
INTRODUCTION

In humans, as in all mammalian males, Leydig cells are the main source of the
androgenic hormone, testosterone, which is essential for male sexual differentiation,
gamete production and maturation, and development of secondary sexual characteris-
tics. In this chapter, the development, steroidogenic function, and regulation of human
Leydig cells are summarized. Clinical aspects of androgen secretion and pathology
related to Leydig cells are also reviewed. The information presented is based, in part,
on studies conducted in laboratory animals because of the larger database available for
these species.

LEYDIG CELL DEVELOPMENT

Leydig cells were first described by the German histologist Franz Leydig in 1850 (1).
In all mammalian species, Leydig cells are located in the interstitial compartment of the
testis, between and surrounding the seminiferous tubules (2). Human Leydig cells are
epithelioid and ovoid or polygonal. Other cytological features include eosinophilic cyto-
plasm, euchromatic round eccentric nuclei with a peripheral distribution of heterochro-
matin, and conspicuous nucleolus. The predominant cytoplasmic organelle is the smooth
endoplasmic reticulum (SER), which is characteristically more abundant in steroido-
genic cells when compared to other cell types. Mitochondria and lipid droplets are also
numerous in Leydig cells and play a role in steroidogenesis that is discussed later in this
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chapter (3,4). Reinke crystals are observed exclusively in human Leydig cells and are
believed to be indicative of diminished steroidogenic capacity during aging (5–7).
Human Leydig cell structure and Reinke crystals are shown in Figs. 1 and 2.

In humans, blood levels of testosterone peak three times during development (8).
The first peak occurs at 12–14 wk of gestation, during the fetal differentiation of Ley-
dig cells (9). Testosterone levels then decline and are low for the remainder of gestation
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Fig. 1. Testicular interstitial space of an adult man (original image magnification × 7,000). This
semithin plastic section shows mature Leydig cells surrounding a capillary. In humans, Leydig cells
are embedded in a loose connective tissue. The arrows point to Reinke crystals in the cytoplasm of
Leydig cells. (Photo supplied by Dr. Hector Chemes, from ref. 13, with the publisher’s permission.)

Fig. 2. A Reinke crystal. This electron micrograph (original image magnification × 50,000) shows
the highly ordered lattice of filaments within these crystals. (Photo supplied by Dr. Hector Chemes,
from ref. 13, with permission from the publisher.)



and the early neonatal period. A second peak at 2 mo postpartum is associated with
renewed Leydig cell proliferation. Leydig cells then atrophy a second time, and, for the
next decade, the interstitium is populated by steroidogenically inactive precursor cells.
The adult generation of Leydig cells differentiates pubertally and is complete by 12 to
13 yr of age. Serum levels of testosterone average 6 ng/mL during adulthood (10).
Finally, there is a decline in testosterone secretion with aging, which varies in its age of
onset. The age-related testosterone decrease is caused primarily by gradual atrophy and
loss of adult Leydig cells and also by declines in steroidogenic capacity (11). The fetal,
neonatal, and adult epochs of testosterone secretion are associated with three separate
waves of increases and declines in Leydig cell numbers (12).

Fetal Leydig Cells
Until recently, the precursors of Leydig cells were believed to be of mesenchymal

origin and derived from cells in the mesonephros (primitive kidney) (14–16). However,
recent tissue recombination studies do not support the hypothesis that precursor cells
migrate into the interstitium from the mesonephros, and ontogeny from the embryonic
neural crest has been suggested (17). By the sixth week of gestation, seminiferous cord
formation within the gonadal blastema simultaneously creates the outer interstitial
compartment (18). Fetal Leydig cells become identifiable in this compartment among
the undifferentiated mesenchymal cells at 8 wk of gestation (19). Then, Leydig cell
numbers increase continuously and reach a maximum by 14 to 15 wk, when they fill
the space between the cords and comprise more than half the volume of the fetal testis.
Although testosterone is first detectable in the testis as early as 6 to 7 wk of gestation
(20), the sharp increment in the numbers of fetal Leydig cells is accompanied by fur-
ther rises in androgen concentrations in testicular tissue, blood, and amniotic fluid,
which reach a maximum at week 15 (21). After the 16th wk of gestation, the numbers
of fetal Leydig cells, serum testosterone concentrations, and testicular mRNA levels
for at least two of the testosterone biosynthetic enzymes, P450scc and P45017α,
decline (21–23). At birth, the total number of Leydig cells per testis is 60% lower com-
pared to the prenatal peak, and the remaining Leydig cells are half the size (21).

