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REPRODUCTIVE
ENDOCRINOLOGY

INTRODUCTION

Phylogeny is the evolutionary process of speciation, i.c., the development
of new species. A species is defined as the population of individuals capable
of producing fertile offspring. These definitions mean that new species arise
and become established when the reproductive function of a population
diverges from its ancestors. Because this precludes exchange of genetic
material between the two populations, additional (nonreproductive) genetic
and biologic differences may arise. However, due 1o the very nature of
speciation, the least conserved of all biologic functions is reproduction.

This book is primarily f d on & docrine physiology. This
chapter is no exception, However, like most life sciences, endocrine research
heavily relies on experimental animal models. Quite understandably, the
clinical applicability of animal research in the field of reproductive endocri-
nology is far more restricted than in any other area of endocrinology. For
this reason. we must frequently rely on human disease entities for explaining
the normal regulatory processes. In spite of major advances in our under-
standing of human reproductive endocrnology, the explanation of scveral
physiologic processes remains circumstantial at best,

Reproductive endocrinology involves the most intricate and complex
regulatory system. We first discuss the biosynthetic pathways of sexual
steroids in both sexes. This topic will be followed by the reproductive
endocrinology of the adult male. The next subject, the adult female, has
. vanous reproductive states: menstrual cycle, pregnancy, and lactation. Fi-

nally, we discuss and compare the ontogeny of reproductive endocrine
function in males and females: sexual differentiation, puberty, and meno-
pause. Because of the complexity and amount of information related to
reproductive function, the learning objectives are listed separately for each
major area.
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THE BIOSYNTHESIS, MECHANISM OF ACTION,
AND METABOLISM OF SEXUAL STEROIDS

OBJECTIVES
1. WNWdeMM(mO\m 12) ond steroid
hormone receptors (see Chop. 5).

¢ 2. Idenrify he cells ivolved in the gonadal bicsynmmess of sexuol seroids. Discuss

3. mmmwoﬁWldemnnMMaS
of gonadal sreroidogeness. Cawwmmmdwmg
hormone (LH) ond folicie-snimuianng hormone (FSH) in males versus females
N geroidogenesis ond gomerogeness.

4 mmmdw(emw)mmnm
Thests of sexucl steroids: ideneify the enzymes, thek isoforms, sites of expression,
tissue-specific reguionion, and their rales in local verus syslemic oction

5. Duscuss the octions of resroserone In males withou peripherol conversion and

lm_wnwmwwmdmmhu-
MONes.

Sexual Steroids Are Synthesized by the Leydig Cells

in Males and by the Cooperative Function of Granulosa
and Theca Cells in Females

The two main functions fulfilled by the gonads are gametogenesis (produc-
tion of germ cells) and hormonogenesis. The hormones produced by the
gonads play an essential role in supporting all aspects of reproduction.
These hormones influence other physiologic functions, such as mineral and
clectrolyte homeostasis, fuel and protein metabolism, adiposity, and muscle
mass. In addition 1o the gonads. the adrenal cortex contributes 1o the pool
of circulating androgens. The relative importance of adrenal androgens is
greater in fermales than in males, whose predominant androgen source is
the testis.

In the testis, the physiologic source of all steroid hormones is the
Leydig cell, which is found in the connective tissue stroma near the seminif-
crous tubules and the fenestrated capillaries (Fig. 13-1). The Levdig cells
primarily secrete testosterone and small amounts of 17B-estradiol (E;). Ley-
dig cells show the characteristic structural features of steroid hormone-




Figure 13-1. The Leycig cells of e resms (L) are locored neor fenesoted copiions in
1he intersinium of the seminiferous ubules. The semmnifercus ubules ore ined by Sedoli cells
(5¢) resting on © basal loming, The fubules cre enceded by the myoid cells (M) Winin the
tubuior epithelium, vonous developmentol forms of SPeNM ore seen In s SEcnon. Inchuding
spermatogonia (5g) ond pamoary spermatocyres (Ps). The amows Indkate SerMAtogio N
minoss. C1, connective rssue; F, firoblasr. (Source: Fig, 18-5, p 275 in Derman | Color Anics
of Hisrology. Stoméoed, CT, Appleton & Lange, 1993.)

producing cells: they have extensive smooth endoplasmic reticulum (sER),
tubulovesicular mitochondria, and several cytoplasmic lipid droplets.
Reinke's crysialloids are cytoplasmic and sometimes intranuclear inclusions
specific for Leydig cells and their female equivalents, the hilar cells (se¢
the section on The Ovary (Adnexum)). The function of the crystalloids is
obscure: their numbers increase with age and their appearance depends on
functional androgen receptors expressed by the Leydig cells. Thus. they
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are absent from the Levdig cells i i i
”-"d;‘om; e ozplir dek:‘l’) .paucnls with androgen insensitivity
n the ovary, the maturing ovarian ] i

corpus lumfm are the major séicroidogcr{(i)cml:.:-:l:sr.'ql‘:;n:a:::v::: “orv,, ;hc
follicle consists of two adjacent steroidogenic cell populations: lhci 9:[:";?“
gmwlos_a c_elLt. and the mesenchyme-derived theca interna cx‘:lk ( Fpl ‘c‘fo
see details in the section on the female reproductive system) >Thc'g‘ B
Juteum dcvcla:nps from the ovarian follicle upon ovulation. Its ‘-lcmidcn'rpn_x \
cells are derived from their preovulatory counterparts am‘l are loz..cnu
granwlosa lutein and theca lutein cells, respectively (Fig H-‘%)‘ Th g
secreted sexual steroid hormone before ovulation is E,. 'Tr;c.m-'xin cl tnafn
hormones produced by the corpus luteum are proxesm;mc and E :)upld
pregnancy, progesterone and estriol (E,) are the main steroid ..m:nng
of the fetoplacental unit. Thus, even though the masculine and f‘::m' i
mondz_;ry sexual charactenstics are related 1o androgens and est s
respectively, the most distinctive hormone between malt; and fg; 1'0!80"§.
progesierone, which is secreted in significant quantities or;lv by th e
luteum and the placenta. St

