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ABSTRACT
The primary function of testicular Leydig cells is the production of androgens that
promote sexual differentiation in the fetus, secondary sexual maturation at the time of puberty, and
spermatogenesis in the adult. Testicular function is controlled by the central nervous system via a
neuroendocrine feedback loop involving follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) as the key hormonal signals. However, other hormones and factors, such as insulinlike growth factors (IGFs) and growth hormone (GH), also play important roles in connection with
steroidogenesis and testicular development.
Our present aims were examine (i) possible interaction of IGF-I and GH with interleukin
1α (IL-1α) in regulating of steroidogenesis by immature rats Leydig cells; (ii) possible antiapoptotic effects of IGF-I during testicular development and the role played by IGF1R in this
context; (iii) the influence of IGFBP-3 on apoptosis and steroidogenesis in rat Leydig cells in
relation to their stage of development, and (iv) the expression of humanin in the testis and its
possible interaction with IGF-I in connection with testicular development.
Immunohistochemical analysis (IHC) and Western blotting were employed to detect and
determine the levels of the expression of phosphorylated IGF receptor type 1 (p-IGF1R), caspase-3,
Bcl-2, and IGFBP-3 in Leydig cells at different stages of development. The IGF receptor type
1(IGF1R) are expressed primarily in the adult testis and IGF-I participates in the process of
differentiation and promotes the survival of rat Leydig cells. IGFBP-3, the main modulator of IGFI action present in serum, decreases the effects exerted by IGF-I and in itself, induces apoptosis in
immature Leydig cells. IGF-I and IL-1α cooperate to induce maturation in rat Leydig cells, as
demonstrated by their pattern of androgen production. IHC analysis revealed that the small peptide
humanin is expressed in the testis and this factor was found to attenuate the apoptosis of immature
rat Leydig cells. In addition, humanin interacts with IGF-I to promote the survival of and increase
the production of androgens by these same cells.
This thesis describes a study which investigated the regulation of autocrine and paracrine
control of steroid biosynthesis, particularly, testosterone. Towards this end, this work focused on
the control Leydig cell survival and programmed cell death (i.e. apoptosis). The pattern of IGF1R
expression indicates that this receptor is likely to be significantly involved in the differentiation,
survival, and apoptosis of rat Leydig cells. Finally, this study illustrate how factors critical in CNS
survival may also have roles in Leydig cell survival and function. This work adds to understanding
of testis development and function, which will provide insight into basic physiology, cell biology,
and disease progression. Moreover, the work described here may provide novel avenues for
treatment of testicular cancer.
Key words: IGFs, steroidogenesis, Leydig cells, steroidogenic acute regulatory protein (StAR),
insulin, IGFBP-3, IGFBP-2 and steroidogenic enzymes.
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1 INTRODUCTION
Human reproduction is an intricate process requiring a carefully orchestrated
performance between individual cells and whole organ systems.
Reproductive
development is controlled by a complex interplay of genetic, physiological, and
environmental factors. Hormones are one critical component that influences reproductive
development and function. There are three general classes of hormones: peptides,
amines, and steroids.
Steroid hormones regulate cellular differentiation, homeostasis, and
reproduction. Synthesized from cholesterol, steroid hormones are made by specialized
steroidogenic cells located in the adrenal glands, ovaries, testes, placenta, and brain.
These small hydrophobic molecules elicit their effects through a variety of mechanisms
including autocrine and paracrine signaling. Autocrine signaling occurs when a cell
secretes a chemical messenger (i.e., the autocrine agent) that acts on the releasing cell,
whereas paracrine signaling acts on a nearby cell.
Hormone action can elicit their effects through several different mechanisms.
The first type of hormone signaling ensues by a hormone binding directly to a cell
surface receptor. This binding event triggers a cascade of signaling pathways resulting in
a change in cellular function. The second type of hormone signaling occurs by the
hormone binding to a target in the cytoplasm. Lastly, hormones can cause their effects
by directly acting on nuclear targets.
In males, steroid hormones are synthesized in the testis. The testis is the central
organ of male reproduction, whose principal functions are the production of sperm and
synthesis of the steroid hormones. Testicular function is under control of central nervous
system (CNS) and works through a classical neuroendocrine feedback loop with the
gonadotropins, follicle-stimulating hormone (FSH), and luteinizing hormone (LH)
(Figure 1). In addition, other hormones and factors, such as IGF-I, GH, and cytokines,
regulate steroidogenesis and development. Moreover, testis function (e.g., testosterone
production) requires an intact hypothalamic-pituitary axis to initiate and maintain fertility
and male sexual characteristics. Disorders of the testes, hypothalamus, pituitary gland,
and/or accessory structures may result in abnormalities of androgen or gamete
production, infertility, or a combination of these disorders.
This thesis describes a study which investigated the regulation of autocrine and
paracrine control of steroid biosynthesis in rat Leydig cells. Towards this end, this work
focused on the control of Leydig cell survival and programmed cell death (i.e. apoptosis).
Finally, this study illustrates how humanin may also have roles in Leydig cell survival
and function.
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Figure 1.
Schematic illustration of the hypothalamus-pituitary-testicular axis. GnRH.
Gonadotropin-releasing hormone; FSH, follicle stimulating hormone; LH, luteinizing hormone,
+ = stimulatory; - = inhibitory.

1.1

STRUCTURE AND FUNCTION OF THE TESTIS

The morphology of the adult human testis can be described as a spheroid, with a mean
volume of 18.6 ± 4.8 mL. Two testis (collectively referred to as testes) reside within the
scrotum. This anatomical location, outside of the body, maintains a temperature of
approximately 3°C below normal body temperature. The surrounding testicular capsule
consists of three membrane layers: the visceral tunica vaginalis, tunica albuginea, and tunica
vasculosa. Extensions of the fibrous septa, from the tunica albuginea to the testicle, form
approximately 250–300 pyramidal lobules, each containing coiled seminiferous tubules. A
testis contains more than 400 meters of seminiferous tubules, accounting for approximately
half of the organ weight. These tubules are composed of Sertoli and germinal cells and are
surrounded by peritubular cells, also referred to as myoid cells. Sertoli cells line the
basement membrane, connected by tight junctions, and provide an environment essential for
germ cell differentiation. The architecture prevents access from the interstitial space into the
tubule lumen, effectively establishing a “blood-testis barrier” (1). In addition, the majority of
post-meiotic germ cells are isolated from the external environment, particularly from
circulating immune cells and their secretory products (2). Finally, interspersed between the
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seminiferous tubules are the androgen-producing Leydig cells, as well as, the blood and
lymphatic vessels, macrophages, nerves, and fibroblasts (Figure 2, 3).

Figure 2. Structural organization of the human seminiferous tubule and interstitial tissue. Modified
from Endocrinology, 8th edition, The Mcgraw-Hill Companies, Inc. Reproduced with the permission of the publisher.