Neonatal Leydig Cells
Just after birth, the number of Leydig cells again increases to a peak at 2 to 3 mo of

age, contributing to a second surge in plasma testosterone levels. At this stage, Leydig
cells contain abundant SER membranes and mitochondria, as well as varying amounts
of lipid droplets (4,24–27). In the neonatal testis, fetal Leydig cells persist through at
least 3 mo after birth. Postnatal increase in the number of these cells most likely results
from recruitment of interstitial precursor cells. After this increase, neonatal Leydig cell
numbers regress rapidly to a nadir by the end of the first year. The neonatal period is
relatively brief, extending only through the first year of life (28,29).

After the first year and continuing for a decade, Leydig cells are in a state of prepu-
bertal quiescence. During this phase, well-differentiated Leydig cells are absent from
the interstitial space. In their place are partially differentiated Leydig cells and primi-
tive fibroblastic cells. At this stage, Leydig cells are dispersed in a loose connective tis-
sue matrix and contain elongated nuclei with scarcely visible cytoplasm. It has been
proposed that these partially differentiated Leydig cells and primitive fibroblasts are
precursors of adult Leydig cells (13,25,30–32).
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Adult Leydig Cells
The precursor cells for adult Leydig cells begin their transformation at approx 10 yr

of age, and differentiation is complete by 13 yr of age (33). During puberty, the number
of adult Leydig cells increases and reaches a maximum of 5×108 per testis in the early
20s (25). At this time, a third peak in testosterone concentrations occurs. Thereafter,
Leydig cell numbers gradually decrease by 50% in men aged 60 yr and older (34).
Between ages 20 and 60 yr, there is an equilibrium in the numbers of Leydig cells,
which comprise approx 4% of the volume of the mature testis (14). The overall scheme
of human Leydig cell development is summarized in Fig. 3.

STEROIDOGENIC FUNCTION OF LEYDIG CELLS

The primary function of Leydig cells is to synthesize and secrete androgenic
steroids. The process of androgen biosynthesis requires the activities of four enzymes:
cytochrome P450 cholesterol side chain cleavage enzyme (P450scc), 3β-hydroxysteroid
dehydrogenase/∆5-4 isomerase (3β-HSD), cytochrome P450 17α-hydroxylase (P45017α),
and 17β–hydroxysteroid dehydrogenase (17β-HSD) (35). Leydig cells are the only
cells in the testis containing P450scc and 3β-HSD. Thus, Leydig cells are the sole tes-
ticular location for the first two steps in steroidogenesis converting cholesterol, the
substrate for all steroid hormones, to pregnenolone and pregnenolone to progesterone
(36–38). Thereafter, with the catalytic activities of P45017α and 17β-HSD, steroido-
genesis proceeds to the ultimate product, testosterone (39). The synthetic process
involves three hydroxylations (at carbons 17, 20, and 22), two cleavages (at carbons
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Fig. 3. Human Leydig cell development. FLC, fetal Leydig cells; NLC, neonatal Leydig cells;
ILC, immature Leydig cells; ALC, adult Leydig cells, P, fibroblastic precursors of Leydig cells.
The green cross-hatched circles indicate degeneration of FLC, NLC, and ALC. The yellow com-
partment represents stem cells, including mesonephros-derived mesenchyme and/or neural crest.
The time line shows the developmental period: fetal (from 8 wk gestation to birth), neonatal (first
year of life), prepubertal (from second year to approx 10 yr of life), and adult (from approx 13 yr
old onward). According to the hypothesized ontogeny, mesonephros-derived mesenchymal cells, or
possibly neural crest, supply precursors for FLC. After birth, NLC arise from redifferentiation of
FLC and new differentiation from mesenchymal cell precursors. After the first year of life, NLC
regress to the partially differentiated ILC. ILC are then present through childhood. Starting at
approx 10 yr of age, ILC and mesenchymal precursors again differentiate, maturing into ALC.
With senescence, Leydig cells begin to lose full steroidogenic function and, as indicated, atrophy.



20–22 and 17–20), two dehydrogenations (3β,17β), and one ∆5-4 isomerization (the
steroidogenic pathway is shown in Fig. 4).

Conversion of Cholesterol to Pregnenolone
In all species, the first step in androgen biosynthesis is the conversion of cholesterol

to pregnenolone, which is catalyzed by P450scc located in the inner mitochondrial
membrane. This reaction also requires a mitochondrial electron transfer system, consist-
ing of adrenodoxin and adrenodoxin reductase, to convey electrons from NAPDH to
P450scc (40). The P450scc enzyme catalyzes three sequential oxidation reactions of
cholesterol, with each reaction requiring 1 molecule of O2 and one molecule of nicoti-
namide adenine dinucleotide phosphate (NAPDH). The first reaction is hydroxylation at
C22, followed by hydroxylation at C20 to yield (20,22) R-hydroxycholesterol, which is
cleaved between C20 and C22 to yield the C21 steroid pregnenolone and isocaproalde-
hyde (41,42). Isocaproaldehyde is unstable and quickly oxidized to isocaproic acid (43).

