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ABSTRACT

Recent developments have advanced our knowledge of the role of
estrogen in the male. Studies of the mutations in CYP19, the gene
encoding aromatase, in six females and two males and a mutant
estrogen receptor « in a man are described. These observations pro-
vide illuminating new insights into the critical role of estrogen in the
male (as well as female) in the pubertal growth spurt and skeletal
maturation, and in the importance of estrogen sufficiency in the
accrual and maintenance of bone mass. The weight of evidence sup-
ports an effect of androgens on the latter processes, but this effect has
not been quantitated.

There is a discordance in the estrogen-deficient male between skel-
etal growth and skeletal maturation and the accrual of bone mass and
density. Estrogen synthesis by the testis is limited before puberty, and
estrogen deficiency does not affect the age of pubertal onset. Estrogen
deficiency in men leads to hypergonadotropism, macroorchidism, and
increased testosterone levels. Estrogen lack has a significant effect on
carbohydrate and lipid metabolism, and estrogen resistance was as-
sociated with evidence of premature coronary atherosclerosis in a

man. These observations have highlighted the role of extraglandular
estrogen synthesis and intracrine and paracrine actions.

In the human, in contrast to nonprimate vertebrates, aromatase
deficiency and estrogen resistance (a) does not seem to affect gender
identity or psychosexual development. The clinical repercussions of
mutations in CYP19 on the fetal-placental unit have highlighted the
major role of placental aromatase in the protection of the female fetus
from androgen excess, thus preventing androgen-induced pseudoher-
maphrodism and virilization of the mother. These features are com-
pared with the virilization that occurs in utero in the female spotted
hyena.

The novel features of the aromatase deficiency syndrome in the
affected female—in the fetus, during childhood, and at puberty—are
discussed, including virilization at puberty and development of poly-
cystic ovaries. The severity of the syndrome correlates with the se-
verity of impairment of aromatase formation in expression systems.

Finally, the structural consequences of missense mutations in
CYP19 are described in accordance with a model of the structure of
human aromatase. (J Clin Endocrinol Metab 84: 4677—4694, 1999)

ONG HELD concepts of the role and effects of estrogen
in the male have been challenged by recent discoveries.
Historically, the role of estrogen in the development, growth,
and function of the human male has been thought to be
relatively unimportant and minor. A remarkable change in
perspective has recently emerged. Until 1996, only one es-
trogen receptor (cloned in the mid-1980s) (1, 2) was thought
to mediate the effects of estrogen. Furthermore, even though
in the human the enzyme (encoded by the CYP19 gene) P450
aromatase—the critical enzyme responsible for the last and
irreversible step in estrogen synthesis from androgens—was
recognized to be expressed in multiple tissues in the 1990s
(3-5), the significance of estrogen in male physiology had not
been appreciated.
New developments have challenged traditional constructs
and advanced our understanding of the widespread effects
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of estrogen in diverse functions in the male, stimulating
research ranging from integrative physiology to cell and
molecular biology within and outside the reproductive sys-
tem. Three developments are largely responsible for these
advances: 1) description of a man with a null mutation in the
ERa that caused estrogen unresponsiveness (6) and of men
and girls and women (7-9) with severe estrogen deficiency
due to autosomal recessive mutations in the gene encoding
aromatase; 2) the concurrent development of mice that lack
the estrogen receptor o (¢ERKO mice) (10-13) or the gene
encoding aromatase (ArKO mice) (14); and 3) the discovery
of a second widely distributed estrogen receptor, ERB (15—
21), and, most recently, generation of the estrogen receptor
B knockout mouse (BERKO) (22) (Fig. 1).

In addition to the relatively slow action of estrogen
through classic intracellular steroid receptors (ligand-regu-
lated transcriptional factors that interact with so-called tran-
scriptional coregulatory proteins—coactivators and core-
pressors to stimulate or inhibit gene expression in target
tissues) (23, 24), estrogen also acts through nongenomic pro-
cesses involving steroid receptors on the cell surface to me-
diate rapid effects of the hormone on certain cells and tissues
(25-29).

Unlike genes for many steroidogenic enzymes, such as
CYP17 and CYP21, the large gene (>75 kb) encoding aro-
matase is expressed in many human tissues (in contrast to the
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Fic. 1. Human estrogen receptors a and . The DNA-binding domain (DBD), which contains two zinc fingers, is indicated by C; the hormone-binding
domain (HBD) by E which also contains trans-activating function (AF)-2. Domain A/B contains a hormone-independent AF-1, which is distinct in
ERa and -B; domain D designates the hinge region (H). The percent homology of estrogen receptor 8 (which maps to the q25.1 region of chromosome
6) with a (which maps to the long arm of chromosome 14) for the DBD and HBD are indicated. Isoforms have been identified for both receptors; in
the 530-amino acid variant of ERB, which represents the full length amino acid sequence, the A/B domain has an additional 53 amino acids (see text).
Each of these receptors has distinct, as well as overlapping, cell and tissue patterns of expression. The estrogen receptors are regulated by
phosphorylation of both tyrosine and serine residues, a distinctive property among nuclear receptors. The male with estrogen receptor « resistance
had a homozygous cytosine to thymidine transition at codon 157 in exon 2 (AB domain), resulting in a stop codon (Arg157X).
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Fia. 2. The structure of the large human CYP19 gene (P450arom) and the mutations that cause aromatase deficiency. The numbered black
boxes designate translated exons. The septum in the open box in exon II represents the 3’ acceptor splice junction for the untranslated exons.
The multiple alternate promoters and the untranslated exons are designated by open boxes. The promoter 1.1, which lies more than 40 kb 5’
of the translation start site, is responsible for expression of aromatase in the placenta; promoter 1.4 is predominant in adipose tissue and the
proximal promoter II is the major promoter in the gonads. The distinct P450 arom promoters provide tissue specific expression by alternate
splicing with the common 3’ acceptor splice junction in exon II; irrespective of the choice of the various promoters, only a single aromatase protein
is expressed. The known mutations are shown. X indicates a nonsense (stop) mutation. Three mutations are in the heme binding region (HBR).
GT — GC + 29aa is a thymidine to cytosine transition at the splice junction between exon VI and intron VI, giving rise to a 29 amino acid insert
in aromatase. From Grumbach MM, Conte FA. Disorders of sex differentiation. In: Wilson JD, Foster DW, Kronenberg HM, Larsen PR, eds.
Williams textbook of endocrinology, 9th ed. Philadelphia: W.B. Saunders Co. Ltd., 1998; 1303-1425. Modified from Ref. 9.

situation in nonprimate vertebrates). The tissue-specific ex-
pression of the enzyme is regulated by means of tissue-
specific promoters, but the translated protein is the same in
all tissues (see Refs. 3-5) (Fig. 2). These tissues include the
placenta and preimplantation blastocyst, the brain, ovary
and testis, adipose tissue, fetal liver, muscle, hair follicles,
bone, pituitary gland, and the immune system.

Over 25 years ago, Siiteri and MacDonald (30) and Taitand
his associates first quantified the extragonadal, extra-adrenal
synthesis of estrogen in pregnant and nonpregnant women,
in men, and in men and women with a variety of clinical
disorders. New developments have highlighted the com-
plexity of extraglandular estrogen synthesis from androgens
and androgen precursors (mainly androstenedione, testos-
terone, and dehydroepiandrosterone and its sulfate) by the
aromatase enzyme. These advances focus attention on in-
tracrine mechanisms synthesis (i.e. the tissue- and substrate-

specific synthesis in peripheral cells from circulating steroid
precursors of androgens and estrogens, which act within the
specific cell and are not released) and the paracrine and
autocrine roles of locally produced estrogen (31-33). A wide
variety of cells, for example, contain both aromatase and
estrogen receptors (Fig. 3).