Figure 3. Schematic illustration of the functional and anatomical compartments of the testis
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1.2

SEXUAL DIFFERENTIATION

During embryonic development, the bipotential gonad can develop into either ovaries
or testes. Following bipotential gonad formation, the next critical step in sex determination
occurs during the seventh week of human gestation. The genetic sex of the embryo is
established at fertilization with the inheritance of an X or a Y chromosome from the father.
The Y chromosome, through SRY (sex-determining region of the Y chromosome) is critical
for male specification (3). This gene acts dominantly to trigger differentiation of testes from
the indifferent gonads that would otherwise develop as ovaries.
The fetal gonads differentiate into testes, beginning with the formation of testicular
cords, which are composed of germ cells surrounded by Sertoli cells and peritubular cells (4).
Sertoli cells secrete anti-Müllerian hormone (AMH), necessary for Müllerian duct regression
(5). Differentiation of external male genitalia is dependent on dihydrotestosterone (DHT),
which is formed in target organs from reduction of testosterone.
In the male fetus, testosterone is secreted by the Leydig cells, autonomously at first
and later under the influence of human chorionic gonadotropin (hCG) and fetal pituitary
luteinizing hormone (LH) (6). In addition, differentiation of the Wolffian duct is mediated
by testosterone secretion from Leydig cells. However, in the presence of an ovary or absence
of a functional fetal testis, the Müllerian duct differentiates and the Wolffian ducts involutes.
1.3

STEROIDOGENIC CELLS

A cell with the capacity to produce steroids and express enzymes necessary to convert
cholesterol to end-point steroids (e.g., androgens, estrogens, and glucocorticoids) is
steroidogenic. Steroidogenic cells are present in the testis, ovary, placenta, adrenal gland,
and brain.
1.4

LEYDIG CELLS

In humans, there are at least two and possibly four distinct Leydig cell types: fetal,
infantile, pubertal, and adult (7, 8). Morphologically, Leydig cells are polygonal and contain
lipid droplets. In addition, Leydig cells have a large amount of smooth endoplasmic
reticulum. Located adjacent to the seminiferous tubules in the testicle, these cells are often in
close proximity to nerves and in clusters near blood vessels. In the testis of the mouse and
rat, fetal Leydig cells (FLCs) and adult Leydig cells (ALCs), which appear after birth, are
morphologically and functionally different from each other.
1.4.1 Fetal Leydig cells
The testis of newborn boys contains fetal Leydig cells (FLC), which disappear by
about 3–6 months. Concurrently, infantile Leydig cells proliferate until about 1 year of age
and their population is maintained until 8 years of age. Afterwards, infantile Leydig cells are
then replaced by pubertal and adult Leydig cells (9, 10). In rats, FLC are replaced with
Leydig cell progenitors, immature cells, and then adult cells. These cells can be
distinguished functionally, as immature cells secrete primarily androstane-3α, 17β-diol (11).
The origin of fetal Leydig cells is still unknown. FLC induce masculinization of the
fetus by producing androgen. In the mouse, Leydig cells appear around 12.5 days post

14

conception (dpc) and stem cells arise from either the coelomic epithelium or the
mesonephros. The coelomic epithelium produces Sertoli cells, which significantly contribute
to the interstitial cells of the developing testis. During testis differentiation, there is
significant cellular migration from the mesonephros to the developing gonad, at
approximately 11.5 dpc. A subset of cells may differentiate into fetal Leydig cells (12).
At 11.5 dpc in the rat (equivalent to about 10.5 dpc in the mouse), a population of
cells, positive for the orphan nuclear receptor SF-1, are located at the cranial end of the
mesonephros. These cells may form two distinct cell populations one in the primordium
region of the adrenal cortex and the other near the coelomic epithelium, from which the
gonad will arise (13). SF-1 is essential for differentiation of steroidogenic tissues, and may,
on the basis of the distribution and development of SF-1-positive cells, share a common
origin with Leydig cells and adrenal cells (14). In FLC, SF-1 controls the expression of
steroid biosynthetic enzymes, including steroidogenic acute regulatory protein (StAR),
Cyp11a1 (cholesterol side-chain cleavage), 3β-hydroxysteroid dehydrogenase, and Cyp17,
which mediate the step-wise conversion of cholesterol to testosterone (12).
Recent studies show some factors produced by Sertoli cells are necessary for the
Leydig cell formation. An additional study provides genetic evidence that combinatorial
expression of the paracrine factor, Desert hedgehog (Dhh), and the nuclear transcription
factor, SF-1, are both required for Leydig cell development (15).
1.4.2 Adult Leydig cells
The precursors of adult Leydig cells (ALCs) arise from peritubular mesenchymal
cells and perivascular smooth muscle cells that undergo transdifferentiation into
steroidogenic cells (16). Additionally, spindle-shaped cells located in the peritubular region
have stem cell properties (17). When these “stem Leydig cells” were re-introduced into adult
host testes, depleted of Leydig cells by ethane dimethane sulphonate (EDS) treatment, they
were capable of repopulating the ALC lineage (17)
Hardy et al. (1989) (18) subdivided postnatal differentiation of rat Leydig cells into
three stages: (1) progenitor stage; Leydig cells originate from mesenchyme-like fibroblasts
(post-natal day (pnd) 14–28) and produce androsterone; 5α-androstane-3α, 17β-diol and
small amounts of testosterone (2) immature stage; Leydig cells produce small amounts of
testosterone by pnd 35 and metabolize to 5α-androstane-3α, 17β-diol; and (3) mature stage;
Leydig cells actively produce testosterone as an androgen end product and are fully
functional in the sexually mature animal by pnd 90 (19-21).
The transition of precursor cells into ALCs is also reflected by morphological
changes: precursor cells are thin and spindle-shaped. During maturation, they gradually
increase in size and transition from oval to large, round cells. At approximately pnd 30,
ALCs are uniformly located around the seminiferous tubules and in close association with
interstitial blood capillaries. Their nuclei are large and round with condensed euchromatin
containing one or two nucleoli. The cytoplasm contains large amounts of smooth
endoplasmic reticulum, a high number of tubulovesicular mitochondria, a well-differentiated
Golgi apparatus, and small lipid droplets (average diameter of 0.5 µm) (6).
Androgens are required for the onset of ALC differentiation (precursor stage and
immature stage). LH stimulates the later stages of ALC development, that is, the
transformation of immature cells into mature ALCs. In the absence of androgen receptors,
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FLC function is normal but ALC fail to mature, these cells acquiring only partial
characteristics of the ALC population (6).

A

Leydig cells in the interstitial compartment

B

Unstained cells in culture

Figure 4. (A) Immunohistochemical staining for IGF-BP-3 of Leydig cells in the interstitial
compartment of the rat testis (B) Unstained isolated rat Leydig cells (Colón et al, unpublished)