(BL). These
Bn&mmwm::\exapommwmwxmwswThomxoenemo(TE‘
(Source: Modified from 3 850 v Bl wWoerT xrbook.'
- Fig. 32-13, p 860 in Fawcen DW: Bloom ond F . v
Hisrology: 111h ed Prilcdeliphio, Sounders, 1986.) = e




e g = o

CHAPTER 13

Groaviow betein cells

Imeritiol consactive Tases

8lood

el

Gromslow tuteis
colhy
Copwie
of corpen
Ivieven

Risod vere!

Theto lutein celh

) voluted surfoce of
eum. The imoge shows o smoll oreo of e convol
thcanon. Afrer ovulanon, the gronuloso cell layer 40.”33»
vasculorized, ond connedve MﬂMN STOMO Oow.l,ovoo c-.ﬂ.”%%ﬂ hﬁﬁdﬁosgn!?

“lweinzed” funcrion a8 QroNuicso \

S.MOQS.“MM ﬂ” “n& populations essentially reroin e POPOMONs ond relcrive pos-
ﬁdg in the preovuicrory folicle. (Source: Modified from Fig. 32-21, p 868 in Fow-
cenr DW: Dioom ond Foweerr's Texrbook of Harology. 11th ed Philodelphio, Sounders,

1986.)

Pgure 13-0. Corpus lur
the corpus lureumn of high mogn

In females, normal sex hormone production is achieved by the .‘::i_u...
nated function of the granulosa and theca cells both before and after ovula-

tion (Fig. 13-4);

e Theca interna and theca lutein cells express P450sce .\Sw .,:c”._:_..wn‘..
which is converted into progesterone by the preferentia A
ay. Progesterone produced by the theca interna an

I a precursor of androgen synthesis

pregnenolone,
A‘ steroidogenic pathw
the theca lutein cells is mainly used as
.=<o_o<_=.w.—._un.wwaﬂ_-_n_.== cells express aromatase A—v.u.mcu:::. sec vw._csv:._w_x.ao
enzvme that converts androgens into estrogens. Upon c<.=_u:c=. :M.u__n e
tion, aromatase expression ceases and theca lutein cells cannot se¢
:oﬁco:r.?n granulosa and granulosa lutein cells are unable to v”cmcwm
androgens because they lack the 1&?3 enzyme. Thus, :._n_w _M_a:_ nwoc_f..
androgens produced by the theca interna and theca lutein ce .<_“”M Ll
and convert the androgens into estrogens by their aromatase activity.

cells are the most important immediate sources of E;.
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* In contrast with theca interna cells, the granulosa cells lack the
P450scc enzyme and are unable to synthesize pregnenolone from choles-
terol. After ovulation, granulosa luein cells express P450scc and synthesize
pregnenolone. Due to the continued absence of P450¢c17:

* pregnenolone may only proceed to the production of pro-
gesterone. Thus, the main source of progesterone secreted by the
corpus luteum is the granulosa lutein cell.

* the granulosa lutein cells still rely on theca cell-derived
androgenic precursors for their estrogen synthesis.

An intricate cooperation among various fetal, placental and maternal
cells is involved in the generation of estrogens present in pregnant females,
which is reminiscent of the cooperation between granulosa lutein and theca
lutein cells. Similar to the granulosa lutein cells, the syncytiotrophoblast
cells of the placenta may synthesize progesterone (but not androgens) de
novo (see The Fetoplacental Unit). Most actions of androgens, estrogens
and progesterone are mediated by their respective intracellular receptors
involving a genomic action (see Chap. 5).

After Puberty, Steroidogenesis Is Regulated by LH in Males,
and by Both FSH and LH in Females

Before puberty, the gonads secrete very low quantities of sexual steroids.
Thisis in part related to the basal, gonadotropin-independent steroid synthe-
sis and secretion of Leydig cells and of the maturing follicles (see the Female
Reproductive System, below), The low levels of gonadal sexual steroids
play an essential role in inhibiting gonadotropin secretion in prepubertal
children, whose hypothalamus is exquisitely sensitive to negative feedback
regulation by sexual steroids. This explains why, in Turner’s syndrome (45X
gonadal dysgenesis) patients, who have streak gonads without follicles.
plasma concentrations of gonadotropins are elevated in comparison with
healthy children (see Fig. 13-43).

After puberty, the main determinants of gonadal steroid hormone
secretion are the pituitary gonadotropins. The rate-limiting step of steroido-
genesis in the gonads is the LH- or human chorionic gonadotropin (hCG)-
stimulated and protein kinase A (PKA )-mediated induction of steroidogenic
acute regulatory protein (SIAR). LH receptors mediate this action in all
gonadal cells that express P450sce: Leydig cells, theca interna, theca lutein,
and granulosa lutein cells.

