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Abstract

It is now apparent that in men and in postmenopausal women, estrogens have important physiological
and pathophysiological roles. However, importantly, these actions are at a ocal level, namely
paracrine, autocrine, and even ‘intracrine’ rather than endocrine in the classical sense. Thus for
example local estrogen biosynthesis in the bones of men plays a hitherto unsuspected role in the
maintenance of bone mineralization and in epiphyseal fusion; and in the testes, estrogen is essential
for male germ cell development. On the other hand, in postmenopausal women, the mesenchymal
cells of the breast are the major source of estrogen responsible for breast cancer development. This
realization points to the importance of circulating C,g9 precursors in the maintenance of adequate
estrogen biosynthesis in extragonadal sites and suggests the possiblility of new therapies to block
estrogen synthesis in a tissue-specific fashion.
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Introduction such as THP-1 (Shozet al 1997, Shozu & Simpson

. 1998). We and others have observed that these cells
In recent years, our understanding of the role of estrogens, pipit high expression of aromatase activity which is

in both females and males has expanded greatly. FOLqyjated primarily by class | cytokines, interleullif-
example, considerable emphasis has been focused on td'pg_ 1B) and TNF. These observations, together with the
regulation of extragonadal estrogen biosynthesis, i§pservation of a marked bone phenotype in men with
particular that which occurs in adipose tissue and bongy, iations of either the estrogen recepf&R) (a) or
and its importance in the well-being of the elderly 5o matase (Smitet al 1994, Caranét al 1997), have led
(Simpsonet al 1997). The regulation of aromatase , he conclusion that local estrogen production in bone
expression in normal adipose tissue from various bodyeis plays an important role in the maintenance of bone
sites including the breast has been examined as a functigiinerajization and the prevention of osteoporosis in men
of age (Bulun & Simpson 1994), and significant change$,nq jn women. In an extension of these concepts, we have
in the regulation of the expression which occurs in adiposgyyanced the hypothesis, also enunciated by Labrie and
tissue proximal to a breast tumor (Agarvealal 1996) colleagues (19%), that in postmenopausal women, and
have been documented. This has led to the conclusion that.; i men, extragonadal estrogen biosynthesis in a
tumorous epithelium of the breast, and/or macrophag&smper of sites, including adipose tissue, bone, various
recruited to the tumor site, produce factors Such a§jieg of the brain, vascular endothelial and smooth muscle
prostaglandin (PGB, tumor necrosis factar (TNFQ)  ¢qis plays an important but hitherto largely unrecognized
and class | cytokines, which regulate aromataseysjologic and pathophysiologic role in a paracrine,
expression in the surrounding mesenchymal cells of thﬁutocrine and indeed, intracrine, fashion (Simpson &
adipose tissue and of the tumor itself (Za@l 1995,  pgyis 1998). The long-term health consequences of
1996a,b, Fig. 1). estrogen decline after the menopause include bone loss,
Since bone is a favourite site for breast canceurogenital aging, increased cardiovascular disease, and
metastasis, attention has also focused on aromatapeobably cognitive impairment culminating in dementia.
expression in osteosarcoma cell lines, in primary culture$he incidence and pattern of occurrence of all of these
of human fetal osteoblasts, as well as osteoclastic cell linelisease processes differ significantly between men and
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Figure 1 Proposed regulation of aromatase gene expression in breast adipose tissue from cancer-free individuals and from those
with breast cancer. In the former case, expression is stimulated primarily by class | cytokines or TNFa produced locally, in the
presence of systemic glucocorticoids. As a consequence, promoter |.4-specific transcripts of aromatase predominate. In the latter
case, PGE, produced by the tumorous epithelium, tumor derived fibroblasts, and/or macrophages recruited to the tumor site is
the major factor stimulating aromatase expression, as evidenced by the predominance of promoter Il and 1.3-specific transcripts
of aromatase.