1.5

STEROIDOGENESIS

The biosynthetic pathways in all endocrine organs that form steroid hormones are
similar. However, organs differ in the enzyme systems they utilize. While the adrenal
cortex contains 11- and 21-hydroxylases, these enzymes are not found in Leydig cells (6,
12). Instead, Leydig cells express the cytochrome P450 17α-hydroxylase/c17-20 lyase
(P450c17 or Cyp17) enzymatic complexes (22). Steroid hormone biosynthesis occurs in
the mitochondria and cytoplasm of the steroidogenic cells. Cholesterol is transported
from the outer mitochondrial membrane (OMM) to the inner mitochondrial membrane.
The StAR protein is crucial for this transport process (23). Biosynthesis of the steroid
hormones begins with the oxidation of two adjacent carbon atoms in the side-chain of
cholesterol, followed by cleavage between them, to produce pregnenolone, the precursor
of all other steroid hormones. The enzyme P450c17 hydroxylates pregnenolone to form
dehydroepiandrosterone. Moreover, it can produce androstenedione from pregnenolone via
progesterone and 17-hydroxyprogesterone, but this pathway is less prominent in humans.
Thus, this enzyme is part of both the ∆5 and the ∆4 pathways that employ either
pregnenolone or progesterone as substrate, respectively. The ∆5 pathway is the major
pathway in human Leydig cells (24), while in the rat both pathways occur, although the ∆4
is preferred (25).
Dehydroepiandrosterone and androstenedione are subsequently
converted to testosterone by 17β-hydroxysteroid dehydrogenase (17β-HSD) (Figure 5). In
addition to testosterone, the testes secrete small amounts of the potent androgen,
dihydrotestosterone, and the weak androgens, dehydroepiandrosterone (DHEA) and
androstenedione. Leydig cells also secrete small quantities of estradiol, estrone,
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pregnenolone, progesterone, 17α-hydroxypregnenolone, and 17α-hydroxyprogesterone
(12).
The capacity of Leydig cells to produce androgens varies with age. For
example, immature Leydig cells have high levels of 5α-reductase and 3α-hydroxysteroid
dehydrogenase (3α-HSD) to convert testosterone to dihydrotestosterone (DHT) and 3αDIOL, respectively (11). In addition, type 1 5α-reductase is more active in immature
Leydig cells (26). In ALC the main product of steroidogenesis is testosterone.
1.5.1 Testosterone
Testosterone is the most prominent androgen in male sexual maturation. Over
95% of testosterone is secreted by Leydig cells. Testosterone is a C19 steroid with a
hydroxyl group at position 17 (Figure 5). The testosterone secretion rate is 4–9 mg/d in
normal human adult males. Most circulating testosterone is converted primarily by the
liver into various metabolites, such as androsterone and etiocholanolone, which, after
conjugation with either glucuronic or sulfuric acid, are excreted in the urine as 17ketosteroids.
In addition to their actions during development, testosterone and other
androgens exert an inhibitory feedback effect on pituitary LH secretion. Like other
steroids, testosterone binds to an intracellular receptor (androgen receptor, AR) and the
receptor-steroid complex then binds to DNA in the nucleus, facilitating transcription of
various genes. Testosterone is converted to dihydrotestosterone (DHT) by 5α-reductase
in certain target cells, and DHT binds to the same intracellular receptor as testosterone.
DHT also circulates with a plasma level that is approximately 10% of testosterone.
Testosterone-receptor complexes are less stable than DHT- AR complexes in target cells.
Thus, DHT formation amplifies testosterones action in target tissues. Humans have two
5α-reductases, encoded by different genes. Type 1, 5α-reductase is present in the skin
throughout the body and is the dominant enzyme in the scalp. Type 2, 5α-reductase is
present in genital skin, the prostate, and other genital tissues.
Testosterone-AR complexes are responsible for the maturation of Wolffian duct
structures and, consequently, for the formation of male internal genitalia during
development, but DHT-AR complexes are needed to form male external genitalia. DHT–
AR complexes are also primarily responsible for the enlargement of the prostate and
probably of the penis at the time of puberty, as well as, for facial hair, acne, and the
temporal recession of the hairline. On the other hand, increased muscle mass, male sex
drive, and libido depend primarily on testosterone rather than DHT.
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Figure 5. Diagram showing the steroidogenic pathways involved in biosynthesis of androgens.
Abbreviations: HSD, Hydroxysteroid dehydrogenase; P450scc, Cytochrome P450 side-chain cleavage enzyme

1.6

APOPTOSIS

1.6.1 General overview
Programmed cell death or apoptosis is a physiological process that plays a key
role in the maintenance of homeostasis in adult tissues, as well as participating in
regulation of the development of the immune system during ontogeny and tumorigenesis
(27). The morphological and biochemical characteristics of apoptosis include membrane
blebbing, cytoplasmic shrinkage and reduction of cell volume, condensation of nuclear
chromatin, and controlled fragmentation of DNA and of the nucleus, which ultimately lead
to the formation of apoptotic bodies, a prominent morphological feature of this event. The
detailed morphological appearance associated with apoptosis varies with the type of cell
involved and the nature and strength of the triggering signal (28-30). Apoptosis is governed
by several genes and is executed by a family of zymogenic proteases known as caspases
that dismantle the cell in an orderly fashion by cleaving key proteins, finally leading to cell
death (Figure 6).
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Figure 6. Schematic illustration of the pathways of apoptosis. Abbreviations: Apaf-1, apoptotic
protease activating factor 1; caspase, cysteine aspartic acid-specific protease; TNFα, tumor necrosis factoralpha; FADD, Fas associated protein with death domain; FAS, fatty acid synthase

1.6.2 Pathways of apoptosis
Under normal physiological conditions, cells undergo apoptosis through two
major pathways, the intrinsic or mitochondrial pathway and the extrinsic or death receptor
pathway (Figure 6) (31). The extrinsic pathway is initiated by the interaction of a member
of the family of death receptor ligands with its receptor, resulting in the activation of
caspase 8 and, subsequently, of downstream effector caspases 3, 6, and 7, thereby leading
to apoptosis (32). The intrinsic or mitochondrial pathway involves the convergence of
signals generated by a variety of stressors, including DNA damage, cytoskeletal damage,
disturbance of the endoplasmic reticulum, loss of adhesion, absence of growth factors,
inhibition of the synthesis of cellular macromolecules, etc. - on the mitochondria. These
stimuli promote permeabilization of the outer mitochondrial membrane (MOMP), which
allows cytochrome c, a component of the electron transport chain, to leak out into the
cytoplasm. Here, this cytochrome interacts with Apaf-1 to trigger the formation of the
apoptosome and the subsequent activation of the initiator and executioner caspases (33).
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1.6.3 Apoptosis in the testis
1.6.3.1 Apoptosis in testicular germ cells
Apoptosis, which is regulated by the balance between survival and apoptotic
signals, is a common occurrence among germ cells in the mammalian testis, both during
development and in the adult state. At present, the biological significance of frequent germ
cell death in the mammalian testis is poorly understood, but one possible function is the
removal of excess, genetically abnormal and/or damaged germ cells (34-36). In rodent
testis, primordial germ cells undergo degeneration during the fetal period and, furthermore,
about half of the germ cells in the rat testis die at the time of birth. During pubertal
development, a prominent loss of germ cells also occurs in connection with the first wave
of the seminiferous epithelial cycle. In the case of the adult human testis, only 25% of the
theoretical maximal number of preleptotene spermatocytes is produced from the original
population of spermatogonia. Thus, selective death of spermatocytes and spermatids is a
common feature of normal spermatogenesis (37).
1.6.3.2 Leydig cell apoptosis
Investigations focused on the regulation of the programmed death of testicular
Leydig cells have revealed that exogenous administration of corticosterone induces this
process in the rat (38). Similarly, nicotine promotes apoptosis in Leydig cells, a
phenomenon suggested to be of relevance to the subnormal fertility of men who smoke
(39). Moreover, withdrawal of testosterone results in apoptotic germ cell death in most
stages of the developmental cycle occurring in the seminiferous epithelia (40). Initiation of
Leydig cell apoptosis by the glucocorticoid corticosterone may contribute to the
suppression of circulating levels of testosterone associated with stress, as well as with other
conditions under which serum glucocorticoid concentrations are elevated. Activation of
the Fas system, cleavage of procaspase-3, loss of mitochondrial membrane potential, and
increased generation of reactive oxygen species have all been implicated in corticosteroneinduced Leydig cell apoptosis.
Ethane dimethane sulphonate (EDS), a Leydig cell toxicant in rats, also initiates
programmed cell death in the Leydig cells of the rat testis. This process appears to be
mediated through the actions of the Fas receptor and its ligand, which are up-regulated after
EDS administration. On the other hand, the Bcl-2 family of proteins does not appear to be
involved (41).
In addition, manganese induces apoptosis in rat Leydig cells. In this case
attenuation of the expression and/or function of StAR, mitochondrial dysfunction, and
disturbances in calcium homeostasis contribute to the apoptotic process at early/immediate
time periods following treatment (42).
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1.7