In males, the only target of LH is the Leydig cell, the source of all
testicular steroid hormones. The only target of FSH is the nonsteroidogenic
Sertoli cell, which provides the epithelial lining of the seminiferous tubules.
The Sertoli cells secrete the protein hormone inhibin B (see Regulation of
the Gonadotropin-Gonad Axis in Postpubertal Males) in response to FSH.
As we shall see, the Sertoli cell is developmentally homologous with the
granulosa cells, which explains the similarities in their endocrine function.
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856 CHAPTER 12

Although FSH is an important stimulator of spermatogencesis (see Spermato-
genesis), it has no direct stimulatory action on either the de novo synthesis
or the conversion of steroid hormones.

In contrast, in females FSH is the physiologic stimulus of estrogen
secretion before ovulation. The only target of FSH in females is the granu-
losa cell. FSH stimulates the proliferation of granulosa cells, the secretion of
inhibin B, and the expression of aromatase. At advanced stages of follicular
maturation, gramdosa cells also express small numbers of LH receptors,
which are important in luteinization. The preovulatory surge of LH initiates
luteinization in the theca interna and granulosa cells and causes ovulation,
the development of the corpus luteum, and the completion of the Juteiniza.
tion process. Starting with the appearance of the luteinized granulosa and
theca cells (i.e., shortly before ovulation), LH stimulates streoidogenesis
in both cell populations. In granulosa lutein cells, LH stimulates aromatase
activity, progesterone and inhibin A secretion. Because LH increases the
secretion of androgens by the adjacent theca lutein cells, the increased
aromatase activity in granulosa lutein cells results in increased estrogen se-
creuon.

Dehydroepiandrosterone and Androstenedione Are
Processed by Isoenzymes of 17 f-Hydroxysteroid
Dehydrogenase and a Single Aromatase Enzyme
(P450arom)

We followed the biosynthesis of androgens to dehydroepiandrosterone
(DHEA) and androstenedione in the adrenal cortex (see Fig. 12-8). In
contrast with the adrenal cortex, which preferentially secretes DHEA over
androstenedione (i.e., preferential A° pathway), the biosynthesis of andro-
gens in the gonads follows the A* pathway. Thus, the gonads secrete rela-
tively small quantities of DHEA, especially in females (see Fig. 13-4). The
two key enzymes involved in the further processing DHEA and androstene-
dione in the gonads and peripheral (extragonadal) locations are

e the isoenzymes of 178-hvdroxysteroid dehydrogenase (178HSD),
which convert androgens and/or estrogens either into their less or into

more potent forms (Table 13-1); and
* asingle aromatase enzyme (P450arom), which converts C19 steroids

(androgens) into C18 steroids having an aromatic A-ring (estrogens).

The 178HSD1, 178HSD3, and 178HSDS isoenzymes constitule an activator
subfamily that produces more potent sex steroids from substrates having
lower biologic activities.

e ]7BHSDI is an estrogen-specific enzyme that produces 178-estradiol
from estrone. This isoenzyme is present in the main sources of circulating
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loble 13-1  178-Hydroxysreroid Dehydrogenase ksoenzymes
Preference for
Crvomosomal swbstrare(s) ond
Type Gene localizanon produc(s) Tasue dimibunon
1 1 78HSD1 17q11-21 Esrone 10 estrodiol Primarily in e ovory
(180H-greroid- (Qronuicss cells
specific); produces gronuloso uren
more OCIve eogerc cells), plocena, mom
by O reduchve re- maory glond
oonon
2 1781502 17q11-21 Egrociol 10 esrone Liver, secretory endo-
~ISS0NSTONe PO ON MEMmuMmM, plocenta,
ceogtenedione; pos ol incestine
sesses 20a-H5D o prostore
ity: convens 20a-
Ahydroprogesrerone

1O PIOGesterone; nor-
mally unidirecrional
oxidorive funcnon; lim
s earogen effecrs on
endometium Dy ox-
2N estrothol nfo e
none

3 178HSDO 9q22 Ancrogenedione 1o tes  Tests
roserone > DMEA 1o
S-onckostenediol > es-
mone 1o edradhol
mainly produces
more ocrive ondro-
gens by o reductive

reacnon
4 178HSD4 5q21 Estrocdiol 10 estrone, on-  Liver, hearr, prosiae
drost-5-ene-38,178- rests

ol ro DHEA: unideec-
nonal oxadotive

; funazion
S 1781505 10p14-15 Ancrogtienedione 1o res-  Liver, ocrenal glend
rosrerone: low octivity prostote, ovary (7

estrogens: the granulosa and granulosa lutein cells of the ovary and the
trophoblast cells of the placenta 3

* The expression of I78HSD3 is required for normal testicular andro-
gen secretion both in utero and after puberty. The main substrate of
178HSD3 is androstenedione, which is converted into testosterone. The
congenital absence of 178HSD3 results in male pseudohermaphroditism
(Box 13-1 and Sexual Development).
__* The physiologic importance of J78HSDS is uncertain. Hepatic
178HSDS might be an important determinant of circulating testosterone
levels in women by conversion of androstenedione produced by the adre-
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CHAPTER 13

a46C
ologic circumstances, 80% of 17B-estradiol and 98% of estrone in plasma
is derived from peripheral conversion of androgens primarily in adipose
tissue. In contrast, in females during the menstrual cycle ducc(‘uv‘nr.
ian secretion is the main source of circulating estrogens. Thc specific (‘)3
steroid produced in cach tissue depends on the presentation of the C19
steroid.