In addition, the exceptional tissue distribution and differ-
ential actions of ERa and -B receptors and their multiple
isoforms (34-36) and their capacity to form heterodimers as
well as homodimers (37), combined with the interplay of
androgen and estrogen action on target tissues (38—40), pro-
vide a new conceptual framework for estrogen action. These
advances, coupled with the development of synthetic, tissue-
selective nonsteroidal and steroidal estrogen receptor ago-
nists and antagonists—selective estrogen receptor modulators
(SERMs)—have important therapeutic applications (24, 41,
42). Table 1 lists the diverse sites of action of estrogen.
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Fia. 3. The complexity of extra-glandular synthesis of estrogen hormones by the conversion of C19 androgens or androgen precursors to
aromatic C18 estrogens diagrammatically represented. Intracrine mechanisms (see text) refer, in this instance, to the synthesis in peripheral
cells of estradiol from testosterone and other 19-carbon precursors. Testosterone (T) entering the cell from the circulation is converted to
dihydrotestosterone (DHT) by 5aR (5« reductase 1 or 2), which acts through binding to the androgen receptor (AR). T is converted to E,
(17B-estradiol) by CYP19, and the E, binds to either the ER«a or ERB forming homo- or heterodimers. Intracellular synthesized T, for example,
can arise from A*A (androstenedione) and DHEA or DHEAS. The desulfated DHEA is converted to A*A by 33-hydroxysteroid dehydrogenase
and the A*A is transformed into T by 17g-hydroxysteroid dehydrogenase (e.g. Type V isoenzyme), which then can be converted to E,; or
androstenedione can be converted to estrone and then to E, by the Type I isoenzyme. Some of the family of 178-hydroxysteroid dehydrogenase
isoenzymes (e.g. Type II isoenzyme) can convert E, to estrone, providing an additional mechanism of the regulation of estrogen synthesis and
metabolism. The E, synthesized by intracrine mechanisms can be released to act on a neighboring cell—a paracrine mechanism—through the
cell’s estrogen receptors; for example, estradiol synthesized by a mesenchymal cell acting on a neighboring epithelial cell. The E, also can enter
the circulation, an endocrine role. For comparison, an autocrine mechanism is illustrated. IGF-I generated in and released by a peripheral cell
can act on the same cell through the cell’s surface IGF-I receptors. Recent studies have emphasized the importance of the autocrine/paracrine
role of IGF-I in body growth in contrast to the endocrine role of IGF-I synthesized and released into the circulation by the liver, the major
contributor to plasma IGF-I. Mice with a selectively and totally deleted hepatic IGF-I gene have greatly reduced circulating IGF-I, but normal
postnatal bone and body growth; these observations challenge the widely held somatomedin hypothesis (198, 199). Similarly, even though
estrogens produced by extraglandular synthesis are a major source of circulating estrogen in the male and the postmenopausal woman,
especially, the intracrine and paracrine role of estrogen in its diverse and specialized functions in specific tissues needs to be considered.
Endocrine, paracrine, and intracrine estrogen can also act rapidly on cell surface receptors, a nongenomic action.

Estrogen and Its Effects on Pubertal Growth,
Skeletal Maturation, and Bone Accrual

The present discussion focuses on the clinical repercus-
sions of human mutations that lead to estrogen resistance or
deficiency in the human and have provided insight into the
role of estrogen in the male and the role of the placenta in
protecting the female fetus and the mother from virilization.
The discovery of a young adult man with a null mutation of
ERa clarified the role of estrogen acting through the ERa
receptor on bone. The description of two males and six fe-
males with estrogen deficiency due to mutations in CYP19
(Fig. 2) has shown the major role of aromatase in the fetal
placental unit, protecting the female fetus and mother from
androgen excess; the critical role of estrogen in pubertal
maturation, in bone accrual and growth, and in skeletal mat-

Estrogen has manifold effects on bone including a critical,
but incompletely understood, action in the pubertal growth
spurt, in skeletal maturation, and in the arrest of linear
growth by fusion of the epiphyseal growth plate, in the
accrual of peak bone mass, and in its maintenance and repair.
These dynamic actions (including interactions with the GH
and insulin-like growth factors (IGF) and their binding pro-
teins, other growth and morphogenic factors, thyroid hor-
mone, vitamin D, retinoids, PTH and PTHRP, cytokines, and
their receptors among many factors) involve a variety of

uration and epiphyseal fusion in both the male as well as the
female; and have clarified the action of estrogen in carbo-
hydrate and lipid metabolism. Neither estrogen resistance or
deficiency seems to affect gender identity.

complex developmental and homeostatic programs (see
Ref. 43).

The mechanisms involved in the epiphyseal fusion of long
bones-the transformation of the cartilaginous growth plate
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into bone-is mediated in large part by the action of estrogen
during puberty. This action includes a program of orderly
proliferation, maturation, apoptosis of chondrocytes, prote-
olysis of the cartilage extracellular matrix, and vascular and
osteoblast invasion of the growth plate. Among other factors
(44), gelatinase B (45) and vascular endothelial growth factor
(VEGEF) (46) are essential signals in the ossification process.
It is not known whether estrogen has an effect on these
important factors in osteogenesis. However, in the mammary
gland of the baboon, estradiol stimulated VEGF messenger
RNA (47) and estradiol increases VEGF messenger RNA and
VEGF protein in the human MCF-7 breast carcinoma line
(48). Stimulation by estrogen of VEGF in endothelial cells in
bone could provide one explanation for its capacity to in-
crease the rate of epiphyseal fusion. Estradiol-17 (but not its
inactive isomer) also increases protein kinase C activity in
chondrocytes from the rat growth plate, apparently involv-
ing a nongenomic action (49).

The constancy of bone mass in maturity is maintained by
bone remodeling—the critical balance of bone formation and
resorption. Resorption of bone by osteoclasts leads to bone
formation by mature osteoblasts, the principal effector cells.
Although closely linked, these processes are not necessarily
regulated by each other, but can occur independently (50).
Estrogen (and androgen) affects bone formation, an anabolic
effect, and has a well characterized antiresorptive action that
involves its action on local cytokine production (51-53).

In males, constitutional delay in onset of puberty has been
advanced as a cause of decreased peak bone mass (54, 55);
however, a recent study has disputed this contention (56). On

TABLE 1. Selected biologic effects of estrogen

Bone
Skeletal maturation
Bone mass accrual
Maintenance of bone mass
Growth: pubertal growth spurt
Gonadotropin regulation
Reproductive system
Cardiovascular system
CHO/lipid metabolism
CNS (and psychosexual development)
Adipose tissue
Skin, hair
Urogenital system
Gastrointestinal tract
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the other hand, sexual infantilism due to hypergonadotropic
or hypogonadotropic hypogonadism is associated with de-
creased peak bone mass. Hypogonadism can also lead to
osteoporosis if untreated with estrogen in the female or tes-
tosterone in the male; rapid bone loss ensues within 5 yr of
castration or the onset of severe hypogonadism. In a long-
term study of 72 hypogonadal males, which included serial
determinations of volumetric bone mineral density (vBMD)
of the lumbar spine, continuous testosterone replacement
therapy returned the vBMD into the normal range (57). What
mediates this anabolic and antiresorptive effect of testoster-
one on bone?

Estrogen had been recognized as the major sex steroid in
the female, responsible for the pubertal growth spurt, skel-
etal maturation, and the accrual of bone mass (although some
held the view that androgens and androgen precursors se-
creted by the ovary and adrenal were an important factor in
these processes); these effects of estrogen were not thought
to be important in the male. At puberty in the female, the
increased synthesis and secretion of estrogen by the ovary
causes the progressive skeletal maturation that eventually
leads to epiphyseal fusion and the termination of linear
growth. In the male, on the other hand, received wisdom
dictated that testosterone, the corresponding male sex ste-
roid, secreted by the testis was directly responsible for these
events during puberty (58) with estrogen having a minor
effect, if any.

The reports of a 28-yr-old sexually mature male with tall
stature, unfused epiphyses, osteopenia, eunuchoid skeletal
proportions, and progressive genu valgum (6) due to an
autosomal recessive inherited mutation in the ERa (Table 2)
and of two adult males with severe estrogen deficiency due
to autosomal recessive transmitted mutations in the gene
encoding aromatase (9, 59-61) (Table 2) have changed our
thinking. All three men had a normal age of onset of puberty
and identical clinical findings despite high or normal tes-
tosterone concentrations (Table 3), documenting the critical
role in the male of estrogen in skeletal maturation, the ac-
cumulation of bone mass, and the pubertal growth spurt. In
the two men with aromatase deficiency, but not in the man
with estrogen resistance, treatment with estrogen led to rapid
skeletal maturation and epiphyseal fusion at the wrist within
6-9 months (59, 60) and a dramatic increase in bone miner-
alization (61). Fig. 4 shows the growth pattern and bone age
and the effect of estrogen treatment in this patient (61). Fig.