HORMONAL AND PARACRINE REGULATION OF LEYDIG CELL
SURVIVAL AND STEROIDOGENESIS

1.7.1 Luteinizing hormone (LH)
Gonadotropic cells, which comprise approximately 10% of the cells in the
anterior pituitary gland, produce the two gonadotropins, LH and FSH. These glycoprotein
hormones share a common α subunit, but contain distinct β subunits, which are coded for
by separate genes and responsible for their distinct specificities. The hCG/LH receptor,
which belongs to the rhodopson/β2-adrenergic subfamily of G-protein-coupled receptors
(43), is expressed by testicular Leydig cells during fetal development, transiently during
early postnatal life, and from the time of puberty throughout adult life (7).
The proper functioning of adult Leydig cells is heavily dependent on the presence
of LH, as clearly illustrated by mice that lack LH or its receptor (LuRKO). In contrast, LH
does not appear to be required for the initial differentiation of adult Leydig cells. In the
mice that lack LH, a small but clear increase in Leydig cell number occurs around the time
of puberty and these cells all express 3ßHSDVI, a marker for the adult phenotype (44).
Although the initiating stimulus for the differentiation of adult Leydig cells remains
unknown, thyroid-stimulating hormone appears to be required, together with the Dhh and
PDGF-A produced by Sertoli cells (15, 45).
1.7.2 Signaling by Insulin Like Growth Factors (IGFs)
1.7.2.1 Insulin-like growth factor-I (IGF-I) and -II (IGF-II)
The IGF system includes three ligand (IGF-I, IGF-II and insulin), cell surface
IGF receptors type 1 (IGF1R) and 2 (IGF2R or mannose-6-phosphate receptor) and two
isoforms of the insulin receptor (IR-A and IR-B), six high affinity IGF binding proteins
(IGFBP-1 to IGFBP-6) and proteases that cleave IGFBPs (Figure 7) (46-48). The main
physiological effects of IGF-I are regulation of growth, cell proliferation, transformation
and apoptosis. This small peptide of 70 amino acids exerts its actions primarily by binding
to IGF1R and, to a lesser extent, to the receptors for insulin. Its structural similarity to
insulin explains this low-affinity binding to the insulin receptors.
IGF-I circulates in the bloodstream either in free form (with a half-life of about
15–20 minutes) or bound to one of several specific binding proteins that prolong its halflife. Both IGF-I and IGF-II are essential for embryonic development and nanomolar
concentrations of these peptides persist in the circulation into adult life. IGF-I appears to
be the predominant regulator of postnatal growth, but the physiological role of IGF-II is not
yet known. It is known that in adults, serum levels of IGF-II are 3-fold higher than those of
IGF-I, declining modestly with age (49-51).
Both experimental and clinical data reveal that IGF-I plays a role in connection
with testicular function (52-54). IGF-I and IGF-II are produced in the testis itself (55, 56),
where the IGF system participates significantly in local regulation. IGF-I exerts different
effects on the two major compartments of the testis: in the case of Leydig cells in the
interstitium, this peptide promotes testosterone synthesis and is involved in the regulation
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of apoptosis (52, 57). In the seminiferous tubules, IGF-I stimulates DNA synthesis in
spermatogonia (58) and lactate synthesis (59) and glucose transport in Sertoli cells (60). In
contrast to its clearly established role in embryonic and fetal development, the postnatal
function of IGF-II remains unclear (61), although this signal can stimulate spermatogonial
proliferation in cell culture (58).
The stimulatory effects of IGF-I on Leydig cell differentiation were first observed
in Snell dwarf mice, which exhibit low circulating levels of growth hormone and
testosterone, delayed puberty and poor response to administration of exogenous
gonadotropins (62). Administration of IGF-I to these animals elevates the expression of
testicular LH receptors and enhances the LH-stimulated biosynthesis of androgens by the
immature-type Leydig cells (63). Moreover, IGF-I stimulates the in-vitro proliferation of
immature Leydig cells isolated from pre-pubertal rats, a mitogenic effect that is augmented
by pretreatment of the cells with LH (64-66). In addition, immature Leydig cells (52, 67)
respond to IGF-I with enhanced expression of steroidogenic enzymes and steroid
production, suggesting that this growth factor promotes the development of immature adult
Leydig cells into mature adult Leydig cells. This hypothesis is supported by the
observations that adult mice in which the gene for IGF-I has been knocked out have Leydig
cells that are immature, express little P450c17 or 17ß-HSD, and secretes mainly
progesterone and androstenedione (68).
1.7.2.2 The IGF type 1 receptor (IGF1R)
IGF1R is a tetrameric protein containing two α-subunits, which are entirely
extracellular and contain the binding domain, and two ß-subunits, each having an Nterminal extracellular domain, a transmembrane domain and a C-terminal intracellular
domain that displays type-2 tyrosine kinase activity (49). Upon activation, IGF1R
stimulates downstream signaling mechanisms, including the MAPK pathway, which is
associated with growth and proliferation, and the phosphatidylinositol 3-kinase (PI3K)
pathway, which is associated with the inhibition of apoptosis (48, 69). The IGF1R is
closely related to the insulin receptor (IR), the function of which in health and disease has
been well characterized. The IGF1R plays an important role in childhood growth, as
demonstrated in both humans and mice (70, 71).
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Figure 7. Schematic illustration of the IGF-I system. For an explanation of the abbreviations used
please see the text.