e Although Leydig cells priman’]_\'lpmducc lcslu_slcmr}c. they also
secrete small quantities of estrogens (mainly 178-estradiol) bv.c:i’ufclnr |h.c
presence of aromatase. Supranormal production of csrmgcn.s‘ by -<t“}'dag
cells occurs when their LH receptors are hyperstimulated. This is the cause
of LH-induced gynecomastia ((cmale-brcastc\dpqss). which affcd? 60 1o
70% of adolescent males, and the cause of hC G-induced gynecomastia in
testicular choriocarcinoma patients. Unlike in most animal species, the Scr
toli cells of adult men do not express significant aromalasc‘acmu_\i |In“\no.
However, Sertoli cell umors may qx[)m:ss aromatase, which may lead to

Ini including gynecomastia).
fcmlfll?;;?l;:n:() lhcgls:ﬁlis. the ovary may produce 17B-cst(ad|ol from
testosterone. However, the preferred route of ovarian pmduclu?? o; ‘l'w.
estradiol involves the aromatization of androsetenedione followﬁd y the
conversion of the resulting estrone into 178-estradiol by 17BH5D|1.AThhc
aromatase activity is very high in the granulosa celis, and normally the
follicular secretion of androgens (mainly as androstenedione) 1s mmmlu.al.
Overt stimulation of insulin and/or IGF-1 receptors of theca cclls'. ?m'v..c\ er,
increases the secretion of androgens, including lcs!oslcronc: as szl:;n in
polycystic ovary disease (see Regulation of the Ovarian Cycle: The Hypo-
thalamic—Pituitary-Ovarian Axis).

The peripheral tissues that significantly contribute to circulating estro-
gens by their aromatase activities include adipose tissue and the placenta.

e Preadipocytes, rather than mature adipocytes filled wuh'a !ngl_\'c;el;}
ide droplet, are the sites of aromatase expression. H«)wever..:he a,’;'l(‘“:’)'n ,(\i
preadipocyes in the body is proportionate 1o the degree of a -'Ih ¢ A' r
Aromatase activity in preadipocytes dlspla_vs_ a regional distribution: ;g );(
aromatase activity is present in the adipose tissue of the butrocks and hl hig) «
than in the abdominal subcutaneous fat or in the (m_mlumqmu:\» ‘ rca:;
The cytokine-dependent expression nf'ar(_)mul-asc in adipose us?uc rcqu.l;\.é
the mandatory presence of glucocorticoids. he age-dependent ncre l.lc
of these cvtokines explains the age-dependent increase of a_dn'pose tiss!
aromatase activity in both sexes even in the absence of obesity.

e In females, adipose tissue mainly produces estrone (rovm
androstenedione primarily secreted by the adrenal cortex. The phys-
iologically higher adipose tissue mass in females and its .f_cr‘mm(nf
distribution explain the higher peripheral aromatase nch\l;: |.n. (n
males compared o males. Obese postmenopausal wnmc'n ave 3 .
increased risk for endometrial cancer and a decreased risk for osteo
porosis.

REPRODUCTIVE ENDOCRINOLOGY a¢

* In males, adipose tissue converts both testicular androgens
(testosterone) and adrenal androgens (androstenedione). Obesity
mncreases the estrogen:androgen ratio in both sexes. Body mass
index (BML: see Box 10-4) is positively correlated with gynecomas-
tia in males.

* The trophoblasts of the placenta mainly produce estriol from 16a-
OH-DHEA, a product of the combined activities of the fetal adrenal cortex,
the fetal liver and placental steroid sulfatase (see The Endocrine Physiology
of the Pregnant Woman and the Fetoplacental Unit). Placental aromatase
prevents the masculinization of the female fetus by androgens generated by
the fetal adrenal cortex and an unidentified placental 178HSD 1soenzyme
Placental aromatase deficiency is one of the causes of female pseudoher-
maphroditism (see The Endocrine Physiology of the Pregnant Woman and
the Fetoplacental Unit).

In certain peripheral tissues, the conversion of androgens into estrogens
by aromatase has no significant impact on circulating levels of estrogens,
but plays essential roles in several local actions. These estrogen recepior
mediated actions of circulating androgens include:

* The prevention of osteoporosis and mediation of epiphyseal closure
in males (osteoblast and chondroblast aromatase)

¢ Participation in the feedback of androgens on gonadotropin secre-
tion via the hypothalamus (conversion by brain aromatase) and the gonado-
troph (conversion most probably by pituitary aromatase). Aromatase ex-
pression in the human pituitary gland has not yet been confirmed. At least
in rodents, pituitary aromatase expression is significantly higher males than
in females. The difference is presumed to be related 1o expression from
androgen-induced promoter site.