DEX, dexamethasone; OSM, oncostatin M; LIF, leukemia inhibitory factor.

women, and cannot be explained by gender differences imther sites of estrogen biosynthesis are present throughout
circulating estrogen levels alone. For example, men haviéhe body and these become the major sources of estrogen
plasma estradiol levels in the postmenopausal rangeeyond menopause. These sites include the mesenchymal
throughout their adult years, but rarely develop osteoeells of the adipose tissue and skin (reviewed in Simpson
porosis until very late in life. Hence, our understanding okt al 1997), osteoblasts (Brueh al 1992) and perhaps
the peripheral metabolism of precursor steroids in thésteoclasts (Jacad al 1995) in bone, possibly vascular
main estrogen target tissues appears fundamental to ascefidothelial (Bayarét al 1995) and aortic smooth muscle
taining the mechanisms underlying the development ogells (Murakamiet al. 1998) as well as a number of sites
diseases associated with the decline in circulating estrogéf the brain including the medial preoptic/anterior
levels after menopause. hypothalamus, the medial basal hypothalamus and the
Of equal significance is the realization derived fromamygdala (Naftoliret al 1975). These extragonadal sites
studies of ERx-knock-out (ERKO) (Lubahet al. 1993) of estrogen biosynthesis possess several fundamental
and aromatase knock-out (ArKO) mice (Fishetral  features which differ from those of the ovaries.
1998), of the role of locally-produced estrogen in thePrincipally, these sites are dependent on circulating
regulation of male reproduction and in particular its roleprecursor Gg steroids for estrogen biosynthesis. Although
in spermatogenesis. This new understanding of the role dfiese extragonadal tissues have the capacity to conpert C
estrogens in the male blurs our definition of male versusteroids to Gg steroids, unlike the ovaries they lack the
female hormones, since, at least at the local level, botability to synthesize {5 precursors. Hence, estrogen
androgens and estrogens have important roles to play production in adipose, bone and brain is totally dependent
both sexes. on the availability of circulating {3 precursors. Another
important feature is that the estrogen synthesized within
these compartments, particularly bone, breast and brain, is
probably only biologically active at a local tissue level in
While the ovaries are the principal source of systemi@ paracrine or ‘intracrine’ fashion (Labrét al. 1997).
estrogen in the premenopausal non-pregnant womaithus, the total amount of estrogen synthesized by these

Sites of estrogen biosynthesis
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extragonadal sites may be small, but the local tissusites, a concept also advanced by Labtial. (1998). In
concentrations achieved are probably quite high, and exgpbstmenopausal women the principal source;gb@roid
significant biologic influence locally. production is the adrenal cortex, which elaborates andro-

After menopause, the mesenchymal cells of thestenedione, dehydroepiandrostenone (DHEA) and DHEA
adipose tissue become the main source of estrogen (Siit&fillfate (DHEAS). However, the secretion of these steroids
& MacDonald 1973, Simpsoet al 1997). Therefore, in and their plasma concentrations decrease markedly with
the post-reproductive years, the degree of a womangdvancing age (Labriet al 199'b). Moreover, DHEA
estrogenization is mainly determined by the extent of hefust first be converted to androstenedione prior to
adiposity. This is of clinical importance, since corpulentaromatization. Another major step is the reduction of the
women are relatively protected against osteoporosi7-keto group to I1Fhydroxyl, catalyzed by I¥
(Melton 1997) and the incidence of Alzheimer's disease i§lydroxysteroid dehydrogenase (HSD) type |, which is
lower in more corpulent postmenopausal women than igssential for formation of the active estrogen, estradiol.
their slimmer counterparts (V Henderson, personalfhe distribution of this enzyme in the various
communication). On the down-side, obesity is positivelyextragonadal sites of aromatization has not yet been fully

correlated with the risk of breast cancer (Huahgl  established, although it is expressed in tumorous breast
1997). epithelium (Sasanet al. 1996) and in bone (Sasaabal

1997). It should be noted in this context that there is a

In the case of males, the Leydig cells (Tsai-Moetis ;
tecent report that BFHSD type Ill, which onverts

al. 1985) and other cells of the testes, including germ cell i ; i
in various stages of differentiation (Nit&t al 1993) androstenedione to testosterone, is present in visceral fat

produce estrogen which, as mentioned previously, has dfrorbouldet al. 1998), together with 17-HSD type II.