1.7.2.3 The role of the IGF1R in connection with apoptosis
Via activation of the PI3K/Akt pathway, IGF1R protects cells from apoptosis by
inhibiting the release of cytochrome c from mitochondria into the cytoplasm (72-74). One
of the many biological roles of activated Akt is phosphorylation of serine residues in Bad
(72), which causes Bad to dissociate from Bcl-2 and become sequestered with the adaptor
protein (75). When Bad is not phosphorylated, pro-apoptotic proteins (e.g., Bak and Bax)
become activated and cause cytochrome c to be released and activate caspase 9 and,
subsequently, caspase 3 (74). Active caspase 3 then cleaves and inactivates, among other
proteins, the poly (ADP-ribose) polymerase (PARP), which plays an important role in
maintenance of DNA integrity (76). The final result of caspase 3 activity is extensive
proteolysis and degradation of DNA, the final steps in the apoptotic process.
1.7.2.4 IGF-binding proteins (IGFBP)
The six known members of the IGFBP family of proteins bind to IGF-I with high
affinity and specificity. The pattern of IGFBP expression varies among tissues, with
IGFBP-3 being the most abundant circulating form. Secreted IGFBP-3 binds to and
prevents IGFs from activating IGF receptors (77), as well as exerting IGF-independent
effects (78). Over-expression of IGFBP-3 reduces tumor formation by lung cancer cells;
while anti-proliferative agents, such as transforming growth factor (TGF)-β (79), retinoid
acid (80), tumor necrosis factor (TNF)-α (81), and p53 (82), up-regulate the expression of
this binding protein.
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The participation of IGFBP-3 in steroidogenesis, development, and tumor growth
in the testis is poorly understood. In addition to this protein, Leydig cells express IGFBP-4
and IGFBP-2 (83). In primary Leydig cell cultures, IGFBP-3 chiefly inhibits the
stimulatory effects of IGF-I on steroidogenesis (84). It has been suggested that IGFBP-3
contributes to the inhibitory effects of cytokines on steroidogenesis, but its potential role in
proliferation and apoptosis has not been investigated.
1.7.2.5 Podophyllotoxin (PPT) and Picropodophyllin (PPP)
The cyclolignans podophyllotoxin (PPT) and picropodophyllin (PPP) inhibit the
phosphorylation of the IGF1R. Although PPT exhibits anti-neoplastic properties, its
general toxicity has prevented its further use as an anticancer drug (85). This cytotoxicity
has been linked to the interaction of PPT with ß-tubulin, which leads to mitotic arrest. In
contrast, its isomer PPP has a cis- configuration, does not interact with microtubules and
apparently lacks cytotoxicity (86). Furthermore, PPP does not inhibit DNA topoisomerase
II and, consequently, does not cause DNA breakage.
PPP attenuates autophosphorylation of the IGF1R in both human and murine
myeloma multiple cells, without inhibiting Insulin receptor (IR) autophosphorylation (87).
Initially, PPP blocks phosphorylation of Tyr1136 in the activation loop of the IGF-1R
kinase (69). This phosphorylation apparently stabilizes the most catalytically active
conformation of this domain and has consequently been suggested to be of paramount
importance for maintenance of its kinase activity (88). Importantly, PPP is relatively nontoxic towards rodents and primates, exhibiting LD50 values of > 500 mg/kg. In addition,
PPP potently inhibits DNA synthesis in multiple myeloma cells from patients, even in the
presence of bone marrow stromal cells (89).
1.7.3 Growth Hormone (GH)
GH is released from the anterior pituitary gland in pulsatile bursts, with the
majority of secretion occurring nocturnally in association with slow-wave sleep. This
hormone exerts its effects on its target cells both directly, by activating its specific receptor,
and indirectly, by stimulating the synthesis and secretion of IGF-I. In males GH deficiency
is associated with reduced fertility. Male rats immunized against GH-releasing factor
(GHRH) experience a delay in testicular growth, as well as in differentiation of germ cells
(90). GH might also affect Leydig cell development. If immature hypophysectomized
male rats are given GH, there is an increase in the number of precursor mesenchymal cells
in the testis (an effect that is also seen with LH and prolactin) (91). Furthermore, GH
activates the signal transducer and activator of transcription 5b (STAT5b) in cultures of
immature Leydig cells (92). Subsequently, Kanzaki and Morris (93) demonstrated that
Leydig cell progenitors expressed mRNA encoding the GH receptor and that GH increases
the levels of StAR in progenitor, immature and adult rat Leydig cells.
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1.7.4 Humanin
Humanin (HN) is a 24-amino-acid neuroprotective peptide first identified in the
autopsied occipital lobe of a patient with Alzheimer’s disease (94). Following its secretion,
HN inhibits neuronal death by binding to a specific receptor at the cell surface, i.e., the
pertussis toxin (PTX)-sensitive, G protein-coupled human formylpeptide receptor-like-1
(FPRL-1), thereby triggering a pro-survival pathway involving Jak1-STAT3. Furthermore,
in a glioblastoma cell line HN directly suppresses the targeting of BAX to mitochondria
(95) and, in addition, this peptide binds to and antagonizes the pro-apoptotic action of
IGFBP-3 (96). Humanin is expressed in the muscle, testis and colon of humans, protects
against the symptoms associated with Alzheimer’s disease; and has recently been proposed
as a potential therapeutic agent in connection with stroke.
1.7.5 Cytokines
The cytokines, a family of polypeptides produced primarily by mononuclear cells
in response to a variety of stimuli, mediate a wide range of inflammatory processes.

1.7.5.1 Interleukin I alpha (IL-1α)
Interleukin-1α (IL-1α) plays important roles in the regulation of immune and
inflammatory responses (97) and, moreover, is expressed even under normal physiological
conditions in tissues that do not belong to the immune system (98). This pro-inflammatory
factor is expressed constitutively by the Sertoli cells in the adult rat testis, where it acts on
the Sertoli cells themselves, as well as on germ and Leydig cells to regulate germ cell
proliferation and steroidogenesis (99). Interestingly, three isoforms of IL-1α are expressed
by Sertoli cells (100) at all stages of the spermatogenic cycle in the seminiferous epithelium
(99). IL-1α can either inhibits (101) or stimulate steroidogenesis by Leydig cells (102),
depending on the stage of maturation of these cells (102) and the fact that this effect is
mediated by the stimulation of the steroidogenic acute regulatory protein (StAR) (103).

1.7.5.2 Tumor necrosis factor alpha (TNFα)
Tumor necrosis factor-alpha (TNFα) is produced in response to immune
complexes, bacteria, and/or bacterial products (including lipopolysaccharide endotoxin)
and is involved in septic shock. In the testis TNFα is produced by round spermatids,
pachytene spermatocytes, and testicular macrophages and is involved in numerous
testicular functions (104). Thus, macrophages present in the interstitial compartment of the
testis can potentially influence Leydig cell function. TNFα signals through two distinct cell
surface receptors, TNF-RI p55 and TNF RII p75. Although both of these receptors bind
this cytokine with high affinity, they differ in their intracellular domains and mediate
distinct cellular responses (105, 106). Depending on the cell type, these intracellular
signals induce different cellular responses, ranging from apoptosis to modulation of cellular
differentiation. Low concentrations of TNFα can act as a survival factor (107), whereas
high concentrations induce cell death (108).
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2 AIMS
The up- and down regulation of numerous genes during the course of testicular
development influences both the survival of Leydig cells and the process of
steroidogenesis. The specific objectives of the present research were as follows:
•

to investigate the effects of the possible interaction of IGF-I and GH with IL-1α on
steroidogenesis in immature rat Leydig cells.

•

to determine whether IGF-I exerts an anti-apoptotic effect during the development of
rat Leydig cells and, if so, to characterize the role played by the IGF1R in this
connection.

•

to examine the effects of IGFBP-3 on apoptosis and steroidogenesis in rat Leydig cells
at different stages of development.