* Stimulation of breast cancer growth. This mechanism involves a
local positive feedback, whereby breast cancer cells stimulate aromatase
in preadipocytes via a paracrine mechanism mvolving prostaglandin E,
(PGE;), and the locally generated estrogens stimulate the proliferation of
the cancer cells. Inhibitors of aromatase such as letrozole are used in the
treatment of breast cancer

Testosterone May Be Converted to the More Potent
Dihydrotestosterone by Two Isoenzymes of 5a-Reductase
Expressed in Target Tissues

In addition to its conversion by aromatase, testosterone is subject to conver-
sion into dihydrotestosterone (DHT) by two 1soenzymes of Sa-reductase
(see Fig. 12-8: Table 13.3). Aimost all circulating DHT is generated in
peripheral tissues. Pharmacologic evidence obtained in men suggests that
the type Il ( finasteride-sensitive) Sa-reductase generates three times as much
DHT as the type | (MK-386-sensitive) isoenzyme. The skin (dermal fibro-
blasts, keratinocytes, hair follicles, sebaceous and apocrine sweat glands)
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0l CHAPTER 12
Toble 13-5 Assessment of Sa-Reducrase Acriviry
Sa-ondrogane-da, 175-dwol Porentiol couses of Porennal couses of
g'ucon-:)e (NomMmol CoONCenTonon wprancmmol subnomal
CONCENITaNOon CONCENETONON

range in serum)

Prepubenal chilcken: 10-60 ng/dl  Himuram, otne, condh- Seeteductase defl-

(0.21-1.28 nM) nons associored with oency, non-Coucasion
Aculr male: 260-1500 ng/dl virdkzonon such o5 cet- roce (odull males)
(5.54-31.95 M 1ain types of congent
Adulr fermale: 60-300 ng/dl ral odrenal hypesplo-
(1.28-6.29 ") o ond polycysic

ovory syndiome

3a-hydroxysteroid dehydrogenase (3aHSD: see Fig. 12-8). I\aHSD catalyzes
the reversible reduction of DHT to Sa-androstane-3a,1 '/_'ﬁ-:ﬁnl (a lw,:.al;
androgen). The equilibrium between the reductive aqd oxidative activities
of 3a«HSD is an important factor in the regulation of intracellular levels of
DHT and androgen receptor stimulation. There are at least three isoen-
zymes of 3aHSD (designated as types 1 through 3).

' Although DHT is primarily an intracrine/paracrine hormone, DHT
also enters the circulation and is present in plasma in significant quantities
(about 10% of testosterone levels); thus, DHT may exert androgenic action
on Sa-reductase negative tissues, The hiver cxprcssc's‘lypc 2 3aHSD. which
is important in the inactivation of circularing l)H_l. Th; Sa-androstane-
3a,17p-diol generated in the liver and by peripheral tissues is g_lucummd;:gd
by the liver and excreted by the kidneys. Plasma levels and urinary excretion
of Sa-androstane-3e.17B-diol giucuronide (3a-diol-G) are the best markers
ﬁ)r assessing peripheral formation of DHT (Table 13-5).

In Addition to Being the Carrier Protein of Androgens
and Estrogens in Plasma, SHBG Acts on @ Membrane

Receptor in a Steroid Hormone-Dependent Manner '
As lipophilic compounds, androgens, estrogens, aqd progcsl'cmnc cxrcula‘lc
in plasma mainly in association with carrier proteins (see Chap. 4 and Ta-
ble 4-2). . ‘

Plasma SHBG (mainly produced by the liver) and testicular ""‘"".S‘"f’_'
binding protein (ABP, secreted by Sertoli cells into the lumen of lhc sclmmll-
erous tubules) are homodimeric glycoproteins with a single slcmld-hmdn‘nf
site. SHBG and ABP are products of a single gene (chmn?osom'c 17p12-
13), which is expressed in several tissues inclu@ng liver, testis, brain, endo-
metrium, and placenta. The transcripts and amino acid scqucpccs‘of plasma
SHBG and testicular ABP are identical and differ only in }hclr oligosaccha-
rides. The SHGB gene is widely expressed in the h}'am. wh.crc scv.cr:ﬂ
transcripts result from differential exon utilization: their biologic functions
are unknown.

REPRODUCTIVE ENDOCRINOLOGY 46

The glycosylation of SHBG and other hormone-binding globulins in
the liver is increased by estrogens, which leads to their prolonged half-
life and accumulation in plasma (Fig. 13-5). Due to the higher affinity of
androgens than estrogens to SHBG, the increased plasma concentration
of SHBG shifts the estrogen:androgen ratio of the free (biologically active)
hormones toward estrogens. This mechanism contributes to the protection
of the developing female fetus from the masculinizing action of maternal
androgens. Cirrhosis of the liver is associated with an increased glycosyla-
tion of SHBG. which (by the above mechanism) results in estrogen excess
and gynecomastia in males.

Plasma SHBG and testicular ABP are modular proteins comprised of
an N-terminal steroid-binding and dimerization domain, and a C-terminal
domain containing a highly conserved consensus sequence for glycosylation.
The C-terminal domain may be required for recognition of cell surface
receptors. The SHBG receptor has been partially characterized. Because
its action on cell function is mediated by activation of adenvlyl cyclase and
PKA, it is presumed to be a heptahelical transmembrane receptor.

Only the unliganded SHBG/ABP may bind with its cognate receptor:
prior binding of steroid ligands prevents interaction of SHBG with its
receptor. Binding of unliganded SHBG results in a mild increase of eytosolic
cyclic AMP. Whereas prior steroid ligand binding of SHBG prevents the
activation of the SHBG receptor, the cyclic AMP-increasing effect of the
receptor-bound SHBG is markedly enhanced by the subsequent binding of
certain steroid ligands (Fig. 13-6). The increased cyclic AMP results in
a PKA-mediated phosphorylation and the modulation of several signal
transduction mechanisms, including androgen-independent activation of the
androgen receptor. The steroid ligands that may bring about this alternate
route of androgen receptor activation in the prostate include Sa-androstane-
3a,17B-diol (a degradation product of DHT) and 178-estradiol. This ex-
plains how estrogens cause benign prostatic hypertophy by an androgen
receptor dependent mechanism.