TABLE 2. Comparison of estrogen receptor « deficiency (ERKO«) and of aromatase deficiency

28-yr-old male (ERKOa«)

24-yr-old male with CYP19 (P450arom)

Height 204 cm, weight 127 kg

No acromegaloid features

Genu valgum; eunuchoid proportions
Normal age of puberty onset

Well masculinized, normal testicular size
Bone age 15 yr

Severe osteoporosis: increased bone turnover
Psychosexual orientation: heterosexual

No virilization of mother during pregnancy
Insulin resistance; acanthosis

No response to high-dose estrogen treatment
Inheritance: autosomal recessive

Mutation: Argl57X (Exon 2) in ER«a gene

Height 204.7 cm (+3.7 SD), weight 135.1 kg
No acromegaloid features

Eunuchoid skeletal proportions

Normal age of puberty onset

Well masculinized; testicular volume 34 ml
Bone age 14 yr

Severe osteoporosis: increased bone turnover
Psychosexual orientation: heterosexual
Virilization of mother during pregnancy
Insulin resistance

Striking response to institution of low dose estrogen therapy
Inheritance: autosomal recessive

Mutation: Arg376Cys (Exon IX) in CYP19 gene
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TABLE 3. Plasma hormones in a male with aromatase deficiency
or aERKO

Plasma CYP19 Estrogen receptor Normal
deficiency deficiency
Testosterone (ng/dL) 2015 445 200-1200
Estrone (pg/mL) <7 145 30-85
Estradiol (pg/mL) <7 142 10-50
FSH (mIU/mL) 28 33 5.0-9.9
LH (mIU/mL) 26 37 2.0-9.9
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Fiag. 4. The linear growth curve (@) and bone age (panels) of the
24-yr-old man with aromatase deficiency whose height was 204.5 cm
(+3.7sD). Note the continued steady growth rate without an apparent
pubertal growth spurt, which led to very tall stature and rapid ces-
sation of growth after the institution of estrogen therapy (bar). The
X denotes a bone age for the chronological age (dashed line). The open
epiphyses at the wrist (left) closed within 6 months of treatment
(right). The dark curve is the average normal value for age, and the
numerals indicate SD from the mean value (9, 61). The growth curve
and, of interest, height and bone age (data not shown), were almost
identical in the man with a nonsense mutation in the estrogen re-
ceptor a protein (61). From Bilezikian JP, Morishima A, Bell J, Grum-
bach MM. 1998 Increased bone mass as a result of estrogen therapy
in a man with aromatase deficiency. N Engl J Med 339:599-603.

5 presents the effect of estrogen treatment on the accrual of
bone mass (61).

These three very remarkable men, together with observa-
tions in @ and B ERKO and ArKO mice, have led to a rev-
olution in thought about the importance of estrogen in the
male, and the recognition of important species differences
(see below).

Pubertal growth spurt

Despite normal or increased (the aromatase-deficient men)
plasma concentrations of testosterone, none of the men had
an apparent pubertal growth spurt (Fig. 4). Whereas the
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Fic. 5. The dramatic change in bone density during estrogen therapy
in the man with CYP19 deficiency. The initial daily dose of 0.3 mg of
conjugated estrogens was gradually increased during the first 12
months to 0.75 mg daily, his present dose (see text). On this dosage,
the accrual of bone density continued after growth ceased (within 6
months) and increased to within the normal range for adult young
men without inducing gynecomastia, impotence, or excessive weight
gain. Following baseline studies, bone density was measured at 12,
30, and 36 months (vertical lines) (61). Modified from Bilezikian JP,
Morishima A, Bell J, Grumbach MM. 1998 Increased bone mass as a
result of estrogen therapy in a man with aromatase deficiency. N Engl
J Med 339:599-603.

evidence provided by examination of their growth curves is
not definitive because of gaps in measurement, the data
suggest continued steady, slow growth throughout adoles-
cence and the 3rd decade without a “pubertal inflection” or
epiphyseal fusion. The delay in skeletal maturation with
continued growth leads to eunuchoid skeletal proportions
(9). These observations strongly support an essential role for
estrogen in the pubertal growth spurt in the male.

Not only does a rise in estradiol concentration correlate
with the earlier onset of the pubertal growth spurt in normal
girls, but in boys sampled longitudinally before and during
puberty, the rise in the estradiol levels as measured by an
ultrasensitive bioassay correlated with peak height velocity
which occurred, as expected, about 3 yr after pubertal onset
(62). Of note, the plasma estradiol concentrations during
peak height velocity are similar in boys and girls (about 3—4
pg/mL) and correlate not only with testosterone levels in
boys, but with bone age as well.

Additional critical support is provided by the pattern of
growth in 46,XY phenotypic females with the complete an-
drogen insensitivity or resistance (CAIS) syndrome. These
women have a pubertal growth spurt despite resistance to
the action of testosterone owing to a mutation or deletion of
the androgen receptor. In the study by Zachmann et al. (63),
the adult height of CAIS patients was 172.3 + 4.1 cm sp, 10
cm greater than normal women (162.2 * 6.0 cm sp), but 2.4
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cm less than normal men (174.7 £ 6.7 cm sp). The greater
mean height of CAIS than normal women may be related in
these 46,XY individuals, in part, to Y-specific growth genes
outside of the pseudoautosomal region on the short arm of
the Y chromosome. The age of peak height velocity and the
pattern of skeletal maturation and epiphyseal fusion were
comparable to normal females. Zachmann et al. (63) ad-
vanced these observations as evidence for the importance of
estrogen alone in the female pubertal growth, as opposed to
the role of ovarian or adrenal androgens. This study indi-
cated that despite high testosterone concentrations in the
presence of physiologically ineffective testosterone action,
the pubertal growth in these XY women is attributable to
estrogen secreted by the testis and arising from extragonadal
conversion of androgens to estrogens (the latter occurs in-
dependent of the androgen receptor). Similarly, for example,
the autosomal dominant aromatase excess syndrome in pre-
pubertal age boys, in addition to gynecomastia, is associated
with an increased rate of growth and skeletal maturation
despite a prepubertal concentration of plasma testosterone
(64-67). Comparable observations have been reported in
boys below age 6 with the Peutz-Jeghers syndrome and es-
trogen-secreting testicular tumors (68-70).

Other subtle and suggestive, but not definitive, clues to the
effect of estrogen on growth and skeletal maturation in the
male are listed in Table 4. The low plasma concentrations of
estradiol during peak height velocity suggest a potent effect
of circulating estradiol on linear growth, but at least two
other factors need to be considered in the process: the local
aromatization of androgen in bone and the effect with pu-
bertal onset of increased GH secretion and IGF-I generation
(reviewed in Refs. 70 and 71). Even though GH secretion
increases 2- to 3-fold during puberty, a normal pubertal
growth spurt can occur without increasing the dose (per kg)
of thGH therapy in children with severe GH deficiency
(58, 72).

In summary, estrogen, not testosterone, has a critical role
in the male pubertal growth spurt and in ensuring normal
skeletal proportions as exemplified by males with estrogen
resistance or deficiency.

Bone maturation and the accrual of bone mass during
puberty

Aromatase is expressed widely in human and rodent bone,
including in osteoblasts (73-79), chondrocytes of articular

TABLE 4. Earlier clinical clues to the effect of estrogen on
growth and skeletal maturation in the male

Complete androgen insensitivity (resistance) syndrome is
associated with a pubertal growth and epiphyseal fusion

Short-term estradiol administration increases rate of ulnar growth
in prepubertal boys

Aromatase-inhibitor decreases rapid growth and skeletal
maturation in testotoxicosis, whereas antiandrogen has no effect
on skeletal maturation

Aromatase excess syndrome in boys is associated with increased
rate of growth and skeletal maturation, elevated plasma
estrogen concentrations and prepubertal testosterone values

Estrogen-secreting tumors (adrenal and testicular neoplasms
including Peutz-Jeghers syndrome) are associated with rapid
growth and skeletal maturation
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cartilage and bone adipocytes (73). Both estrogen receptors,
a and B, are expressed in human bone; ER« is expressed in
osteoblasts (80—82) and in human osteoclasts (52) (although
the latter remains controversial; Refs. 82 and 83), and ERB is
expressed in osteoblasts, but less so than ERa (84). ERa is
expressed in resting, proliferative, and hypertrophic human
growth plate chondrocytes (82); in contrast, ER3 was iden-
tified only in hypertrophic epiphyseal chondrocytes (41, 85).