The rate-limiting step in the synthesis of steroid hormones is not the first enzymatic
reaction catalyzed by P450scc but rather the transport of precursor cholesterol from
intracellular sources to the inner mitochondrial membrane and subsequent loading of
cholesterol into the catalytic site of P450scc (44,45). Hydrophobic cholesterol cannot
traverse the aqueous intermembrane space of mitochondria and reach the P450scc
rapidly enough by simple diffusion to support acute steroid synthesis (46). Thus, cho-
lesterol is mobilized by carrier proteins. Both steroidogenic acute response (StAR) pro-
tein and peripheral benzodiazepine receptor (PBR) are believed to participate in
cholesterol delivery to the mitochondria, with StAR being primarily involved in
gonadotropin-stimulated transfer.

Cholesterol, the raw material for steroidogenesis, is obtained from (1) lipoprotein in
circulation, with low-density lipoprotein (LDL) being the primary source in humans;
(2) de novo synthesis from acetate in the SER; and (3) free cholesterol liberated by
cholesterol esterase from less directly available esters in lipid droplets (47).

Conversion of ∆5-3β-Hydroxysteroids to ∆4-3-Ketosteroids
After cholesterol side-chain cleavage, two different pathways (∆5 and ∆4) have

been identified, which are defined by the position of one of the double bonds in the
steroid molecule. In the ∆4 pathway, pregnenolone, which has a double bond
between carbons 5 and 6 of the steroid backbone, is converted to progesterone,
which has a double bond between carbons 4 and 5. An isomerization reaction shifts
the position of the double bond from between carbons 5 and 6 to between carbons 4
and 5. In the ∆5 pathway, ∆5 to ∆4 isomerization does not occur until the last step, in
which androstenediol is converted to testosterone. The intermediates of the two
pathways are ∆5-3β-hydroxysteroids and ∆4-3-ketosteroids, respectively. The con-
version of ∆5-3β-hydroxysteroids to ∆4-3-ketosteroids is accomplished by 3β-HSD
enzyme, which uses NAD+ as a cofactor, sequentially catalyzing a 3β dehydrogena-
tion and isomerization (48). The 3β-HSD enzymes can act on three ∆5 intermediates,
pregnenolone, 17α-hydroxypregnenolone, and dehydroepiandrosterone, converting
them, respectively, to the ∆4 steroids progesterone, 17α-hydroxyprogesterone, and
androstenedione. The predominant ∆5 to ∆4 conversion occurs most commonly with
either pregnenolone or dehydroepiandrosterone as substrates rather than 17α-hydrox-
ypregnenolone. Whether the ∆5- or ∆4-pathway is followed from pregnenolone to
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Fig. 4. Pathway of testosterone biosynthesis. Of the four possible biosynthetic pathways, the first or
∆5 predominates in the rabbit and human, whereas the second or ∆4 predominates in rodents. CHOL,
cholesterol; PREG, pregnenolone; 17-PREG, 17-hydroxypregnenolone; DHEA, dehydroepiandros-
terone; ADIOL, androstenediol; PROG, progesterone; 17-PROG, 17-hydroxyprogesterone; A4,
androstenedione;T, testosterone; DHT, dehydrotestosterone; E2 17β-estradiol.



testosterone depends on the species and developmental status of the Leydig cell. In
humans, the ∆5 pathway is predominant (49–52). Mammalian 3β-HSDs comprise a
large family of enzymes (53,54). In the human branch of this family, two genes
encode two corresponding, type I and II, 3β-HSD enzymes. Both types dehydro-
genate 3β-hydroxysteroids and isomerize C21 and C19 steroids. Type I 3β-HSD is
exclusively present in placenta and skin, whereas type II is the predominant form
expressed in the adrenal, ovary, and testis. In the testis, type II 3β-HSD activity is
localized exclusively in Leydig cells (37,55).

Conversion of C21 Steroids into C19 Steroids
Conversion of C21 to C19 requires two steps, 17α-hydroxylation and cleavage of the

C17–20 bond, both of which are catalyzed by a single enzyme, the cytochrome P450
17α-hydroxylase/C17–20 lyase (P45017α). This enzyme catalyzes the bioconversion
of pregnenolone and progesterone to the C19 steroids, dehydroepiandrosterone and
androstenedione, respectively (56,57). In this two-step reaction, 17α-hydroxypreg-
nenolone or 17α-hydroxyprogesterone exist as transient intermediates that are rapidly
converted to dehydroepiandrosterone or androstenedione. The substrate preference and
reaction velocities of P45017α differ, depending on the species and tissue source. In
humans, P45017α has a higher affinity for 17α-hydroxypregnenolone, with dehy-
droepiandrosterone as the end product, and fails to show detectable C17–20 lyase activ-
ity with 17α-hydroxyprogesterone as substrate to generate androstenedione (58,59). In
contrast, rat P45017α readily cleaves the ∆4-C21 17α-hydroxypregnenolone and ∆5-C21
17α-hydroxyprogesterone to dehydroepiandrosterone and androstenedione, respec-
tively. Guinea pig P45017α also has a high affinity for ∆4-C21 steroids, (54), and both
species contrast with the human, where the ∆5 pathway predominates