Progesterone, as a C21 steroid, does not bind to SHBG but circulates
in association with cortisol-binding globulin (CBG. a member of the serpin
family; see Chap. 12) and albumin.

The Degradation Products of Sexual Sreroids

and Progesterone Are Conjugated with Glucuronic Acid

or Sulfate in the Liver and Mainly Excreted in the Urine

The degradation of sexual steroids and progesterone is similar 1o that of
corticosteroids. Thus, more hydrophilic derivatives are formed that are not
bound by plasma proteins and are therefore readily filtered by the kidney.
The degradation is primarily performed by the liver. The rapid and extensive
breakdown during a single passage through the hepatic circulation explains
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Rigure 13-7. (Connnved)

In adult men, about one-third of urinary 17-ketosteroids are denved
from testosterone, and two-thirds from the less potent adrenal androgens,
DHEA and androstenedione. In adult women, the ovarian contribution 10
total urinary 17-ketosteroids is minimal, compared to the amount derived
from adrenal androgens, This explains why the normal urinary ketosteroid
production in women is about two-thirds of that in men. It is important to
note, however, that ovarian contribution to the rotal androgenic activity in
the circulation is significant. The explanation for the difference lies in the
fact that testosterone as well as androstenedione are metabolized into 17-
ketosteroids, but testosterone has more androgenic activity. The ovaries
significantly contribute to the circulating pool of testosterone by direct
secretion from theca cells.

The inactivation of 178-estradiol (the most potent estrogen) starts in
the liver with conversion to estrone by 178HSD2 and 178HSD4. Some
17B-estradiol and estrone is directly conjugated and excreted. Estrone is
mainly converted either into biologically active catecholestrogens (2- or 4-
hydroxyestrone) or 16a-hydroxyestrone (see Fig. 13-7). The catecholestro-
gens are processed by the catechol-O-methyltranferase (COMT) enzyme,

REPRODUCTIVE ENDOCRINOLOGY 4

which is involved in the degradation of catecholamines. The 16a-estrone
is converted to estriol, which is excreted as estriol 3-sulfate,16-glucuronide
Plasma ‘zmd unnary estriol is the main estrogen during pregnancy (see Tlu-
Endocrine Physiology of the Pregnant Woman and the Fcloplacénlél Unit)
The breakdown of progesterone is extremely rapid. The main rmlé
of degradation involves two successive reduction reactions to 20a-hydroxy-
progesterone and pregnanediol. The latter is excreted as prrgananer/- 20-
glucuronide (see Fig. 13-7). >

THE MALE REPRODUCTIVE SYSTEM

OBJECTIVES

1. Duscuss the onctomy of the testis, the excurment ducr system, and the mole
occessory glands. Describe the main functions of eoch organ |c$9n.my the
sources of semen ond preseminal fluld. Discuss the coogulation system of
semen pnd its relanionship with the prostore-specific antigen (PSA)

2, (_)w_m fhe stoges ond the imeframe of spermarogenesis Identify the relation-
ship c?erween developing sperm ond the blood-testis bamier, ond the fundtions
Senoli cells in spermatogenesis. Discuss the hormonal requiation of spermaro-
genests; identify hormonal rargets, sources, ond the impononce of high local
concenirations of ressosterone S

3. g‘ﬁm m? composition of semen, sperm coune, the parometers of perm
e ;:,':.mﬁ?:ﬂ'f. and the mechantsm of the regularion of spermatogen

4. Desaibe the smucture of the penis and the endocrine reguianon of its growth
Exploin the mechanism of erection, the role of pccxsym.parwnc rw:r;ms namic
oxide, and Its relarionship with androgens S 3

5. Discuss ejoculation, irs phases, irs veg(;lonon by symparhetic nerves. and its
relotionship with erecion and orgasm, -

6. Ducw. the regulation of the hypothalomic-piruitory-testicular axis in odult
( posrpgbenolj maies. Discuss in detail: gonodomopin-releasing hormone
(GnRH), piruitary Qonodorropins, resticular hormones (including steroids and
the members of the mansforming growth focror B [TGF-8) fomilly), their secre-
fory pamerms, receprors, ceflulor targers, and the mechonisms of feedbock
c{cnon Distinguish pulse frequency and puise ompilirude of the pulsatile release
of GaRH, and identify hypothalomic mechanisms requlanng these parome-
;re: Idenrify mechonisms whereby the pulse omplirude of LH may dissociote

; ™ changes in the pulse amplitude of GaRH. Discuss differentiol regularnion
of LH and FSH secretion. the role of pulse frequency, and the downregulation/
Jdesensinzation of GnRH receptors. Describe the impoc of n;mpfoc‘o::wwm:o
ond leprin on the hypothalamic-gonadal axis : 8

7. Dixuss selecred pathologic condiions, such o Kalimann's syndrome.

e
McCune-Aldrighr syndrome, ond regroroxicosis
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CHAPTER 13

The male urethra has three segments: the prostatic, membranous, and
penile urethra. The membranous urethra penetrates the wrogenital dia-
phragm, which contains the external (voluntary) sphincter of the urethra, a
skeletal muscle. The internal sphincter of the urethra (also known as sphinc-
ter vesicae) is an involuntary smooth muscle surrounding the initial portion
of the urethra at the bladder. At the time of ejaculation, the external
sphincter opens, whereas the internal sphincter contracts. When the internal
sphincter fails to contract, semen is ejected into the Iqmcq of the urinary
bladder. The condition, known as refrograde ejaculation, is often due to
diabetic neuropathy. .