With the onset of puberty there is a rapid increase in bone
mass (86-91), which correlates with bone age. The rate of
bone mass accrual approaches a peak in girls by 16 yr, about
3 yr after menarche, and in boys by about 17 yr; the rate then
decreases, reaching a plateau in the 3rd decade. For example,
white girls attained 94% of volumetric bone density by age
17 yr; in contrast, white boys attained only 86% of volumetric
bone density by 17 yr of age (90). Bone acquisition during
childhood and through puberty is a major determinant of
peak bone mass, which is influenced by genetic and a variety
of other factors, as well as hormones. In both sexes, this peak
occurs after peak height velocity; hence, the attainment of
peak bone mass lags behind the increase in linear growth.

The men with estrogen deficiency or estrogen resistance
have severe osteopenia as quantified by dual-energy x-ray
absorptiometry scans and an increased rate of bone turnover,
as evidenced by the markers of osteoblastic and osteoclastic
activity (Table 5). Treatment with high doses of estrogen had
no effect on growth, the skeleton, or classic estrogen end
organs in the man with the null mutation of the estrogen
receptor « (6). In contrast, a relatively low dose of conjugated
estrogen (0.3 mg/day gradually increased to 0.75 mg/day
over 12 months) had a dramatic positive effect on biological
markers of bone metabolism, bone mass and maturation, as
well as other sites of estrogen action (see below), without
evoking gynecomastia (59, 61). Epiphyseal fusion at the wrist
was rapid in both men with severe aromatase deficiency
(59-61). In the patient described by Morishima ef al. (9) (who
had fused proximal femoral epiphyses but not ossification of
the iliac apophyses), epiphyseal fusion occurred by the 6th
month of estrogen treatment and, as a consequence, linear
growth ceased (Fig. 4), but bone mineral accrual continued
(Fig. 5) (61). Within 3 years of initiating estrogen therapy, the
markers of bone turnover gradually approached normal val-
ues (Table 6). The excretion of urinary calcium fell, and bone
mass increased dramatically. Bone mass in the lumbar spine
had increased by 20.7%, in the femoral neck by 15.7%, and
in the distal radius by 12.9% (61). In this estrogen-treated
aromatase-deficient man, all but the radial site was at the
mean value for normal young men (Fig. 5).

In the young male adults with aromatase deficiency, es-
trogen treatment not only prevented increased bone loss but
repaired the severe osteoporosis—a striking anabolic effect
on bone mineral content and volumetric and areal BMD
mediated, at least in part, by stimulation of osteoblastic syn-
thesis of IGF-I and transforming growth factor-g (61, 92). In
menopausal women, on the other hand, exogenous estrogen
in the traditional dosage range primarily protects against
bone loss (61, 93). This difference in estrogen action, an an-
abolic in contrast to a primarily protective (antiresorptive)
effect, in part, may be an age-related (94) or dose-related
phenomenon (95). The osteoporotic bone of postmenopausal
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TABLE 5. Markers of bone homeostasis in men with aromatase deficiency or deficiency in estrogen receptor «

CYP19

Estrogen receptor o

deficiency deficiency Normal
Bone formation
Alkaline phosphatase (U/L) 241 205 35-95
Osteocalcin (ng/mL) 19.8 18.7 3-13
Bone spec Alk phos (ng/mL) — 34.2 4.3-19.0
Bone resorption
Pyridinoline (nmol/nmol creat) 101.7 110 20-61
D-Pyridinoline (nmol/nmol creat) 25.3 32 4-19
TABLE 6. Changes in biomarkers of bone metabolism during estrogen therapy in the aromatase-deficient man
Baseline 18 months 36 months Normal
Alk Phos 241 264 136 39-117 IU/L
Osteocalcin 19.8 11.6 14.4 3-13 ng/mL
Urine
Calcium 94 40 61 50-250 mg/g Cr
Pyridinoline 102 76.5 51 20-61 nmol/nmol Cr
Deoxypyridinoline 25.3 16.2 8.9 4-19 nmol/nmol Cr

women apparently has a limited capacity to mount an an-
abolic response to conventional estrogen replacement (94),
unlike that of the young adult.

The two girls with aromatase deficiency (one a sibling of
the affected man) we studied during adolescence had a de-
layed bone age despite increased circulating androgens and
virilization at puberty (8, 9). Estrogen therapy induced a
pubertal growth spurt and epiphyseal fusion in both girls. A
female child with a null mutation in the P450 arom gene
(CYP19) had densitometric evidence of osteopenia of the
lumber spine at age 3 4/12 yr that improved after 50 days of
low-dose estrogen therapy (96).

Thus, in both males and females the lack of estrogen leads
to a dissociation between skeletal growth and skeletal mat-
uration and the accrual of bone density and mass.

Prepubertal estrogens may be important in the sex differ-
ence in the rate of skeletal maturation. A bone age of 13 yr
in boys is equivalent in the standard gender-specific esti-
mates of skeletal age to that of an 11-yr-old girl; the bone
maturation of girls in childhood is about 20% more advanced
than that of boys. The nature of this difference had not been
understood. Whereas RIA were sufficiently sensitive and
specific to quantitate the low testosterone levels in prepu-
bertal boys (97, 98), the method of estimating low (pg/mL)
amounts of serum estradiol (99), despite many reports to the
contrary, was not sufficiently sensitive and specific to detect
prepubertal levels in girls, much less in boys even after
solvent extraction and thin-layer chromatography (100). Al-
though a prepubertal sex difference in plasma estradiol con-
centrations was suspected, the hypothesis remained specu-
lative until Klein ef al. (101) developed an ultrasensitive
recombinant cell bioassay for serum estradiol (detection limit
0.02 pg/mL). With this assay, prepubertal girls (age 7.5 = 2.1
yr sD) had a mean concentration of serum estradiol of 0.6 *
0.6 pg/mL, whereas the level in prepubertal boys was 0.08 *
0.2 pg/mL; no correlation with age or body mass index was
found. This more than 7-fold difference was proposed to
explicate the more advanced skeletal maturation of prepu-
bertal girls compared with boys (101). Moreover, aromatase
activity was not detected or present at a low level in the

Leydig cells of prepubertal boys (102, 103), nor was aro-
matase detected in the human fetal testis at 16-18 weeks of
gestation (69). Aromatase is not well expressed in the testis
until LH rises at the time of male puberty (102-104). Fur-
thermore, the total aromatase activity of adipose tissue and
other extraglandular tissues is low in childhood (64, 105).
Accordingly, in the male, circulating estrogen and intracrine
and paracrine estrogen becomes important in growth and
skeletal maturation during puberty, but not at its onset.

These observations indicate that estrogen has an essential
role in the pubertal growth spurt, skeletal maturation, and
the accrual of a normal peak bone mass in males as well as
females and may have an effect on the prepubertal accretion
of bone mineral in the female. New therapeutic approaches—
the use of nonsteroidal third generation aromatase inhibitors
(e.g. letrozole, anastrozole) and ERa antagonists, including
SERM—to control growth and skeletal maturation in disor-
ders of growth and puberty by suppression of estrogen syn-
thesis or action are suggested by the critical role of estrogen
in these processes (Table 7). The use of these pharmacological
agents in the male should not delay or affect the appearance
of male secondary sex characteristics. Furthermore, they sug-
gest that in the human ERe, but not ERp, is the principal
estrogen receptor that mediates the action of estrogen on
bone mass accrual and epiphyseal fusion. Additional sup-
portisindicated by the bone findings, still preliminary, in the
aERKO (11, 106) and ArKO mouse (Simpson, E.R., personal
communication), but there are important species differences.
Table 8 summarizes the effect of estrogen in the male and
female on pubertal growth and bone.

Androgens, Growth, and Bone Mass Accrual

Androgens can act directly by activating the androgen
receptor or indirectly by their conversion by aromatase to
estrogen. The observations in the estrogen-deficient and -re-
sistant men have redefined the role of androgens in the
skeleton. Despite normal or strikingly elevated testosterone
concentration in the men with impaired estrogen synthesis
or action, a pubertal growth spurt was not apparent, and a
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TABLE 7. Potential use of aromatase inhibitors (or estrogen
receptor antagonists) in disorders of growth and sexual maturation
to restrain skeletal maturation

Growth disorders or variants of normal growth (to restrain
epiphyseal maturation)
Isolated growth hormone deficiency
Genetic short stature/constitutional delay in growth
Sexual precocity
Congenital virilizing adrenal hyperplasia in male and female
To reduce dose of glucocorticoid
To inhibit conversion of 19-carbon steroids to estrogens (or
estrogen action)
With/without use of CYP17 inhibitor or anti-androgen
Testotoxicosis
To inhibit conversion of 19-carbon steroids to estrogens (or
estrogen action)
McCune-Albright syndrome
To inhibit conversion of 19-carbon steroids to estrogens (or
estrogen action)
Gynecomastia
To inhibit estrogen synthesis (or estrogen action)

TABLE 8. The role of estrogen on pubertal growth and bone in
boys and girls

Estrogen acting through its a receptor plays a critical role in:
Pubertal growth spurt
Epiphyseal fusion
Accrual and maintenance of bone mineral density
Bone turnover

steady rate of growth that continued into adulthood was
associated with lack of epiphyseal fusion, tall stature, eu-
nuchoid skeletal proportions, and marked osteopenia. Rapid
fusion of the epiphyses with the initiation of estrogen therapy
in the estrogen-deficient men (59-61) was accompanied by
the gradual accretion of a normal bone mineral content (61).