Conversion of Dehydroepiandrosterone to Testosterone
The microsomal enzyme 17β-hydroxysteroid dehydrogenase (17β-HSD) catalyzes the

interconversion of dehydroepiandrosterone and androstenediol, or androstenedione and
testosterone. The 17β-dehydrogenase reaction is reversible, in contrast to the previous
reactions in testosterone biosynthesis (60). Following the ∆5 pathway in humans, the C19
product, dehydroepiandrosterone, is converted to androstenediol by 17β-HSD, and then
androstenediol is converted to testosterone by 3β-HSD. In the ∆4 pathway occurring in
rodents, 17β-HSD uses androstenedione as substrate to produce testosterone (61). Testos-
terone is the principle steroid end product secreted by adult Leydig cells, but it can be fur-
ther metabolized to 17β-estradiol (E2) and dehydrotestosterone (DHT) before secretion.

Conversion of Testosterone to E2

Aromatization of testosterone is catalyzed by the microsomal enzyme, cytochrome
P450 aromatase (P450arom). Once substrate binding occurs, there is a sequential
hydroxylation, oxidation, and removal of the C19 carbon, followed by aromatization of
the A ring of the steroid. The entire aromatase reaction uses three molecules of oxygen
and three electrons donated by NADPH (62–64). In the testis, aromatase activity is
detectable in Leydig cells, Sertoli cells, and germ cells (65–69). The relative contribu-
tions of each of these testicular cell types to testicular aromatase activity varies with
age and between species (70). In the rat and mouse, germ cells are a significant site of
activity during adulthood (68). Sertoli cells contribute to testicular aromatase activity
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only in immature animals (71). However, in humans, Leydig cells are the only source
of testicular estrogens at all ages (39). Sertoli cell cultures from juvenile monkeys
expressed follicle-stimulating hormone (FSH) driven aromatase (72).

Conversion of Testosterone to DHT
DHT, a more potent androgen than testosterone, is produced in a reaction catalyzed

by the 5α-reductase enzyme. This conversion generally occurs in androgenic target tis-
sues, such as the prostate gland, but 5α-reductase activity is high in Leydig cells prepu-
bertally. Two isoforms of 5α-reductase, type I and type II, have been identified. The
type II isoform is found in human prostate tissue and in Leydig cells (73,74).

Testosterone Secretion
The first step of androgen biosynthesis, catalyzed by P450scc, occurs in Leydig cell

mitochondria, and subsequent steps occur in the SER. After synthesis, testosterone,
which is lipophilic, moves out of the Leydig cell by passive diffusion, down a concen-
tration gradient. There is no evidence of packaging testosterone into secretory granules
(8). In the testis, testosterone diffuses freely into the interstitial space and associates in
rodents with androgen-binding protein (ABP) produced by Sertoli cells (75,76) as a
transport vehicle to the seminiferous tubules and epididymis.

Testosterone enters the testicular blood capillaries that are immediately adjacent to
Leydig cells. Once a part of the systemic circulation, secreted testosterone binds to
plasma proteins and is present in both bound and unbound forms. In humans, more than
95% of testosterone is complexed with proteins, both the high-affinity (KD = 1 nM) sex
hormone-binding globulin (SHBG) and the low-affinity (KD = 1000 nM) albumin
(Alb). The proportion of testosterone that is unbound or loosely bound represents the
biologically active fraction, which freely diffuses from capillaries into cells. In contrast,
the SHBG-bound fraction is believed to act as a reservoir for the steroid.

SHBG is a plasma protein synthesized and secreted by the liver. As its name sug-
gests, SHBG has the ability to bind androgens and estrogens and the capacity to regu-
late the free concentrations of the steroids that bind to it. SHBG also participates in
signal transduction for sex steroids at the cell membrane. SHBG binds with high
affinity to a specific membrane receptor (RSHBG) in prostate stromal and epithelial
cells, wherein the SHBG / RSHBG complex forms. Once an appropriate steroid, e.g.,
3α-androstanediol or estradiol, binds to this complex, an increase of intracellular
cyclic adenosine monophosphate (cAMP) occurs and intracellular signal transduction
is initiated. Moreover, SHBG not only is a plasma protein secreted by the liver but
also is expressed in the prostate tissue itself, specifically by prostate stromal and
epithelial cells (77). (See Chapter 17.) The process of testosterone secretion and regu-
lation of Leydig cell function are illustrated in Fig. 5. 