important role in spermatogenesis. Nevertheless, it has Interestingly, in the male circulation, the levels of
been estimated that at best the testes can account for 1%éstosterone are at least one order of magnitude greater
of circulating estrogens (Hemsell al. 1974) and hence, than those circulating in the plasma of postmenopausal
in the male, local production of estrogens, bothwomen (10-30 vs 0.5 nmol/l), while the levels of
intratesticular and extragonadal, is of physiologicandrostenedione are rather similar (~2.5 nmol/l). Since the
significance throughout adult life. For example, estrogenevels of circulating testosterone in the male are similar to
production in bone appears to be vital for the maintenande K,,, of aromatase (20-30 nmol/l), it is likely that
of bone mineralization and prevention of osteoporosiscirculating testosterone can be converted efficiently in
This is supported by studies of men, either with a mutatioextragonadal sites to give rise to local concentrations of
of the gene encoding the aromatase enzyme (Moristtima estradiol sufficient to transactivate both ERs10dp) (Kp

al. 1995, Caranket al. 1997) or a mutation of the ER ~1 nmol/l). Moreover, although testosterone levels in the
(Smith et al 1994). These individuals exhibit failure of plasma of men decrease with advancing years, this
epiphysial fusion, osteopenia and delayed bone ageéecrease is small compared with the decrease in the
Recently, we have observed that male ArKO mice alsairculating levels of adrenal,g steroids. Consequently,
exhibit alterations in bone histomorphometry characcompared with women, males maintain a high circulating
teristic of undermineralization (Oet al 1998). In a level of the active precursor testosterone throughout life,
similar fashion, it is reasonable to speculate that estrogemhich is available for conversion to the active estrogen,
production in one or more brain sites has an influence oestradiol, in extragonadal sites. Not only is the level of
sexual behaviour and, as suggested by recent obsamirculating testosterone in men much greater than that in
vational epidemiologic studies, may have a role in thevomen, butit is also two orders of magnitude greater than
maintenance of cognitive function and the prevention othe mean levels of circulating estradiol in postmenopausal
Alzheimer’s disease (reviewed in Yafé&t al 1998). In  women (less than 130 pmol/l) and in men (~25-130 pmol/
this context it is appropriate to reconsider whyl). Given that most of this circulating estradiol is probably
osteoporosis is more common in women than in men, angound to sex hormone binding globulin, it is unlikely to
affects women at a younger age, in terms of fracturave a major impact on transactivation of the ER, com-
incidence. Similarly, one may question why the incidencepared with estrogen produced locally as a consequence of
of Alzheimer’s disease is greater among women thagonversion of circulating testosterone. Thus, the
among men. uninterrupted sufficiency of circulating testosterone in
men throughout life supports the local production of
- estradiol by aromatization of testosterone in estrogen-
Precursor availability dependent tissues, and thus affords ongoing protection
A key factor in the gender difference in the incidence ofagainst the so-called estrogen deficiency diseases. This
these diseases appears to be the availability of precursappears to be important in terms of protecting the bones of
C,gsteroids for aromatization to estrogens in extragonadahen against mineral loss and may contribute to the
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Figure 2 Importance of circulating C,q steroids as precursors for extragonadal estrogen biosynthesis in men (left panel) and
postmenopausal women (right panel).
E, estradiol; A%, A*-androstenedione; T, testosterone.

maintenance of cognitive function and prevention ofcription factors such as C/EBP and also PPAR
Alzheimer’s disease in men (Fig. 2). (Spiegelman 1998), and while involving the down-
Currently, there is considerable interest in the use ofegulation of aromatase expression, the differentiation
testosterone as a component of hormone replacemeptocess also involves the upregulation of markers such as
therapy (HRT) for postmenopausal women, but its use ipoprotein lipase, the insulin receptor and GLUT4. These
mostly limited to those women who complain of loss ofactions are antagonized by Té®hich is also expressed
sexual interest and libido. However, there is increasingn adipocytes (Hotamisligiét al. 1993). Significantly in
evidence that postmenopausal testosterone replacementtiés context, mice lacking TNf function are protected
effective in both the prevention and treatment offrom obesity-induced insulin-resistance (Uysal al
osteoporosis (Davist al 1995, Raiszt al. 1995). Thus, 1997). These considerations suggest that factors which
the present discussion suggests a broader role for the usgmulate adipocyte differentiation such as ligands of the
of testosterone in HRT, namely as a circulating precursodPPARy receptor (e.g. BRL 49653 and 15-de(n&/2-'14-
for local synthesis of estrogen in target tissues where theGJ, would inhibit aromatase expression and this has

latter acts in an autocrine and paracrine fashion. proven to be the case (Fig. 3). They also indicate that
individuals with insulin-resistance have higher levels of
Regulation of aromatase expression aromatase expression in their adipose tissue, and therefore

in adipose tissue are at greater risk of developing breast cancer. Wi_nle the
former has not been shown, there is epidemiologic