It is important to emphasize that establishing a role for
estrogen does not exclude a direct effect of androgen on bone
in the male (but one less important than traditionally
thought). Quite likely, the direct effect of testosterone (not
mediated by conversion to estradiol) is small with reference
to pubertal growth and epiphyseal fusion. However, the
effect of estrogen treatment on bone mass accrual in the
aromatase deficient males occurred in the presence of normal
or increased testosterone concentrations. A significant body
of evidence supports a direct role for androgen on bone mass
and in the sexual dimorphic features of the skeleton (107-
111). The human androgen receptor is present in a variety of
bone cells, including osteoblasts (112), osteoclasts (108, 113),
osteocytes (114), and hypertrophic growth plate chondro-
cytes (114). The androgen receptor is expressed in periosteal
bone (114) as well as cancellous bone. That androgens have
a significant role in bone mass accrual is supported by ev-
idence reviewed by Hofbauer and Khosla, (111) Orwoll (107),
and Kasperk et al. (109) in the human and, for example, by
Vanderschueren et al. (115-119) and Lea and Flanagan (120)
in the rat and by Maor ef al. (121) in the mouse. In many
studies in the rodent, aromatizable androgens (e.g. testos-
terone, androstenedione) were used and not dihydrotester-
one or synthetic androgens that are not substrates for aro-
matase, and they confound interpretation of the direct action
of androgen on bone (111). However, 5a-dihydrotestoster-
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one and some synthetic androgens can increase the rate of
growth, and, synthetic androgens, the rate of skeletal mat-
uration of children, without increasing circulating GH or
IGF-I concentrations.

Furthermore, the decline in bone mass in elderly men
correlates better with free estradiol concentrations than with
free testosterone levels (122, 123). Men have greater cortical
bone width and, as would be predicted from their taller size
and higher bone mass, testosterone probably stimulates the
periosteal growth of cortical bone (124). Of interest, women
with ovarian hyperandrogenism have high BMD (125).
Moreover, estrogen treatment of male to female transsexuals
increases BMD and markers of bone remodeling (126, 127).

As a counterpart to the action of estrogen in the male on
pubertal growth and the skeleton, one can turn to the CAIS
in the 46,XY phenotypic female who is unresponsive to an-
drogens because of a deletion or null mutation in the X-
linked gene encoding the androgen receptor. In these
women, the testes secrete estradiol (99) and testosterone, and
aromatase activity in the testis and in peripheral tissues is
intact. As mentioned earlier, these women have a pubertal
growth spurt and fuse their epiphyses in the absence of
androgen action. The effect of this mutation on bone mass
accrual and bone turnover is smaller, but many confounding
factors, including castration in childhood or adolescence and
the location of the testes, complicate the interpretation of this
phenomenon. Estrogen production, at least in some individ-
uals with CAIS, although greater than that in the normal
young male adult (99, 128), is less than the estimated mean
estrogen production during the normal menstrual cycle.
While both volumetric and areal bone density are reduced in
CAIS, biochemical markers of bone turnover are normal
(129-131). The skeletal mass in these women is similar to that
of normal women (130). Nor do these patients seem to have
an increased risk of fractures (129). These observations, how-
ever, suggest that the production of estrogen by both the
testis and peripheral tissues is sufficient to induce a pubertal
growth spurt, epiphyseal fusion, and near normal accrual of
bone mass for normal women. Parenthetically the androgen-
resistant male rat, analogous to the human with partial an-
drogen resistance, has reduced bone remodeling and size,
but not decreased bone density (115-117).

In summary, the conventional belief that the human male
skeleton accrues greater bone mass than that of the female
because of the direct action of testosterone alone seems no
longer tenable. Estrogen has an essential role in attaining
optimal peak bone mass in the male. Nevertheless, androgen
seems to have a direct but unquantitated effect on the skel-
eton that has not been distinguished unambiguously from
the putative skeletal effects of genes on the human Y chro-
mosome, nor from the observation that most of the sex dif-
ferences and the age-related changes at the end of puberty are
attributable to differences in skeletal dimensions than to
bone density.

The Testis and Ovary and the Regulation of
Gonadotropins

In the man with severe aromatase deficiency whom we
studied, circulating levels of testicular androgens and of FSH
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TABLE 9. Gonadal hormones, gonadotropins, and testicular size
before and after 3 yr of estrogen therapy in the aromatase-
deficient male

Serum or plasma Baseline After Normal range
estrogen

Estradiol <7 64 10-50 pg/mL
Estrone <7 49 10-50 pg/mL
Androstenedione 335 217 30-263 ng/dL.
Testosterone 2015 990 200-1200 ng/dL
Dihydrotestosterone 125 79 30-85 ng/dL
LH 28.3 11.3 2.0-9.9 mIU/mL
FSH 28.3 12.7 5.0-9.9 mIU/mL
Testis volume (cc) 34 28

and LH were elevated (9). In the man reported by Carani et
al. (60), whose CYP19 mutation was associated with a lesser
degree of aromatase deficiency, the serum gonadotropins
were slightly increased, but the testosterone level was nor-
mal. In the estrogen-resistant man (6), testosterone concen-
trations were normal, but estradiol and estrone levels were
more than twice the upper value for the normal range, and
gonadotropin concentrations were increased.

In addition, our patient has macroorchidism (he did not
consent to provide a semen sample before estrogen treat-
ment). The infertile man reported by Carani et al. (60) had
small testes and oligospermia with immotile on semen anal-
ysis, but he had a brother with anormal CYP19 gene who also
was infertile and had azoospermia. The familial occurrence
of infertility in this pedigree limits an interpretation of the
influence of estrogen deficiency on spermatogenesis. The
estrogen-resistant man had normal-sized testes and a normal
sperm count with a sperm viability of 18% (normal >50%).
However, the male «ERKO mouse becomes infertile due, at
least in part, to an interruption of fluid resorption by the
efferent ductules of the epididymis, which leads to dilatation
and disruption of the seminiferous tubules (132), whereas the
BERKO male mouse is fertile but less so than the wild type
mouse (22). The male ArKO, initially fertile, develops pro-
gressive infertility associated with impaired spermatogene-
sis and a reduction in spermatids (133). In the human male,
in contrast to the rodent, the data are insufficient at present
to allow an assessment of the action of estrogen on sper-
matogenesis and fertility.

Treatment with estrogen in the men with aromatase de-
ficiency reduced the elevated gonadotropin values into the
normal range; in our patient estrogen treatment decreased
the high testosterone and dihydrotestosterone concentra-
tions into the male range and the enlarged testes reduced to
normal (9, 61) (Table 9).

These observations have clarified further the role of es-
trogens on the sex steroid-gonadotropin feedback system in
the male (Fig. 6), a site of action for which there was previous
evidence (134, 135). Aromatase and ERa predominantly are
expressed in the pituitary (136, 137) and the hypothalamus.
In the two females with aromatase deficiency the elevated
levels of androgens failed to suppress gonadotropins into the
normal range after the age of puberty or in infancy and early
childhood in the absence of estrogen (8, 9), as was the case
after puberty in our male patient. In the male, in the virtual
absence of estrogen synthesis, no testosterone, androstenedi-
one or dehydroepiandrosterone (DHEA) and its sulfate

Hypol’fngll_lamus«\
T N\~
Pituitary
< )
Estradiol

FSH LH A
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Testosterone
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FiG. 6. The male hypothalamic-pituitary gonadotropin-testis axis in
the light of observations in aromatase deficiency and defective estro-
gen receptora. The observations suggest that estradiol has a signif-
icant role in the regulation of FSH and LH. The plasma estradiol
arises from the testes and from aromatization of 19-carbon steroids
in extra-glandular tissues; in addition, intracrine and autocrine/para-
crine roles of locally synthesized estradiol in the pituitary gland and
hypothalamus can affect FSH and LH secretion. Accordingly, estra-
diol, testosterone, and inhibin all play a part in the regulation of
gonadotropin secretion in males.