The Cowper's glands open into the.nitial portion of l_hc'pcmlc urethra,
These compound tubuloalveolar mucous glands are similar to salivary
glands. Under the influence of parasympathetic nerves, t‘hc)‘ secrete mucus
into the urethra upon erotic arousal. Their function is to lubricate the
urethra and the glans penis with preseminal fiuid before ejaculation (a}:cs
place. The female equivalents of the Cowper's glands are the Bartholin's
glands (great vestibular glands). .

The structure of the penis is discussed together with the mechanism
of erection.

Spermatogenesis

Spermatogenesis Is o Sertoli Cell-Supported Process of Mitotic Prolifer-
ation, Melosis, and Maturation of Spermatogonia to Produce and Release
Spermatozoa The gametogenesis normally occurring in postpubertal
males is termed spermatogenesis. Spermatogenesis takes place in the convo-
luted seminiferous tubules. The tubular wall consists of germ cells associated
with a simple columnar epithelium of Serroli cells and surroundchhy a
basal lamina and a few layers of contractile myoid cells, whose funclmnnns
to propel the tubular fluid by undulating peristaltic movement (see Fig.

3-1).
1 2I‘hc Sertoli cells form the blood-testis barrier, which involves tight
junctions and the expression of the P-glycoprotein (see also (.'l_mp, 4) Tight
junctions are typically found near the apical surface of epithelial cells.
Although in a geometric sense the Sertoli cell tight junctions are c.kw:.r 10
the basal surface, in a functional sense they still demarcate the apical unq
basolateral plasma membrane surfaces, The space between adjacent Sertoli
celis is divided by the tight junctions into an abluminal (away from the
lumen) and a luminal (or adluminal [toward the lumen]) compartment,
which are occupied by the various developmental stages otj SPErmMalogenesis.
The premeiotic spermatogonia are found in the abluminal compartment
bordered by the basal lamina of the seminiferous tubules. As the spermato-
gonia divide and detach from the basal lamina, tight junctions are organized
at their basal aspect and dissolved at their apical aspect. Each cohorr of

REPRODUCTIVE ENDOCRINOLOGY

cells derived from a single spermatogonium and entering meiosis remains
interconnected by cytoplasmic bridges until the latest stage of spermiogene-
sis, when their excess cytoplasm becomes collectively shed. The cvtoplasmic
bridges assure synchronous development of spermatozoa in any patchlike
area of the seminiferous tubules. Postmeiotic cells (spermatocytes, sperma-
fids and spermatozoa), which express “foreign" antigenic epitopes, are
located only in the luminal compartment, where they are inaccessible for
immunologic surveillance.
Spermatogenesis involves four key elements:

* Spermaitocytogenesis is the proliferation of spermatogonia by mito-
sis. The proliferation of the stem cells, known as type A dark (Ad) spermato-
gonia, yields type Ad. Ap (pale) and type B spermatogonia. Preleptotene
primary spermatocytes anse by division of type B spermatogonia, which
heralds the second phase of spermatogenesis.

* Meiosis is the process whereby the four chromatids (two for each
chromosome) present in the diploid primary spermatocytes segregate into
four daughter cells (spermatids) by two successive divisions. The first divi-
sion (i.e., that of the primary spermatocytes) reduces the chromosome
number to a haploid set (n = 23), the second division (i.c., that of the
secondary spermatocytes) results in the separation of the sister chromatids.

* Spermiogenesis is the maturation of spermatids into spermatozoa
that takes place in the apical folds of the plasma membrane of Sertoli cells
(see details below).

* Spermiation is the release of spermatozoa from their attachment
to Sertoli cells.

The process of spermatogenesis from spermatogonia to spermiation takes
place over a period of 64 to 74 days. Based on the cross-sectional appearance
of the seminiferous epithelium, six stages of its spermatogenic cycle can
be distinguished (Fig. 13-9).

The Process of Spermiogenesis Is Characrerized by o Progressive
Condensation of the Nudear Chromatin Structure, the Elongation of
the Nudleus, and the Development of the Acrosome, Flagellum, and
Mirochondrial Sheath  Throughout the process of spermiogenesis, the ma-
tunng spermatids are attached to the Sertoli cell membrane by specialized
junctions. The process of spermiogenesis consists of four phases:

* The Golgi phase involves two major maturational events that deter-
mine the anterior and posterior poles of the developing spermatozoon:

¢ The Golgi complex generates the acrosomal vesicle, which

15 @ glycoprotein-rich membrane-cased organelle positioned near

the nuclear envelope. Its position signals the future anterior pole.

* The two centrioles (diplosome) of the spermatid migrate

to the opposite side of the nucleus (posterior pole), and the distal
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CHAPTER 13

the remnants of the zona pellucida and function as the active embryonic
artic implantation process ‘
participants of implan - - : )
Implantation requires signaling between the uterine epithelium and
the trophoblast cells of the embryo.