We have suggested previously (Simpsoal 1997) that  gyigence to support the latter contention (Bruréhgl.
aromatase is a marker of the undifferentiated ad|p05f992)_

mesenchymal cell phenotype. In support of this, the

factors which stimulate expression in adipose tissue of Further light on the role of estrogens in adipose tissue
cancer-free individuals are factors which either inhibit ormetabolism has come from our recent studies employing
reverse the differentiated phenotype of adipocytesthe ArKO mouse, in which there is a redistribution of
namely class | cytokines such as IL-6, oncostatin M an@dipose tissue with diminished subcutaneous and
IL-11 or else TN . Moreover, all of these factors act via increased visceral fat deposits (Table 1). To investigate the
promoter 1.4 of the aromatase gene and requirenechanism whereby the subcutaneous fat depots are
glucocorticoids as co-stimulators (reviewed in Simpston decreased, we examined the actions of estrogen on the
al. 1997). Adipocyte differentiation is driven by trans- differentiation of 3T3 L1 cells, and observed that estradiol
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Table 1 Body mass and visceral fat content of female ArKO mice
and wild-type littermates

Wild-type  ArKO
Body mass (g) 10-12 weeks 19.3 £0.4 21.9+0.1
4-5 months 21.7+0.3 27.0+3.3

Gonadal fat mass (mg) 10-12 weeks 162.5+13.2 269.6+86.9
4-5months  280.0+84.7 490.0+96.0

mimics the effects of troglitazone in this context. So anuteinizing hormone (LH) levels. In some cases, a hormal
important issue which arises is to determine thdaubule is seen side by side with a dismorphic one. This
mechanism whereby estradiol elicits this response and iphenotype is first noticed at around 20-23 weeks of age,
particular to determine whether estradiol or a downstrearand differs from that of the ERKO mice, which are
metabolite is an endogenous ligand of PPARhese infertile throughout life and have distended seminiferous
results would also lead us to predict that estrogen woultubules, apparently as a consequence of pressure build-up
mimic thiazolidinediones in inhibiting aromatase due to failure of fluid transport across the epithelium of the
expression in adipose stromal cells. Preliminary resultsead of the epididymus. These observations point to
have shown that estradiol in high concentrations does thismportant roles for intra-testicular estrogen production in
(Fig. 3). Thus, there appears to be an importaninale reproduction, and, in particular, spermatogenesis.
homeostatic mechanism operating in these cells to

regulate the levels of estrogen biosynthesis in the context . . . .
of adipocyte differentiation. Clinical considerations

An important issue pertaining to the role of estrogen in the
development of breast cancer in postmenopausal women
is the relationship between HRT and breast cancer risk. A
Following our recent observations that male ArKO micecollaborative analysis of a large body of the available
develop a progressive infertility such that by the age of Epidemiologic data which address this issue found that,
year most are infertile, we have examined the phenotypaespite the influence of estrogen produced locally on the
of these animals. We observed that the seminiferoudevelopment of breast cancer, systemic administration of
tubules are grossly dismorphic, with a complete absencestrogens plus progestins to postmenopausal women leads
of sperm and developmental arrest at the level of the rourtd at most a 1.35-fold increase in breast cancer risk
spermatids. In some cases multinucleate cells can be se@@ollaborative Group on Hormonal Factors in Breast
sloughing into the lumen. There is also marked Leydig celCancer 1997). The reason for this small effect may have
hyperplasia, presumably as a consequence of the elevateeen revealed by the studies discussed here. Locally

Testicular estrogen and spermatogenesis
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Figure 3 Inhibition of aromatase activity of human adipose stromal cells by the PPAR ligands BRL 49653, and 15-deoxy-A12-14-
PGJ2 (15d PGJ2), in the presence of TNFa plus dexamethasone (Dex), or else oncostatin M (OSM) plus Dex. The inhibitory
action of estradiol is also shown.
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produced estrogen within the breast stimulates breast cancer-free and breast cancer patiefasrnal of Clinical
cancer development and is regulated by the mechanismsEndocrinology and Metabolisgil 3843-3849.

which have been discussed. The resulting intratumordtayard F, Clamens S, Delsol G, Blaes N, Maret A & Faye JC
estradiol concentrations are one order of magnitude higher 1995 Oestrogen biosynthesis, oestrogen metabolism and
than in the circulating plasma (Pasquaktial 1996). functional oestrogen receptors in bovine aortic endothelial