TABLE 10. Glucose and lipid metabolism in men with C,q
deficiency or estrogen receptor « deficiency

Plasma P450 Arom ERKO Normal
Insulin 52 50 5-25 (uU/mL)
Glucose 70 135 70-105 (mg/dL)
Glycosylated hemoglobin 7.4 9.5 5.1-8.5(%)
Cholesterol 238 130 <200 (mg/dL)
HDL cholesterol 36 34 36-54 (mg/dL)
LDL cholesterol 139 97 <130 (mg/dL)
Triglycerides 317 97 30-200 (mg/dL)

(DHEAS) were converted to estrogen by the Leydig cells or
extragonadal tissues, and the high LH levels stimulated hy-
persecretion of testosterone by the Leydig cells. We attribute
the macro-orchidism in the male patient to the increased
level of FSH acting on a functional testes (9, 61); testes volume
decreased after estrogen treatment. In two female patients,
the chronically increased gonadotropin concentrations led to
the formation of multicystic ovaries at puberty that resolved
or were prevented from recurring by replacement estrogen
and progesterone treatment (8, 9). In the affected female child
with a null mutation of the aromatase gene, multicystic ova-
ries and hypergonadotropism were present by 2—4 yr of age;
low-dose estrogen therapy led to normalization of gonado-
tropins and regression of the ovarian cysts (96).

Carbohydrate and Lipid Metabolism and the
Cardiovascular System

The aromatase-deficient man described by Morishima et al.
(9) had abnormalities of carbohydrate and lipid metabolism
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TABLE 11. Metabolic indices before and after estrogen treatment
in the aromatase-deficient man

JCE & M » 1999
Vol 84 ¢ No 12

TABLE 13. Comparison of clinical features in men with CYP19
deficiency and estrogen receptor « resistance

Index* Before After Normal
Glucose 70 101 70-105 mg/dL
Insulin 52 15 5-25 uU/mL
Cholesterol 238 234 <200 mg/dL

HDL 36 46 36-54 mg/dL
LDL 139 123 <130 mg/dL
Triglyceride 317 176 30-200 mg/dL.

¢ Fasting values.

TABLE 12. Cardiovascular function in the estrogen receptor a-
deficient man at age 31 yr

Structural abnormalities of the coronary vasculature were
associated with the absence of ER « (in absence of
hyperlipidemia but low HDL)

Premature atherosclerotic coronary artery disease as evidenced
by coronary calcification by Electron-Beam CT scan
(“Ultrafast” CT)

Endothelial dysfunction: absence of flow-mediated vasodilation
in brachial artery (endothelium-dependent vasodilation)

Intact rapid vasodilator response (3 min) to estradiol
(nongenomic estrogen action)

(61). The insulin resistance and the elevated levels of serum
cholesterol, low-density lipoprotein (LDL)-cholesterol trig-
lycerides, and a low concentration of high-density lipopro-
tein-cholesterol (Table 10) gradually returned to the normal
range after the administration of low-dose conjugated estro-
gen replacement therapy (61) (Table 11). The man reported
by Faustini-Fustini et al. (92) did not exhibit glucose intol-
erance but had an abnormal lipid profile (59), which im-
proved as well with estrogen treatment.

The estrogen receptor a-deficient man had axillary acan-
thosis nigricans, decreased glucose tolerance, insulin insen-
sitivity, and increased glycosylated hemoglobin, which did
not respond to high-dose estrogen therapy. This suggests
that the insulin resistance was a consequence, at least in part,
of the defective estrogen receptor « or was an independent
defect. In contrast to the aromatase-deficient men, this man
had low serum concentrations of cholesterol, LDL-choles-
terol, apolipoprotein (a) and apolipoprotein Al, but normal
serum triglycerides (Table 10). This difference in the serum
lipid pattern from the pattern described in the estrogen-
deficient men may be related, among other factors, to the
presence of a functional hepatic estrogen receptor 8, which
may affect lipid metabolism.

The effect of estrogen on carbohydrate metabolism is un-
clear; estrogen deficiency is associated with impaired glucose
tolerance (138, 139). However, the normal or elevated tes-
tosterone concentration acting in the absence of estrogen
synthesis or estrogen action by the estrogen receptor a« may
play a role in this phenomenon.

In summary, men with defective estrogen synthesis or
action (ERaR) have a propensity for insulin resistance and
dyslipidemia.

Estrogen has a cardioprotective effect (140, 141). This
seems to be mediated by two different mechanisms: its
effect on serum lipids (142-145) and its direct action on
human vascular endothelial and smooth muscle cells and
cardiac myocytes and fibroblasts (reviewed in Refs. 146);

Estrogen CYP19
receptor « deficienc,
resistance € Y
Stature Tall Tall
Eunuchoid proportions Yes Yes
Sexual maturation Normal Normal
Macroorchidism® No Yes®
Bone age Severe Severe
delay delay
Bone density Severe Severe
osteoporosis osteoporosis
Serum FSH/LH High High
Plasma testosterone level® Normal High
Plasma estradiol level® High Very low
Response to estrogen Rx“ None Positive
Propensity for insulin Yes Yes
resistance and abnormal
lipid metabolism
Serum IGF-I level Normal Normal
Psychosexual orientation Male Male
Virilization of mother® No Yes®
Inheritance Autosomal Autosomal
recessive recessive

¢ Distinguishing features.
® Depends on the severity of the genetic defect.

TABLE 14. Manifestations of aromatase deficiency in the female

Prenatal
Fetal: masculinization of urogenital sinus external genitalia:
androgen-induced female pseudohermaphrodism; low
plasma estrogen and very elevated androgen levels
Mother: Virilization, low plasma estrogen and elevated
androgen levels
Infancy
Elevated plasma levels; undetectable plasma E, (+ multicystic
ovaries)
Puberty
No female secondary sex characteristics: severe estrogen
deficiency
Tall stature
No pubertal growth spurt despite increased serum androgens
Delayed skeletal maturation
Virilization with progressive enlargement of the clitoris
Hypergonadotropic hypogonadism
Increased levels of plasma androgens
Polycystic ovaries
Osteopenia
Female psychosexual orientation

The syndrome is most florid in nonsense mutations of the CYP19
gene.

both estrogen receptors a and B are present in these car-
diovascular cells and are widely expressed in the cardio-
vascular system (147-154). In addition, there are rapid
nongenomic actions of estrogen on the vascular system
(153, 155, 156) and local estrogen synthesis by aromatase
in cardiovascular tissue (157). The man with a null mu-
tation of the estrogen receptor « had an intact rapid (with-
in 5 min) brachial vasodilatory response to sublingual
estradiol and an increase in brachial artery flow velocity
(a nongenomic action involving calcium-activated potas-
sium channels in vascular smooth muscle cells), but lacked
endothelium-dependent vasodilation mediated by endo-
thelial nitric oxide generation (159), a nongenomic effect
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Maternal Placental Fetal
Adrenal Sulfatase Sulfatase Adrenal
DHEA-S — DHEA = <+ DHEA-S
Fic. 7. The placental synthesis of testos- * 3BHSD
terone and 18-carbon steroids from 19- 4 4 Liver
carbon precursors in the CYP19-deficient ATA A"A
fetoplacental unit. The placenta lacks the
gene encoding CYP17 and hence is un- 16-OH DHEA <+ 16-OH DHEA-S
able to convert 21-carbon steroids to 19- * 3BHSD
carbon steroids. The black box indicates
the consequences of CYP19 deficiency on 16-OH A4A

the placental synthesis of estrogens; the

enzymatic block leads to the overproduc-
tion of testosterone and androstenedione.
3B-HSD, 3B-hydroxysteroid dehydroge-
nase 2; 17-BHSOR, 17B-hydroxysteroid
dehydrogenase 3; DHT, dihydrotestos-
terone; A*A, androstenedione; E,, estro-
ne; E,, estradiol; E;, estrone. (Repro-
duced with permission from Conte et al.,
J Clin Endocrinol Metab 1994; 78:1287—

T DHT

1292.)
E1 — E1
i
E,— =

TABLE 15. Mutations of CYP19: relation between aromatase activity in in vitro expression systems and virilization of the mother

Sex of . Activit,
affected child Genetic defect (% of norri,lal) Mother

Kanazawa, 1992 (182, 183) F Splice junction defect (exon VI) 0.3 Virilized
San Francisco, 1993 (7, 8) F Arg435Cys 1.1 Not virilized

Cys437Tyr (exon X) 0
New York, 1995 (sibs) (9) F&M Arg375Cys (exon IX) 0.2 Virilized
Lyon, 1996 (184) F Arg457X (exon X) “0r Virilized
Bern, 1997 (96) F Exon III (splice site) “ Virilized

Pro408X “0r
Modena, 1997 (60) M Arg365GIn (exon IX) 04 ?
Bonn, 1998 (185) F Val370Met (exon IX) ND?® Virilized

“ Presumed lack of activity because of stop codon.
® ND, not determined.

on endothelial cells which may be mediated by a cell
membrane estrogen receptor encoded by the same tran-
script as the nuclear receptor (29). By electron-beam com-
puted tomography scan, early coronary artery calcification
indicated the presence of coronary atherosclerosis despite
a low concentration of serum LDL-cholesterol (159) (Table
12). These observations, although limited to one well-
studied patient, are consistent with the importance of es-
trogen and estrogen receptor « on cardiovascular function
and protection from cardiovascular disease.

