preclinical studies on treatments affect-

. . [10] R.H. Depue, M.C. Pike, B.E. Henderson, Estrogen exposure during
ing the androgen-estrogen balance, such as aromatase in-  gestation and risk of testicular cancer, J. Natl. Cancer Inst. 71 (1983)

hibitors, antiestrogens or non-aromatizable androdf@Bls 951-1155.
Even though the signaling pathways for estrogens, pro- [11] L. Pylkkanen, R. Santti, R. Newbold, J.A. McLachlan, Regional
gestins and Prl are present in the AR@Nhale mammary differences in the prostate of the neonatally estrogenized mouse,

. . . . Prostate 18 (1991) 117-129.
gland, no sign of carcinogenesis was detected during the[12] G.D. Means, M.S. Mahendroo, C.J. Corbin. J.M. Mathis, FE.

9-month long f9||OVY'uP per'Od'.Th'S is interesting as the fe- Powell, C.R. Mendelson, E.R. Simpson, Structural analysis of the

male transgenic mice expressing Prl do develop mammary  gene encoding human aromatase cytochrome P-450, the enzyme
tumors. For some reason the proliferative pressure of the responsible for estrogen biosynthesis, J. Biol. Chem. 264 (1989)

altered hormonal environment in AROMmales was not 19385-19391. o

sufficient for the initiation of the immortalization of the ep- [13] E.A. Thompson Jr., P.K. Siiteri, The involvement of human placental

. . . microsomal cytochrome P-450 in aromatization, J. Biol. Chem. 249
ithelial cells in AROM+ male mammary gland. (1974) 5373-5378.

[14] C.R. Mendelson, E.E. Wright, C.T. Evans, J.C. Porter, E.R.
Simpson, Preparation and characterization of polyclonal and

3. Conclusions monoclonal antibodies against human aromatase cytochrome P-450
(P-450AROM), and their use in its purification, Arch. Biochem.
The AROM+ male mice show complex hormonal dis- Biophys. 243 (1985) 480-491.

turbances with structural and functional abnormalities in [1°] X- Li. E. Nokkala, W. Yan, T. Streng, N. Saarinen, A. Warri, |.
Huhtaniemi, R. Santti, S. Makela, M. Poutanen, Altered structure

multiple organ systems. Several of the abnormalities re- and function of reproductive organs in transgenic male mice
semble those described in mice exposed to €x0genous  overexpressing human aromatase, Endocrinology 142 (2001) 2435—
estrogens during perinatal life. AROMmale mice provide 2442,

a novel tool for investigating the significance of increased [16] P. Koskimies, M. Suvanto, E. Nokkala, I.T. Huhtaniemi, A.
ratio of the estrogen/androgen concentrations in the males, ~ McLuskey, A.P.N. Themmen, M. Poutanen, Female mice carrying

and especially to study the mechanisms of Levdig cell a ubiquitin promoter-InsI3 transgene have descended ovaries and
P y y ydig inguinal hernias but normal fertility, Mol. Cell Endocrinol., in press.

hyperplasia, infertility, lower urinary tract dysfunction or 17} s B. Rulli, A. Kuorelahti, O. Karaer, L.J. Pelliniemi, M. Poutanen,

gynecomastia. Crossing of AROMmice with knockout I. Huhtaniemi, Reproductive disturbances, pituitary lactotrope
mice deficient in the signaling systems for various hor- adenomas, and mammary gland tumors in transgenic female
mones (e.g. ER-knockout mice) would be essential to future ~ Mice producing high levels of human chorionic gonadotropin,

elucidate the mechanisms involved in the estrogen related__ Endoctinology 143 (2002) 4084-4095.

. . - . [18] J.S. Finkelstein, L.S. O'Dea, R.W. Whitcomb, W.F. Crowley
dysfunctions identified in AROM- males. Jr., Sex steroid control of gonadotropin secretion in the human

male. Part Il. Effects of estradiol administration in normal and
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