REGULATION OF LEYDIG CELL FUNCTION

Steroidogenesis in adult Leydig cells is controlled by the pituitary gonadotropic hor-
mones. Of the two gonadotropins, luteinizing hormone (LH) is the main stimulus for
androgen biosynthesis. LH signal transduction is initiated on binding of the hormone to
specific receptors on the Leydig cell surface. The receptor for LH (LH-R) belongs to a
superfamily of G protein-coupled receptor (GPCR) (78).
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Fig. 5. Acute regulation of Leydig cell steroidogenesis by luteinizing hormone (LH). The complex of
LH and LHRs triggers adenylate cyclase-mediated increases cytoplasmic cyclic adenosine
monophosphate (cAMP) levels. Activation of protein kinase A and cholesterol esterase results in cho-
lesterol mobilization from extracellular lipoprotein (low-density lipoprotein) and intercellular sources
(including de novo synthesis) in the smooth endoplasmic reticulum (SER) and released from lipid
droplet stores. Cholesterol moves across the outer to the inner membrane of the mitochondrion via
shuttle proteins steroidogenic acute response (StAR) and peripheral benzodiazepine receptor (PBR).
Cholesterol side-chain cleavage enzyme catalyzes the initial step in steroid biosynthesis. The subse-
quent steps are catalyzed by P45017α, 3βHSD, and 17βHSD in the SER. The ultimate product,
testosterone, moves out of the Leydig cell down a concentration gradient and is carried to androgen-
responsive tissues by androgen-binding protein (rodents) and sex hormone-binding globulin (SHBG)
(humans). The response to LH also involves an increased cytoplasmic calcium, synthesis of
arachidomic acid, and efflux of chloride ions. The mechanism of Ca2+ action involves a
calcium/calmodulin (Ca/CaM) protein kinase. Activation of phospholipase A2(PLA2) produces
arachidonic acid (AA), which has a stimulatory effect on cholesterol mobilization to mitochondria.
(Courtesy of P.N. Schlegel and M.P. Hardy (2002) [79] with the publisher’s permission.)



Acute Effects of LH
Two types of responses to LH are seen in Leydig cells. The acute response triggers

a rapid production of steroid within minutes (46). In the acute LH signal transduction
process, LH-Rs interact with intracytoplasmic adenylate cyclase to form the second
messenger adenosine 3′,5′-cAMP. A sharp increase in cytoplasmic cAMP levels elic-
its a cascade of events leading to testosterone synthesis, including increased translo-
cation of cholesterol from the cytosol to the inner mitochondrial membrane,
conversion of cholesterol to pregnenolone, and, ultimately, transformation of steroid
intermediates into testosterone. In addition to stimulating cAMP formation, LH acts
on other intracellular signaling systems, including release of calcium from internal
stores, synthesis of arachidonic acid (AA) and its metabolites from membrane phos-
pholipid, and efflux of chloride ions, which have all been linked to the steroidogenic
process (80).

The acute response of Leydig cells to LH does not require new transcription of
mRNA (81). However, carrier proteins are required in the cholesterol translocation
process for the rapid steroid production in the acute response. StAR is a 30-kDa mole-
cular weight cholesterol transporter, and blockade of its synthesis by cycloheximide
prevents the LH-induced increase in testosterone biosynthesis (82). Transient transfec-
tion of COS-1 cells with the cDNA for StAR increases the conversion of cholesterol to
pregnenolone. StAR gene mutations result in the pathological condition of congenital
lipoid adrenal hyperplasia (lipoid CAH), in which patients are unable to convert cho-
lesterol to pregnenolone. This confirms a cholesterol-shuttling role for StAR protein in
steroidogenesis (46,83,84). StAR protein biochemistry, as it is currently understood,
may not completely account for transfer of cholesterol across mitochondrial mem-
branes (85). Another candidate protein for cholesterol trafficking is the mitochondrial
PBR, which is an 18-kDa integral outer mitochondrial membrane phosphoprotein that
has a high affinity for cholesterol binding (86). PBR expression decreases are corre-
lated with the decreased steroid synthesis (87). PBR plays a role in the maintenance of
the basal pool of mitochondrial cholesterol (88). It has been postulated that PBR func-
tions in cholesterol transport in steroidogenic tissues by mediating the entry, distribu-
tion, and/or availability of cholesterol within mitochondria (87,89). Recently, it was
proposed by West et al. that PBR associates with StAR and that the two proteins may
work in tandem at the outer mitochondrial membrane (90).