Psychosexual Development and the Central Nervous
System (CNS)

The role of estrogens on psychosexual development in
the human in contrast to other mammals is poorly under-
stood. The men and women with aromatase deficiency
owing to a mutation in CYP19 and the man with estrogen
resistance due to a homozygous mutation in the estrogen
a-receptor had sex appropriate gender identities (6, 8, 9).
Taken as a whole, these observations suggest that despite

the diffuse distribution of estrogen receptors and the en-
zyme aromatase in the pre- and postnatal CNS (160-162),
and despite well-documented sex differences in human
brain functioning, estrogen in the human does not have the
critical effect on male gender behavior described in non-
primate mammals (13, 163-169) and supports restraint in
extrapolating concepts in this active field from studies in
animals to the human (8, 14, 170).

Estrogen receptors and aromatase activity are present in
many regions of the CNS and coexist in some neurons (171),
and different effects of estrogen on neuronal and glial cell
growth and function and cerebral blood flow are mediated
by genomic and nongenomic mechanisms (18, 169, 172-177).
For example, estrogen-replacement therapy in postmeno-
pausal women may have a putative neuroprotective effect
(161, 178) and reduce the risk or delay the onset of Alzhei-
mer’s disease (179) (reviewed in Ref. 161). Estrogen decreases
the generation of Alzheimer B-amyloid peptides on neuronal
cells in vitro (180) and may improve short-term memory in
postmenopausal women (181).
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TABLE 16. The increase in human placental aromatase with
gestational age during normal pregnancy

Gestational Total CYP19 Total activity Placental
age (weeks) (mg) (nmol/min) wt. (g)

11-18 (4) 1.8 1.2 55 + 31 63 = 34
26-34 (4) 15.0 + 34 678 + 242 383 + 29
37-39 (5) 29.7 = 10.5 909 = 215 624 = 52

From Kitawaki J et al. Endocrinology 130:2751-2757, 1992.
CYP19 concentration increases during pregnancy due to an in-
crease in the amount of CYP19.

50.0 7 Lpeax Piacental
| Aromatase ESTRADIOL
ESTRIOL
10.0 + —
ESTRONE
5.0 4
£
S
g
4.0 1
0.5 4
0.4 1
0.05 4

24 8121620 28323640
Weeks of Gestation

Fic. 8. The pattern of plasma unconjugated estrogens throughout
normal gestation. (Note the log scale for plasma concentration; ges-
tational age has been calculated from the last menstrual flow). Estriol
is an indirect indicator of the synthesis of DHEA and 160H DHEA
and their sulfates by the fetal adrenal cortex and liver and of the
capacity for aromatization of 19-carbon steroids by the placenta.
Plasma estriol was first detected at 0.05 ng/mL at 9 weeks gestational
age and increased dramatically over the next 7 weeks (shown by @ and
thick curve). This is a time in gestation when the fetal adrenal un-
dergoes rapid growth and when placental aromatase activity in-
creases. (Modified from Buster JE. Estrogen metabolism. In: Speroff
L, Simpson JL, eds. Reproductive endocrinology, infertility, and ge-
netics, Vol V of Gynecology and obstetrics. Hagerstown, MD: Harper
and Row, 1980; 1-11.)

In women, the menopause and adrenopause reduce the
availability of 19-carbon steroid substrates for peripheral
conversion to estrogen and, accordingly, reduce local estro-
gen formation and action by paracrine, autocrine, and
intracrine mechanisms. In men, 19-carbon precursors of es-
trogen, mainly of testicular origin (testosterone and andro-
stenedione), gradually decline with age but, nevertheless, are
available throughout the aging process for local conversion
to estrogen and may provide a mechanism for a persistent
neuroprotective effect of estrogen on the CNS. Indeed, this
analogy extends to bone; there is a 5-fold greater risk of
fracture in the subsequent life of 50-yr-old women as com-
pared with 50-yr-old men.

Table 13 compares and contrasts the salient features of
estrogen receptor a-resistance and estrogen deficiency in the
male.
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TABLE 17. The female spotted hyena (Crocuta crocuta)

Exposure to prenatal androgen: genital masculinization, siblicide,

female dominance, and aggressiveness

All females are pseudohermaphrodites: females urinate,
copulate, give birth through the large penile clitoris and its
urogenital canal

Serum androstenedione: females > males

Serum androstenedione and testosterone levels are increased in
the pregnant female (ovarian source of androstenedione
converted by placenta to testosterone and estrogen)

Placental aromatase activity is 5% of that of human placenta

High level of fetal testosterone may cause formation of cysts in
the fetal ovary

TABLE 18. Implications of CYP19 deficiency: the placenta and
the fetus

Placenta and fetus: Placental aromatase, by catalyzing the
conversion of fetal adrenal androgen to estrogen, protects the
female fetus from excess androgen exposure and
masculinization of the urogenital sinus and external genitalia
and the mother from virilization.

The conceptus can survive in the absence of estrogen synthesis
(or estrogen receptor a action) by the implanting blastocyst,
fetus, and placenta.

Formation of a female genital tract does not require estrogen

Heterosexual psychosocial development occurs independent of
fetal aromatase deficiency (or estrogen receptor « resistance).

Mutations in CYP19 in the Female and
Placental Aromatase

A syndrome caused by a variety of autosomal recessive
inherited mutations in the CYP19 gene has been described in
six females (Table 14) (8, 9, 96, 154, 182, 184, 185). It is char-
acterized by androgen-induced female pseudohermaphro-
dism and maternal virilization (8, 96, 182), polycystic ovaries,
virilization with lack of female secondary sex characteristics
at puberty, hypergonadotropism, delayed skeletal matura-
tion, tall stature, and osteopenia (8, 9, 96). The virilization at
puberty is associated with greatly augmented LH-stimulated
ovarian androgen synthesis (8, 9). Estrogen therapy leads to
suppression of virilization, regression of the multicystic ova-
ries, the development of female secondary sex characteris-
tics, a pubertal growth spurt, epiphyseal fusion, and repair
of the osteopenia (Table 9) (8, 9). The clinical features are due
to generalized aromatase deficiency.

The lack of placental and fetal hepatic aromatase leads to
a failure to convert fetal adrenal androgen precursors to
estrogen (Fig. 7) and results in masculinization of the external
genitalia in the female fetus and, beginning in the second
trimester, virilization of the mother (8, 9, 96, 182), which can
be severe. This provides a dramatic illustration of the critical
importance of placental and fetal hepatic aromatase in pro-
tecting the female fetus and the mother from exposure to
large amounts of testosterone synthesized mainly by the
placenta (8, 186).