« Mutant mouse embryos, which lack the EGF receptor, fail ln.al‘l;fch

10 the endometrial epithelium, indicating that ({:c EGF receplor is necessary
cing an implantation-competent ¢moryo. : :

- p:(dlil;;r:L nucrucx';l factor in the Hwnn:-uophobl:y:l interaction. i\;xuck.
out mice unable to express LIF in the endometrium fail to support :’mp "m;z
tion. Their blastocysts, however, are viable and, “'hvin lr;:;xffc;'rc 1““ lw; .
type pseudopregnant recipients, they can implant and ‘L:\C Oph-) lc?f‘d
Recent evidence indicates that abnormal expression of LlA Lort e rel a[...
cytokine IL-61n the endometrium may underlie some forms of human infer-

tility.

Normally, human pregnancy lasts 280 days (40 weeks) fmn‘: lhv' last
menstrual pt;'lud (LMP). On the average, the a;lual pregnancy (|.f., r'm,\u
fertilization) is 2 weeks shorter. In clinical practice. the point of rdcun«..e
s the LMP. Embryology texts typically describe the early dc}'clopn?-'xjul
events using fertilization as the point of rpfcrcnce (“fertilization (t:i\\ ).

The implantation of the embryo bch_ns 5 to 6 days after fem' |,'~M“:L.
i.c.. on about the 21st day of the cycle. This event may be acq»mp-mlcd ‘}‘
a bleeding due to the trophoblastic invasion of the endometrium, and may
be mistaken for an early-onset (albeit unusually light) menstrual bleeding,

wspecially in women with irregular cycles.

t\PL?:::.lanm“m coincides thh peak production of pmgcsl»cr:nvc h_\'llhe
corpus luteum, which has prepared the uppmpn;ucly dc.cﬁdq.'l.ll‘r: sTcrc o;y
endometrium for implantation. Even before lmpl‘anu\uon is comp th. the
anatomic arrangement is established to secrete hCG (the I_,H-hkc gl)'o.o‘pm-l
tein hormone product of the .(ync_vlmrlophnh.lm!) directly into the materna
circulation. which is the key step in maintaining the corpus luteum, pr(‘)ge:ﬂ-
terone secretion, the endometrial lining, and lhuxAprcg‘nan’c}'. Thc lmpljm_u-
tion process is complete by the 11th day after fertilization. The |mpla.m.n'mz
of the blastocyst eventually leads to the development of the chorion an
the placenta.

The Placenta Is a Transieni Multifunctional Organ Coruisnng of
Maternal and Fetal Components The placenta 1s often dcscnhcq .as the
interface between maternal and fetal tissues, which functions as an r.uhm:ﬁ:
organ: it provides nutnents and oxygen l.U. the fetus, a.nd c[hmmm:.‘:“ e
byproducts of metabolism from the fetus. The placenta .\l.w' unct:‘m .y;\ilic
barrier, which prevents passage of certain molecules (such as hydrog s
hormones) and blood cells between the fetal and maternal colmpa;u'rr.r:,.
(see also Chap. 4). Indeed. a crucial role of placental structure 15 f‘p(lci
the maternal and fetal intravascular fluid compartments separated. The n

AEPROOUCTIVE ENDOCRINOLOGY

face or barnier is primarily provided by the rrophoblast celis that belong
to the feral components of the placenta (see below). The maternal compo-
nent of the placenta is the decidua (decidualized endometrial stroma), which
has no barrier function.

In many ways. the placenta functions as if it were an incomplete twin
serving the fetus as an accessory gastrointestinal tract, lung, and kidney.
The placenta has to fulfill two main additional roles:

* The placenta is a major immunologic organ. It is an interface be-

tween genetically distinet individuals, and as such it must prevent immuno-
logic rejection of the fetus by the mother (see page 550). The trophoblastic
barrier also prevents the transfer of most immunoglobulins, except IgG.
Whereas the transfer of maternal IgGs is important in obtaining passive
immunity against infectious agents as a preparation for adaptation to extra-
uterine life, it may also be harmful. Examples of the deleterious effects of
IgG transfer include

* Rh blood group-specific antibodies of an Rh-negative
mother entering the circulation of the Rh-positive fetus may cause
potentially fatal erythroblastosis fetalis.

¢ TSH receptor-specific antibodies of Graves' disease moth-
ers may cause congenital hyperthyroidism. The transfer of TSH
receptor-blocking antibodies may cause congenital hypothyroidism.
The placenta is a complex endocrine organ (Table 13-10) that coor-
dinates the metabolism of the fetus and the mother, prepares the mother’s
body for lactation, regulates growth and several developmental processes
of the conceptus, and is the main determinant of the onset of parturition.
As an endocrine organ. the placenta

¢ synthesizes hormones and hormone-binding proteins de
novo and delivers them to the fetal and/or maternal intravascular
fluid compartment;

* produces hormones by processing precursors derived either
from maternal or from fetal sources;

* transports hormones between the maternal and fetal com-
pariments;

* degrades hormones, thereby altering maternal endocrine
function and/or protecting the fetus from undue exposure to mater-
nal and fetal hormones;

* serves as a target of hormones mediating regulated trans-
port mechanisms

To understand these placental functions, we first briefly review the most
important aspects of the development and structure of the placenta (Fig.
13-22

Due to the invasive character of the trophoblast celis, the entire blasto-
cyst penetrates the uterine epithelial lining and becomes encapsulated by
the endometrial stroma. The blastocyst has an inner cell mass that develops
into the embryo proper. and an outer cell mass that is the trophoblast. By
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