•

to study the expression of humanin and its possible interactions with IGF-I in the rat
testis during development.
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3 RESEARCH APPROACH
The following is only a brief description of the research approach employed in
this work. Detailed methodological information is presented in each individual publication.
3.1

EXPERIMENTAL ANIMALS

For the developmental studies in papers II, III and IV, we employed male
Sprague-Dawley rats (B&K Laboratories, Sollentuna, Sweden) of different ages with
testicular Leydig cells at different stages of development. Accordingly, animals 10, 40, and
60 days of age were used as the source of immature Leydig cells in papers II, III, and IV.
In paper I, the rats were 40 day old at the time of sacrifice.
3.2

CELL CULTURES

Here, large numbers of relatively pure and functional Leydig cells isolated from
the rats were cultured in a chemically defined medium in order to investigate the regulation
of survival and steroidogenesis. For this purpose, two step purification of the cells was
performed and their purity confirmed by immunohistochemical analysis of markers specific
for Leydig cells (I and II).
3.3

TREATMENT OF THE CELLS

The primary cultures of Leydig cells were exposed to different agents at different
time points and for different lengths of time and the effects on survival and steroidogenesis
monitored. The agents studied were IGF-I (I-IV), IGF-II (I-III), GH (I-II), IL-1α (I),
TNFα (III), IGFBP-3 (III) and humanin (IV). Dose response curves were obtained in order
to determine the most effective concentrations of IGF-I, IGF-II, GH and IGFBP-3.
Previous studies in our laboratory have demonstrated that IL-1α at the concentration of 1
ng/mL stimulates steroidogenesis by Leydig cells cultures (102). Furthermore, the role of
the IGF1R in steroidogenesis and the survival of Leydig cells was examined with the
cyclolignan, PPP, a selective inhibitor of phosphorylation of the β subunit of this receptor.
3.4

IMMUNOHISTOCHEMICAL ANALYSIS

Expression of the IGF1R, Bcl-2, caspase 3, IGFBP-3 and humanin proteins was
detected by immunohistochemical analysis of tissue samples fixed with formalin and
embedded in paraffin. One disadvantage of this approach is that formaldehyde-based
fixatives can cross-link tissues proteins in such a way as to mask the epitopes against which
the antibodies employed are directed, thereby giving rise to false negatives. Such protein
cross-linking can be removed by antigen retrieval.
The central issue in immunohistochemistry concerns the specificity of the
antibodies utilized and it is therefore important to perform appropriate positive and
negative controls. The most definitive negative control involves pre-absorption of the
primary antibody with the antigen of interest, while the specificity of the secondary
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antibody can be tested by omitting the primary antibody. In the present case, several
different antibody preparations were used in order to corroborate the findings.
The main advantage of such immunohistochemical analysis is that it allows
demonstration and rapid localization of the expression of a given protein in a specific
tissue, although the results obtained should be routinely confirmed with other methods such
as Western blotting and RT-PCR, which also provide more accurate quantification of
protein and mRNA levels, respectively.
3.5

IMAGE ANALYSIS

In order to obtain an accurate indication of the overall numbers of
immunopositive cells, digital images of the stained sections were acquired and processed
employing the Microimage program (Image Analysis Software; Olympus Optical Co.
(Europa), GmbH, Hamburg, Germany). The numbers of cells stained were counted
independently in five separate fields on three different slides from each animal in each
experimental group.
3.6

RT-PCR

In papers I and IV, RT-PCR was used to quantitate the levels of mRNA coding
for IGF-I and humanin, employing total RNA extracted from the whole testis or from
purified Leydig cells.
3.7

WESTERN IMMUNOBLOTTING

In all studies Western immunobloting was employed to determine the levels of
StAR, caspase 3, Bcl-2, Akt, IGF1R, humanin, and IGFBP-3. The experimental conditions
used were optimized and applied according to standard protocols, as described in the
individual publications.
3.8

WESTERN LIGAND BLOTTING

In papers I and III western ligand blotting was used to evaluate the secretion of
binding proteins by Leydig cells isolated from 40 day-old rats into the culture medium.
Although semi-quantitative, the advantage of this method is that all of the binding proteins
can be detected in a single assay.
3.9

ASSAY OF PROTEOLYTIC ACTIVITY TOWARDS IGFBP-3

Proteolytic activity towards IGFBP-3 was monitored by detection of the
degradation products of glycosylated human recombinant IGFBP-3, according to standard
protocols as described in Paper I.
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3.10 ELISA ASSAY OF CELL DEATH
For determination of apoptosis in cell cultures, the Cell Death ELISA kit was
employed. This procedure is based on the quantitative detection of histone-associated
DNA fragments (mono- and oligonucleosomes). The major advantage of this kit is that
multiple samples can be run in a single assay. Moreover, this approach is highly sensitive,
allowing detection of apoptotic nucleosomes in cell lysates and tissue homogenates and
thereby requiring smaller samples than assays of apoptosis based on flow cytometry. This
later aspect is especially valuable in connection with experiments on primary cells that
growth slowly and are difficult to obtain in large numbers. Furthermore, this procedure
involving one-step sandwich immunoassay of nucleosomes, is simple and rapid, providing
results within 5–6 hours, including positive and negative control values.
3.11 TUNEL ASSAY OF APOPTOSIS
Terminal transferase dUTP nick end labeling (TUNEL) detects DNA
fragmentation that result from apoptotic signaling cascades by using terminal transferase, to
catalyze the addition of labeled dUTP to the nick ends. TUNEL, one of procedures most
commonly used to detect programmed cell death, was employed here to monitor apoptosis
at different stages of Leydig cell development.
3.12 MONITORING CELL PROLIFERATION BY INCORPORATION OF [3H]THYMIDINE
Proliferation of Leydig cells was monitored on the basis of incorporation of [3H]thymidine into their DNA. The possible influence of GH, IGF-I, IGF-II, humanin, and
IGFBP-3 on this proliferation in vitro was tested. Cells were cultured on 96-well plates,
labeled with [3H]-thymidine (1 µCi/well) during the final 4 h of incubation, and
subsequently harvested. Thereafter, incorporation of radioactivity (counts per minute) was
determined with a scintillation spectrometer. In each of two independent experiments,
three or four cultures were characterized in this manner.
3.13 MONITORING CELL SURVIVAL ON THE BASIS OF REDUCTION OF
WST-1
In papers II, III, and IV, the survival of Leydig cells was examined on the basis of
the ability of viable cells to reduce the tetrazolium salt WST-1. Mitochondrial
dehydrogenases catalyze this reduction to yield formazan, but only in cells with functional
mitochondria. Thus, the amount of formazan dye formed correlates directly with the
number of metabolically active cells present in the culture. The formazan dye is then
quantitated by measuring the absorbance at an appropriate wavelength with a scanning
multiwell spectrophotometer (ELISA reader).
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3.14 ANALYSIS OF IGF-I AND STEROID HORMONES
3.14.1 RIA analysis of IGF-I (paper I)
Levels of IGF-I in culture media were determined employing an RIA procedure
developed in our laboratory that involved rabbit anti-rat IGF-I antibodies, recombinant rat
IGF-I as the standard and 125I-labeled rat IGF-I as the radioligand.
3.14.2 RIA analysis of testosterone (papers I–IV)
In papers I-IV, commercially available kits were used to measure testosterone;
whereas determination of the 3α-diol was performed with specific antisera (Cosmo Bio Co.
LTD, Tokyo, Japan and Fitzgerald Industries Inc., MA, USA) and 5α-[9,11,-3H(N)]
androstane-3α,17β-diol as tracer (NEN Life science products, Boston, MA, USA).
3.14.3 ELISA of 5α
α-Dihydrotestosterone (paper I)
Dihydrotestosterone in serum and plasma was quantitated using a commercial kit
involving the competition principle and microtiter plate separation. In this approach the
unknown amount of this steroid competes for binding to antibodies coated onto the surface
of the wells. Following incubation, the microtiter plate is washed to remove the competing
antigens, the substrate for the enzyme added, and the optical density which is inversely
proportional to the concentration of 5α-dihydrotestosterone in the sample) measured. This
concentration is then determined by comparison to an appropriate standard curve.
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4 RESULTS AND DISCUSSION
4.1

REGULATION OF STEROIDOGENESIS IN LEYDIG CELLS BY GROWTH
FACTORS AND IL-1α
α (I)