Chronic Effects of LH
LH also has long-term trophic effects on Leydig cells, requiring both transcription

and increased translation of proteins. Chronic stimulation by LH is required for main-
tenance of Leydig cell steroidogenic enzyme levels and to support the steroidogenic
organelle aparatus, including mitochondrial membrane potential and SER volume.

Inhibition of LH action can be achieved by hypophysectomy (91–93), suppression
of gonadotropins through steroid administration (94–96), and neutralization of LH or
LH-releasing hormone (GnRH) by specific antibodies (97). LH blockade eliminates
the chronic effects of this hormone, causing Leydig cell atrophy and loss of cellular
volume, SER, steroidogenic enzyme activities (particularly P-45017α and P-450scc),
LH receptor numbers, and the ability to secrete testosterone in response to LH (91,95).
In LH-deprived rats, Leydig cell structure and function are restored by LH replacement
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(93,94,96). Similarly, daily injections of LH to the hypogonadal mouse markedly
increase steroidogenic enzyme activities (98).

In addition to LH, FSH and local cell-cell interactions participate in the regulation
to Leydig cells. FSH regulatory control of Leydig cells is based on the correlation
between serum FSH levels and the steroidogenic response of Leydig cells to LH dur-
ing sexual maturation in humans. Because FSH-R are present only in the Sertoli cells,
FSH acts on Leydig cells indirectly through Sertoli cell-secreted factors (99,100).
Huhtaniemi and colleagues (see Chapter 6), in a study of FSHβ And FSH-R knockout
mice, recently demonstrated FSH signaling involvement in Leydig cell development.
LH alone is sufficient for normal postnatal development of Leydig cells only if FSH-R
are present. In the absence of LH, FSH stimulates Leydig cell steroidogenesis (101).
Sertoli cells may also modulate Leydig cell numbers via paracrine interactions
(14,102,103). Several factors produced by Sertoli cells, including insulin-like growth
factor (IGF) 1, epidermal growth factor (EGF)-α, transforming growth factor (TGF)-α,
and TGF-β, inhibin, and activin, influence Leydig cells. TGF-β is believed to be a
strong inhibitor of Leydig cell steroidogenesis, whereas IGF-1 is a stimulator. EGF-α
and TGF-α stimulate steroidogenesis during adulthood but may inhibit differentiation
of immature Leydig cells. Germ cells, through their interactions with Sertoli cells, are
believed to affect Leydig cells indirectly (81).

CLINICAL ASPECTS

Aging of Leydig Cells
Reproductive function declines as men grow older. An age-associated decline in

plasma testosterone concentration occurs even in healthy men (104,105), although there
is considerable variation in the age of onset (106). The level of testosterone in the blood
stream declines on average by 1.2% each year for men over 40 yr of age. Because
SHBG rises, the level of free (bioavailable) testosterone in the blood decreases more
with age compared to total testosterone (106,107). Because clearance of testosterone
does not rise with age, it is reasonable to deduce that the age-related decreases in andro-
gen concentrations result from decreased Leydig cell androgen production (108,109).

Age-related declines in testosterone could be caused by decreased Leydig cell num-
bers and atrophy of their structure and/or reduced steroidogenic ability. Leydig cell num-
bers are inversely correlated with age, decreasing 44% by age 58 compared to 32-yr-old
men (34). Leydig cell numbers decline because of degeneration rather than dedifferenti-
ation (110). In addition, aged Leydig cells contain cytoplasmic or intranuclear crystalline
inclusions, lipofuscin granules, diminished SER, and smaller and fewer mitochondria
compared to young men (7,111–113). Older men with higher serum LH and low serum
testosterone levels also have a large number of abnormal Leydig cells, suggesting that
Leydig cell structural changes are related to changes in steroidogenic function (112).
Age-related declines in steroidogenesis are caused by a global reduction in steroidogenic
enzyme gene expression and by decreases in the rate of cholesterol transfer to mitochon-
dria (114–117). In fact, the senescence of Leydig cells is involved at all aspects of the
steroidogenic process, from LH binding to the steroidogenic reactions in the SER. Zirkin
and colleagues report that reactive oxygen, produced as a by-product of steroidogenesis
itself, may be responsible for age-related reductions testosterone production (118).
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Therefore, unless Leydig stem cells can be recruited to restore the Leydig cell numbers,
age-related declines in testosterone levels are unavoidable. The endocrine changes with
aging in men are reviewed more thoroughly in Chapter 14.

Leydig Cell Tumors
Testicular tumors occur at a rate of 2 cases per 100,000 men and constitute 1% of

all tumors in men. Leydig cell tumors (LCTs) account for 1 to 3% of testicular
tumors (119). LCTs were first identified by Sacchi in 1895 (120). Although they are
rare gonadal stromal tumors, LCTs may occur at any age and represent approx 40%
of all non-germ cell testicular tumors (121). Most LCTs are unilateral; only 3% are
bilateral (121).