Thus, the increase in circulating estrogen as a consequenceels- Ciba Foundation Symposi91122-132.
of HRT may have little influence on intratumoral levels. Bruch HR, Wolf L, Budde R, Romalo G & Schweikert HU 1992
The action of locally-produced estrogen is largely Androstenedione metabolism in cultured human osteoblast-

paracrine in nature, and mediated via the classical ER(s) like cells.Journal of Clinical Endocrinology and Metabolism

or else via DNA adduct formation b uinone 75 101-105.
y 9 Bruning PF, Bonfrer IMG, van Noord PAH, Hart AAM, de Jong-

intermediates (SerV|ce‘_1998)._ Ad,dltlo_nally, estr_ogens May gakker M & Nooijen WJ 1992 Insulin resistance and breast-
have an autocrine or |ntra<_:r|ne action on adipose ceII_s cancer riskinternational Journal of Cance2 511-516.
themselves v_vh_ereby estrad_lol ora downs_tream metaboh@ulun SE & Simpson ER 1994 Competitive RT-PCR analysis
generated within the cell site of synthesis may act by an jgicates levels of aromatase cytochrome P450 transcripts in
alternative mechanism, possibly involving PRARo adipose tissue of buttocks, thighs, and abdomen of women
inhibit aromatase expression. increase with advancing agkurnal of Clinical

In conclusion, we believe that the results of recent Endocrinology and Metabolisi?8 428-432.
studies reveal the significance of local estrogercaraniC, QinK, SimoniM, Fanstini-Fustini M, Serpanti S, Boyd
production in the physiology and pathophysiology of J, KorachK & Simpson ER 1997 Aromatase deficiency in the
elderly women and men, in particular its importance in the male: effect of testosteone and estradiol treatniée
maintenance of bone mineralization and in the develop- England Journal of Medicing37 91-95.
ment of breast cancer, as well as its role in maléollaborative group on hormonal factors in breast cancer 1997
reproduction. Local estrogen production may also play a Collaborative re-analysis of data from 51 epidemiological
role in the prevention of cardiovascular disease and in the studies of 52705 women with breast cancer and 108441
maintenance of cognitive function. These studies not only Women without breast cancémncet3501047-1059.
throw light on the role of locally-produced estrogens inCorbould AM, Judd SJ & Rodgers RJ 1998 Expression of types
health and disease processes, but may also lead to new and- 2 @d 3. 17 Beta-hydroxysteroid dehydrogenase in
hitherto unexpected modalities of therapy. This is already subcutaneous abdomm_al_ and mtra—gbdommal adipose tissue
apparent from the observation that tumor-derived PI6E of women.Journal of Clinical Endocrinology and

. . . . . Metabolism83 187-194.
the major factor stimulating local aromatase expression IR .vis SR McCloud PI. Strauss BJG & Burger HG 1995

the t_)reast_ fat of cancer p_atl_ent_s,_ which leads tq .the Testosterone enhances estradiol’s effects on post- menopausal

cons@eratlon tha® Gsynthesis |nh_|b_|tor_s such as aspirin =~ oo density and sexualifylaturitas 21 227-236.

and |bqprofen would be beneficial in brea_st CanCekisher CR, Graves KH, Parlow AS & Simpson ER 1998

prevention or treatment (Zha al 199@), and indeed Characterization of mice deficient in aromatase (ArkKO) due

there is an epidemiologic study which supports this g targetted disruption of the cyp19 geReoceedings of the

(Harriset al. 1996). Similarly, the observation that PRAR National Academy of Sciences of the #646965-6970.

ligands, namely the thiazolidinediones, inhibit aromatasgyarris RE, Nauboodim KK & Farrar WB 1996 Nonsteroidal anti-

expression would suggest that these compounds, which inflammatory drugs and breast candgpidemiologyl 203-

are now available in the USA for the treatment of insulin-  205.

resistant diabetes, would also be beneficial in breastemsell DL, Grodin JM, Brenner PF, Siiteri PK & MacDonald

cancer prevention. PC 1974 Plasma precursors of estrogen. Il. Correlation of the
extent of conversion of plasma androstenedione to estrone
with age Journal of Clinical Endocrinology and Metabolism
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