At 36-39 weeks gestation, maternal plasma concentrations
of estriol, estrone, and estradiol were strikingly decreased in
two mothers with affected fetuses (96, 182). In marked con-
trast, maternal levels of plasma testosterone, androstenedi-
one, dihydrotestosterone, and DHEAS were increased 4-12
times above the normal mean values (96, 182) [e.g. the level
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Fia. 9. Structural consequences of hu-
man aromatase mutations. A, A tracing
of the backbone atoms for a human aro-
matase model (193). The heme ring is
shown in red, and the location of bound
substrate is indicated by the black ar-
row. B, Amino acid substitution muta-
tions described in patients with aro-
matase deficiency. This is a coned-down
view of the substrate binding site of
panel A viewed more from above and to
the left of substrate as depicted in panel
A. The heme, still shown in red, serves
to orient the viewer. The majority of the
protein is shown in yellow as a tracing
of the backbone atoms only, whereas all
atoms of the mutated residues arginine
365 (R365), valine 370 (V375), arginine
375 (R375), arginine 435 (R435), and
cysteine 437 (C437) are shown in cyan.
Note the proximity (black dots) between
arginine 435 (positive charge) and the
carboxyllic acid group of the heme (neg-
ative charge).

of plasma-free testosterone was increased 12-fold (96)]. Um-
bilical cord blood obtained at birth from the two affected
female fetuses had similarly elevated testosterone, andro-
stenedione, dihydrotestosterone, and DHEAS levels and de-
creased estrogen concentrations (96, 182). There is a strong
correlation between the aromatase activity of the mutant
CYP19 and the masculinization of the female fetus and vir-
ilization of the mother (96). As little as 1% of the aromatase

activity of wild-type P450arom (in one allele) protected the
mother from severe virilization and was associated with less
masculinization of the genitalia of the female fetus (Table 15).
A pregnant woman with progressive virilization beginning
as early as the second trimester and who has high circulating
androgens and low plasma and urinary estriol values should
be suspected of harboring a fetus (female or male) with a
mutation in the CYP19 gene.
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These observations provide a dramatic illustration of the
critical importance of human placental and fetal hepatic aro-
matase in protecting the female fetus and the mother from
exposure to excessive amounts of testosterone of either fetal
or maternal origin (8, 186). The concentration and total
amount of placental CYP19 in the syncytiotrophoblast in-
creases during gestation (Table 16). The mean placental level
of aromatase is 16-fold greater at 40 weeks gestation than at
10 weeks, and the total aromatase increases 16.5-fold,
whereas placental weight increases 9-fold during this inter-
val of gestation (187). In clinical states in which this protec-
tive mechanism is overloaded with androgens or androgen
precursors either from the fetus or the mother, the female
fetus is at risk for androgen-induced female pseudoher-
maphrodism (see Ref. 186). In women carrying a fetus with
congenital virilizing adrenal hyperplasia, for instance, the
fetal adrenal enlarges and fetal androgen precursors increase
in the first trimester when placental (and quite likely hepatic)
aromatase is low (187), as manifested by the relatively low
maternal plasma estriol levels at this stage of gestation (Fig.
8), and exceed at these levels of substrate the capacity of the
fetoplacental unit for aromatization. The ontogenesis of aro-
matization during normal gestation is delicately balanced.
The mid-first trimester and early second trimester is a critical
period for male sex differentiation; at this stage of gestation,
the total amount of placental aromatase is relatively low, and,
hence, conversion of androgen to estrogen would not com-
promise the level of fetal plasma testosterone concentrations
required for masculinization of the external genitalia. In ad-
dition, estrogen synthesis by the fetus is not required for
differentiation of the Miillerian ducts or female external gen-
italia (8).

The female spotted hyena is a female pseudohermaphro-
dite (in contrast to other members of the hyena family). It
urinates, copulates, and gives birth through its large penile
clitoris, which encompasses throughout its length a urogen-
ital sinus or canal (188). In this species females usually are
dominant, more aggressive, and heavier. One major factor
for the masculinized external genitalia and aggressiveness is
the relatively high level of secretion of androstenedione from
the androgenized ovary, which results in higher circulating
androstenedione levels in the adult female than in the male
(189, 190). During pregnancy, the spotted hyena placenta
converts androstenedione to testosterone and estradiol, es-
pecially the former, which is released into the fetal circulation

TABLE 19. Conventional wisdom: prearom deficiency and
deficiency of ERa
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(190). The spotted hyena placenta has a relatively low ca-
pacity for aromatization in contrast to the human placenta
(191). It would seem that the uniquely elevated ambient
androstenedione levels of ovarian origin in the mother
present from conception (190, 191) are beyond the capacity
of the placenta in this species to aromatize. In aromatase
deficiency in the human, the fetal adrenal, not the maternal
ovary, is the source of the testosterone precursors. The un-
derlying defect seems to reside in the maternal hyperandro-
genism (associated with androgenized ovaries) and the low
capacity for placental aromatization of 19-carbon steroids.
Still unanswered is a possible contributory role of nonan-
drogen, nonsex chromosome-mediated genetic mechanisms
to the differentiation of the ambiguous female external gen-
italia (192). Table 17 summarizes some implications of ma-
ternal hyperandrogenism fetoplacental aromatase deficiency
in the female spotted hyena.

In the female with CYP19 mutations, the pubertal failure,
virilization, multicystic ovaries, and hyperstimulation of the
ovaries by the increase of FSH and LH concentrations are the
consequence of the inability of the ovary to aromatize an-
drostenedione and testosterone to estrogens (8) (Table 14).
The role of estrogen deficiency in folliculogenesis beyond the
early antral stage in these patients is uncertain because of
simultaneous elevations of plasma gonadotropin and intrao-
varian androgen levels (9).

The findings in the aromatase-deficient patients and the
estrogen-resistant man suggest that estrogen synthesis or
action through the estrogen a-receptor in the blastocyst, fe-
tus, and fetal portion of the placenta is not essential for
normal embryonic and fetal development (8, 9) (Table 18).

Structural Consequences of CYP19 Mutations

The amino acid substitutions in the CYP19 gene in patients
with human aromatase deficiency all lie in regions of the
protein critical for enzymatic activity. Fig. 9, A and B, shows
the backbone atoms for a model of human aromatase de-
veloped by Graham-Lorence et al. (193) with the heme shown
in red. Cysteine 437 donates the axial liganding sulfhydryl to
the iron atom in the center of the heme ring; the mutation
Cys437Tyr renders the protein unable to incorporate heme
and, hence, eliminates all activity. Similarly, arginine 435
provides a positive charge to pair with a negative charge of
the heme (dotted line in Fig. 9B)—an interaction found in
nearly all CYP enzymes, that appears to optimize heme bind-

TABLE 19. New insights: post-arom deficiency and
deficiency of ERa

In the human being
Estrogen synthesis or responsiveness by conceptus is essential
for implantation, and survival of the embryo and fetus.
Fetal/placental estrogen is critical in the timing of parturition.
In the human male
Testosterone is the principal sex hormone directly involved in
skeletal maturation, accrual of bone mineral, and maintenance
of the skeleton (prevention of osteoporosis).
Estrogen is not an important regulator of FSH secretion.
Endogenous estrogen has no role in the regulation of
cardiovascular function.
Local conversion of testosterone to estradiol by the fetal CNS
has an important effect on psychosexual development.

In the human bemg
] e51s or responsweness by conceptus i

al es rogen is cr1t1ca1 in the timing of pa
In the human male
sterone is the prmmpal sex hormone dlrectly involved i
intenance

Estrogen is not an importa
Endogenous estrogen has

CNS

S an important effect on psychosexual development.
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ing; the mutant Arg435Cys retains only 1% of wild-type
activity. The analogous mutant Arg440His in human CYP17
is also devoid of most enzymatic activity (194).

The mutation Arg365GIn retains less than 1% of enzymatic
activity despite the location of this residue on the periphery
of the enzyme (Fig. 9B). Arginine 365 is part of a four amino-
acid motif Glu-aa2-aa3-Arg (referred to as the ExxR motif)
found at the end of an « helix called the “K-helix” in the
sequences of all known CYP enzymes. Furthermore, this Glu
and Arg form a salt bridge in all reported crystal structures
of CYP enzymes, suggesting that this interaction has an es-
sential role in stabilizing the overall protein structure (195,
196). Mutations Val370Met and Arg375Cys, which lie just
C-terminal to this ExxR motif, appear to be closer to the active
site (Fig. 9B) and may disrupt substrate binding, as well.
Mutant Arg375Cys retains < 1% of wild-type P450arom ac-
tivity, and the activity of mutant Val370Met must be very low
since the latter mutation caused severe masculinization of the
external genitalia of the affected female fetus and virilization
of the mother (185).

Epilogue

Human mutations, through their clinical repercussions,
can have a profound effect on our understanding of complex
biologic systems. This concept is well illustrated by the rare
mutations that impair estrogen synthesis or action. Table 19
lists conventional wisdom before the detection of mutations
in human CYP19 and in estrogen receptor a and the chal-
lenge to these constructs that have originated from the study
of patients with these genetic errors.

We are at an early stage in our understanding of the role
of estrogen in the male. The burgeoning and diverse research
in this field, with the perspective of provocative recent ad-
vances, has the promise of exciting new developments that
will contribute to the further clarification of the full spectrum
of estrogen-mediated effects in human beings.
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