Here, we investigated the influence of the cytokine IL-1α alone and in
combination with GH or IGF-I on the production of androgens by immature Leydig cells
isolated from male rats at an age corresponding to puberty in humans. Produced under
normal conditions in the testis, the effects of IL-1α on steroidogenesis vary depending on
the stage of testicular development (102).
Previous investigations in our laboratory revealed that IL-1α is expressed
constitutively in the rat testis after 25 days of postnatal life, suggesting that this factor plays
a role in the maturation of this organ (109). This expression occurs exclusively in Sertoli
cells (99, 110) and exhibits a temporal relationship to the postnatal maturation and
differentiation of Leydig cells. In the present study, we found that IL-1α by itself
stimulates the synthesis of both testosterone and DHT.
Furthermore, GH and IGF-Is were found to stimulate DHT production, although
not in a dose-response manner. Interestingly, co-stimulation by IL-1α together with GH or
IGF-I enhanced the rate of steroidogenesis (both of T and DHT) synergistically. The effect
of GH was found to be mediated by IGF-I., i.e., cells stimulated by GH secreted IGF-I into
the culture medium. One possible explanation for this finding is that IL-1α and these
hormones all increase the expression of StAR, as well as of different enzymes known to be
involved in steroidogenesis, such as P450scc and 3β-HSD. Another possible explanation
concerns the fact that during this maturational period steroidogenesis in Leydig cells
undergoes various changes, e.g., the activities of cytochrome P450scc, 3ß-hydroxysteroid
dehydrogenase, and cytochrome P450c17 all increase (111-113). In rats and mice, 5αreductase activity is normally highest during the mid-pubertal period, which could
potentiate androgen action prior to the development of full steroidogenic potential in
Leydig cells. IGF-I-null mice exhibit reduced levels of P450scc and P450c17α mRNA
together with disproportionately elevated expression of 5α-reductase, which both accounts
for the extremely low levels of T in the testes of these adult mice and provides support for
the hypothesis that absence of IGF-I stimulation leads to unbalanced expression of
androgen-metabolizing enzymes (111-113). Indeed, several studies have concluded that
stimulation of Leydig progenitor cells by IGF-I enhance the expression of steroidogenic
enzymes and rate of steroid production, suggesting that this growth factor promotes the
development of immature Leydig cells into the mature-type adult cells (111-113).
In the present study the differential effects on T and DHT release indicate a direct
modulation of 5α-reductase activity. Generally, conversion of T to DHT occurs in the
androgenic target tissues, but 5α-reductase activity is also expressed in the testis, with peak
activity in the Leydig cells around the time of puberty, followed by a marked decline as the
animal reaches adulthood. On the basis of this finding, we propose that the decrease in the
ratio of DHT to T production caused by IL-Iα reflects a lowering of 5α-reductase activity
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and establishment of a more mature pattern of androgen synthesis. Addition of GH, IGF-I
or IGF-II appears to reverse this effect of IL-1α in a dose-dependent fashion, returning the
ratio of DHT to T release to approximately that demonstrated by untreated control cells.
This reversal is consistent with the finding that treatment with GH, IGF-I or IGF-II alone
also appears to enhance the activity of 5α-reductase.
Thus, our present observations indicate that local production of IGF-I by Leydig
cells in the testis is stimulated by GH following sensitization of these cells by IL-1α. IGF-I
is known to play important roles in androgen production, and the elevation in T and DHT
production evoked by GH in combination with IL-1α appears to be an indirect effect of
increased IGF-I secretion. In this way IL-1α may participate in the maturation of Leydig
cells.
4.2

THE ANTI-APOPTOTIC ACTION OF IGF-I ON LEYDIG CELLS ( II)

In this investigation we characterized the effects of IGF-I on cell survival and
apoptosis, as well as the phosphorylation of IGF1R in rat Leydig cells (Figure 8). Earlier
evidence suggests that the promotion of cell survival by this growth factor involves
activation of phosphoinositide-3 kinase (PI3K) and/ or the mitogen-activated protein kinase
(MAPK). In certain types of cells, both of these pathways protect against apoptosis,
whereas in other cell types, one or the other is utilized exclusively for this purpose (114,
115).
We demonstrate here for the first time that IGF-I also protect Leydig cells against
apoptosis (Figure 9) and that this protection involves phosphorylation of IGF1R and Akt
plays an important role in the prevention of apoptosis in Leydig cells, perhaps by
subsequent phosphorylation and inactivation of caspase-9 and Bcl-associated death
promoter (Bad) (115-117). Alternatively, Akt may activate NF-κß, a family of
transcription factors characterized by the presence of a homologous Rel domain that upregulates the expression of various anti-apoptotic proteins, including Bcl-XL, Bcl-2, and
the c-FLICE (118).
Our data demonstrate that the expression of Bcl-2 is enhanced by IGF-I,
suggesting that this phenomenon may explain the anti-apoptotic influence of this growth
factor on Leydig cells. A recent report showed that the increased frequency of apoptosis in
Leydig cells exposed to nicotine was associated with down-regulation of Bcl-2,
corroborating the importance of this protein under such conditions (39). Part of the antiapoptotic activity of Bcl-2 is due to its anti-oxidant properties, which preserve the
mitochondrial membrane potential and block the release of cytochrome c, thereby
preventing the activation of caspases (119). Indeed, isolated rat Leydig cells incubated
with IGF-I were found here to exhibit reduced levels of activated caspase 3, providing
evidence that this event is involved in the paracrine and autocrine stimulation of DNA
synthesis and survival of Leydig cells by IGF-I, at least under in vitro conditions.
The positive influence of IGF-I on Leydig cell survival is abolished in the
presence of PPP, which attenuates the phosphorylation of Akt by inhibiting PI3K and other
upstream kinases. Interestingly, both IGF-II and insulin (at high concentrations) evoke
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phosphorylation/activation of the IGF1R in Leydig cells in the same manner as does IGF-I,
suggesting that all three of these factors stimulate a common signaling pathway(s). Certain
investigators have proposed that IGF-II plays a role in both spermatogenesis and tumor
growth (120) and others have demonstrated that IGF-II is expressed by Sertoli, Leydig and
germ cells (120, 121). Thus, IGF-II may also participate in the regulation of the
proliferation and apoptosis of Leydig cells, but additional research is required to elucidate
the underlying mechanism(s), particularly with respect to the prevention of apoptosis.

Figure 8. Immunohistochemical detection of p-IGF1R in the testes and Leydig cells isolated from
rats of different ages. A, Localization of p-IGF1R in the testis of 10-d-old rat. The arrows indicate
interstitial areas containing p-IGF1R-positive Leydig cells (LC), peritubular cells (PTC), and germ
cells (GC). B, Negative control for A involving preincubation of the antibody with an IGFIR peptide,
as described in Materials and Methods. C, Localization of p-IGF1R in the testis of 20-d-old rat. The
arrows indicate interstitial areas containing Leydig cells (LC) and pachytene spermatocytes (PS) in
the intratubular compartment expressing p-IGF1R. D, Negative control for C, performed as in B. G,
Localization of p-IGF1R in the testis of adult (60-d-old) rats. The arrows indicate Leydig cells (LC)
staining positively for p-IGF1R. H, Negative controls for G, performed as in B. I, Two-fold higher
magnification of G, with arrows indicating Leydig cells (LC) and Sertoli cells (SC) staining positively
for p-IGF1R. J, Two-fold higher magnification of G, with arrows indicating pIGF1R-positive
spermatogonia (SP), spermatids (SPT), Leydig cells (LC), and Sertoli cells (SC).
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Figure 9. Detection of DNA fragmentation in Leydig cells isolated from Leydig cells rat employing
TUNEL procedure. Representative images. Cells treated with PPP, IGF-I or untreated.