LCTs are found at all ages from 2 to 90 yr, with a peak occurrence in the fifth decade
of life. In boys, these tumors typically occur between the ages of 4 and 10 yr and
account for approx 10% of cases of precocious puberty (122). They are uniformly
benign hormonally active tumors that present with macrogenitosomia (a syndrome that
is characterized by precocious enlargement of the genitals), including an enlarged phal-
lus and/or prostate, and premature growth of pubic hair (120). Adult men with LCTs
often present with a painless testicular mass, usually associated with gynecomastia,
infertility, decreased libido, and other feminizing features. Gynecomastia is bilateral in
90% of the cases (123,124).

LCTs secrete both androgenically and estrogenically active steroids. Unlike normal
Leydig cells, androgen secretion by the tumor is in independent of pituitary control.
LCTs have an abnormally high aromatase activity and secrete E2 (125). The resulting
elevated E2 and decreased, or low-normal T values cause gynecomastia and infertility
(126). This alteration in the T/E2 ratio, together with suppressed LH secretion, may be
useful for clinical diagnosis.

Macroscopically, the lesions are generally small, yellow to brown, well circum-
scribed, and rarely hemorrhagic or necrotic. Microscopically, they consist of uniformly
polyhedral packed cells with round and slightly eccentric nuclei, and eosinophilic
granular cytoplasm with lipoid vacuoles, lipofuscin granules, and occasionally,
Reinke’s crystals (127).

Most LCTs are benign, but approx 10% are malignant (128). Large size, extensive
necrosis, gross or microscopic evidence of infiltration, invasion of blood vessels, and
excessive mitotic activity are all features that suggest malignancy. However, the presence
of metastases, most often to pelvic lymph nodes and bone, is the only reliable criterion
of malignancy. The appearance of metastases may be delayed for as many as 9 yr (129).

Inguinal orchidectomy is the treatment of choice for benign tumors. Recent reports
have cited testis-sparing enucleation as an alternative treatment for benign lesions in
children, especially those with bilateral tumors (130,131). Testis-sparing surgery is
also an option for children with the clinical and biochemical findings typical of LCTs
and an ultrasonographically defined encapsulated intratesticular mass. In cases man-
aged by enucleation, local relapse remains a possibility, even when specimen margins
are free of tumor cells and uniformly benign (120). Malignant LCTs are radioresistant
and chemoresistant and have a poor prognosis. The mean survival time after surgery
for patients with malignant LCTs is approx 3 yr (127).

Leydig cell hyperplasia (LCH) shares the same clinical presentation as LCTs, includ-
ing painful gynecomastia and decreased libido in adults, precocious puberty in children,
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and complaints of infertility or even palpable testicular masses. However, histological
features help to distinguish LCH from normal Leydig cells and benign LCTs. Hyperplas-
tic Leydig cells are arranged in diffuse, multifocal, small nodules and lack cytological
atypia, frequent mitoses, necrosis, and vascular invasion. Hyperplastic Leydig cells usu-
ally infiltrate between seminiferous tubules, whereas benign LCTs form nodules that
compress surrounding tubules. LCTs grow as nodules, efface normal testicular architec-
ture, with loss of seminiferous tubules, and compress the adjacent tissue. Most LCH
cases are multifocal and bilateral (132). Figure 6 shows the histological appearance of
benign and malignant LCTs, as well as LCH.

Leydig Cells as a Target for Male Contraception
Current approaches to fertility control are predominantly targeted to women. How-

ever, men have traditionally and historically played an important role in contraception.
Thus, until the second half of the 20th century, periodic abstinence, coitus interruptus,
condoms, and vasectomy, all of which are male-directed or male-oriented methods, were
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Fig. 6. Benign and malignant Leydig cell tumors (LCTs). The upper left panel, (A) an example of
Leydig cell hyperplasia (LCH), is seen with an increased number of Leydig cells and an intertubular
growth pattern (original image magnification × 200). The lower left panel, (C) is a benign LCT with a
loss of normal tubules and peripheral compression of adjacent seminiferous tubules (original image
magnification × 100). In the right panel, (B) a malignant LCT is shown with significant nuclear atypia
and an invasive border (original image magnification × 300). (Photos supplied by Drs. Cathy
Naughton and Peter Humphrey of Washington University School of Medicine.)



the only means for couples to limit family size. However, all of these methods are associ-
ated with limited effectiveness, lower acceptability, and partial irreversibility. Therefore,
protracted efforts have been made to develop an endocrine male contraceptive regimen.
Although our limited understanding of the complex regulatory mechanisms underlying
normal spermatogenesis makes it difficult to identify specific testicular targets for phar-
macological disruption, both T and FSH are required for complete spermatogenesis in
humans. Therefore, to suppress spermatogenesis, the pituitary gonadotropic stimulus is
inhibited, thereby abrogating Leydig cell steroidogenesis and nullifying FSH simultane-
ously. The consequent depletion of intratesticular testosterone and loss of FSH action
result in a collapse of spermatogenesis without affecting stem cells. Maintenance of the
spermatogonial stem cell population ensures that hormonal suppression of spermatogen-
esis is reversible. Because testosterone is necessary for spermatogenesis (133), Leydig
cells represent an obvious target for hormonal contraception.

Hormonal contraception targets Leydig cells, suppressing their androgenic function.
How much testosterone is needed for normal spermatogenesis in humans remains to be
determined. In rats, intratesticular testosterone concentrations as low as 5% of normal
support the complete spermatogenic process, whereas in the nonhuman primate, testic-
ular androgen levels of 30% of baseline do not prevent complete suppression of germ
cell development (134,135). Therefore, testosterone levels must be reduced below a
threshold for successful interruption of spermatogenesis. In primates, however, the
selective suppression of Leydig cell testosterone production is not sufficient to accom-
plish the goal of fertility regulation, and the additional inhibition of FSH secretion is
necessary (136). One effective approach may be to suppress both LH and FSH secretion
and, simultaneously, supply androgen to avoid peripheral androgen deficiency (137).

Leydig Cell Toxicology
Several agents have been identified as Leydig cell toxicants, including ethanol, ethane

1,2 dimethanesulphonate (EDS), 2,3,7,8 tetrachlorodibenzo-p-dioxin (TCCD), and
steroid hormone receptor antagonists. These toxicants can damage Leydig cells in three
ways: overstimulation or inhibition of steroidogenesis, induction of tumor formation,
and promotion of cell death. Leydig cells are vulnerable to several toxins through direct
actions and/or by disruption of the hypothalamic–pituitary axis.

Toxicants, such as ethanol, interfere with Leydig cell steroidogenesis by interfering
with LH secretion, LH receptor binding, intracellular signal transduction pathways,
and steroidogenic enzyme activities. Ethanol, for example, decreases LH secretion and
reduces LH receptor binding and intracellular cyclic guanosine 5′-monophosphate
(GMP) levels. Hence, chronic alcohol abuse causes declines in testosterone levels
(138–140). Tumor formation and cell death are also observed after toxicant exposures.
Carcinogenesis is considered to be a consequence of multiple insults to the genome.
Necrosis and apoptosis have both been implicated in the process of toxicant-related
Leydig cell death, with ethylene dimethanesulfonate exposure as the experimental par-
adigm (141).

SUMMARY

Leydig cells represent the endocrine proportion of the testis. In all mammalian
males, Leydig cells are the main site of testosterone synthesis and secretion and are,

36 Dong and Hardy



thus, essential for male reproductive function. Developmentally, human Leydig cells
appear in three separate stages: fetal, neonatal, and pubertal. Each of these stages
underlies a corresponding epoch of testosterone secretion in the male lifespan.

Testosterone is synthesized from cholesterol in a series of reactions catalyzed by
four enzymes. The first enzyme, P450scc, converts cholesterol to pregnenolone and is
located in the inner mitochondrial membrane. Therefore, movement of cholesterol
from the Leydig cell cytosol into the mitochondria is the rate-limiting step and is per-
formed by the carrier proteins StAR and PBR. The three other biosynthetic enzymes,
3β-HSD, P45017α, and 17β-HSD, are situated in the SER. Testosterone can be metab-
olized into other steroids, DHT and E2, primarily by two enzymes: 5α-reductase and
P450arom. The ∆5 and ∆4 steroidogenic pathways are followed in Leydig cells, with
one preferred over the other depending on the species and developmental status. In
humans, the ∆5 pathway from 17α-hydroxypregnenolone to dehydroepiandrosterone
is predominant.

Development of steroidogenesis in Leydig cells is regulated by the pituitary
gonadotropic hormone LH. FSH and cell–cell interactions in the testis also participate
in this regulatory process. Decreased numbers and atrophy of cytological structure, as
well as reduced steroidogenic ability, occur during Leydig cell aging, lowering testos-
terone secretion in older men. LCTs have a low incidence in humans, constituting only
1–3% of testicular neoplasms, with the highest incidence being for men in their 50s.
Because testosterone is necessary for spermatogenesis, Leydig cells are a target for
male hormonal contraception. Control of male fertility through suppression of Leydig
cells will require identifying a level of intratesticular androgen concentration that is
sufficient for spermatogenesis while maintaining libido and skeletal muscle mass in the
periphery. Studies of reproductive toxicants have shown that disruption of Leydig cell
steroidogenic function cannot be ignored as a causative factor.
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