4.3

THE APOPTOTIC ACTION OF IGFBP-3 ON LEYDIG CELLS (III)

IGFBP-3, the principal carrier of IGFs in serum, is a multifunctional protein that
induces apoptosis via both IGF-dependent and -independent mechanisms. In the present
investigation we demonstrate that this binding protein is expressed in the rat testis in a
developmental fashion, as well as, for the first time, that IGFBP-3 in itself induces
apoptosis in Leydig cells in a manner that is also dependent on their stage of development
and associated with activation of caspase-3. Previously, we observed that IGF-I promotes
the survival of Leydig cells isolated from 40-day-old rats and here we report that IGFBP-3
blocks this effect, perhaps simply by preventing this growth factor from binding to its
receptor and /or by causing cleavage and activation of caspase-3. Thus, this binding protein
may be involved in regulating apoptosis in testicular cells under normal physiological
conditions.
Here, we also confirm previous observations (83) that IGFBP-2 is the binding
protein expressed most abundantly by rat Leydig cells under basal conditions. Moreover,
our findings reveal that secretion of this binding protein varies with their state of
development. The effects of IGFBP-2 are controversial. In cell lines derived from non34

small cell lung cancer this protein inhibits binding of IGF-I and IGF-II to the IGF-I
receptor (122) and may thereby inhibit tumor growth. In contrast, glioblastoma cell lines
that over-express IGFBP-2 exhibit enhanced expression of genes related to invasiveness, as
well as an elevated rate of invasion into cell cultures (123).
Clearly, additional studies are required in order to clarify the influence of IGFBP-2
on Leydig cell apoptosis. Interestingly, IL-18, which is produced constitutively by germ
cells and was previously shown to play a paracrine role as a defense factor in the male
gonad (124), enhances the secretion of IGFBP-2. Thus, our findings suggest that IL-18
may influence additional testicular functions, at least partially via elevated levels of
IGFBP-2.
In addition, IL-1β was found here to reduce the secretion of IGFBP-2 and enhance
the secretion of IGFBP-3. We and others have shown that both IL-1α and IL-1β can either
inhibit or stimulate steroidogenesis, depending on the stage of testicular development (102,
125). On the basis of our present observations, we propose that IGFBPs can modulate the
effects of these cytokines on Leydig cell function.
IGFBP-4 is expressed in both the testicular endothelium and in Leydig cells (84).
IGFBP-4 was identified in earlier studies as a primary regulator of the growth of a murine
Leydig cell line, possibly by participating in contact inhibition (126). In addition, the
expression of IGFBP-4 is down-regulated in seminoma (120). To date, the eventual role
played by this binding protein in connection with Leydig cell apoptosis remains unknown.
In our studies TNFα alone evoked an increase in the secretion of IGFBP-3 and
IGFBP-4 by Leydig cells. Moreover, the apoptotic response of Leydig cells isolated from
40-day-old rats to TNFα is prevented by pretreatment of these cells with IGF-I. Such a
protective effect of IGF-I on TNFα-induced apoptosis has been observed in other model
systems as well, including the neuronal SH-SY5Y cell line (127, 128). Another possible
explanation for this protective effect of IGF-I involves cross-talk between the individual
pathways that mediate the actions of these two substances, which may constitute a
feedback mechanism used for the regulation of cellular proliferation and steroidogenesis
(Figure 10).
Pro-inflammatory cytokines appear to be involved in certain pathological processes
in the testis. For example, local levels of TNFα and IL-1β are elevated following
ischemia/reperfusion (IR) of the testis, suggesting that these cytokines are early mediators
of testicular injury under these circumstances (129). There are clear differences in the
individual effects of these cytokines on the secretion of IGFBPs by Leydig cells, indicating
that they play different roles.
Previously, TNFα was found to attenuate the enhancement in the expression of
FSH receptors by Sertoli cells evoked by IGF-I (130). Our findings suggest the existence
of additional antagonistic interactions between TNFα and IGF-I.
Systemic administration of endotoxin induces expression of both IL-1α and IL-1β
by testicular macrophages present in both the immature and adult rat testes, as well as a
reduction in plasma levels of testosterone in adult rats (131). Accordingly, it was proposed
that the immune-privileged microenvironment in the testis is not a consequence of a
defective local expression of pro-inflammatory cytokines. Our present findings suggest
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that testicular expression of IGFBPs is subject to paracrine regulation by pro-inflammatory
cytokines, linking inflammation to metabolic events, including the regulation of
steroidogenesis.
Finally, we observed here that pre-treatment with PPP, a selective inhibitor of
IGF1R, attenuates stimulation by IGF-I and IGF-II of IGFBP secretion by Leydig cells,
suggesting that this receptor plays a key role in this process.
The IGF-I signaling system plays an important role in the regulation of apoptosis in
the testis in general and in Leydig cells in particular (Figure 10, 11, 12). Apoptosis is
responsible for the regulation of germ cell death during the differentiation and maturation
of normal human germ cells and is thus necessary for maintenance of spermatogenesis
(132). Programmed cell death has also been reported to contribute to the excessive germ
cell demise in males carrying 47,XXY (132). Although it was proposed that this depletion
of germ cells in these Klinefelter males involves inadequate Leydig cell functioning and
disturbances in the regulation of apoptosis in Sertoli and Leydig cells, the exact underlying
mechanism(s) is unclear at present (132).
4.4

THE ANTI-APOPTOTIC EFFECTS OF HUMANIN ON LEYDIG CELLS (IV)

Humanin (HN) is a small peptide that exerts broad promotion of cell survival (96),
perhaps via interaction with a specific cell surface receptor connected to the tyrosine kinase
signaling pathway (133). Thus, HN enhances ERK phosphorylation in neuronal cells by
binding to FPRL-1. Recent studies suggest that tyrosine kinases and either STAT3 and/or
the STAT3-related transcription factor(s) participate in the anti-apoptotic signal
transduction cascades initiated by HN (133).
For the first time, we have examined here the pattern of expression and possible
function(s) of rat humanin (HNr) in the rat testis. This agent both stimulates DNA
synthesis by and promotes the survival of Leydig cells isolated from 10-day-old rats, as
well as stimulating the rate of steroidogenesis by these same cells in a manner that is
synergistic with the elevation of steroidogenesis caused by IGF-I. Although HNr also
interacts with IGF-I to enhance steroidogenesis by Leydig cells isolated from 40-day-old
rats, it has no effect on DNA synthesis at this stage of Leydig cell development.
The differential influence of HNr on the proliferation of 10- and 40-day-old Leydig
cells may be due to the presence or absence of specific receptors at different stages of
maturation in this type of cell, although this putative receptor has yet to be identified.
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Figure 10. Regulation of steroidogenesis in response to LH, IGF-I, GH and IL-1α
α. (Abbreviations:
see text)

The high level of expression of humanin in the adult testis indicates that this peptide
may be involved in the maintenance of normal spermatogenesis. In addition, multiple
factors may modulate the response to HN, including the presence of target molecules and
modifiers, such as members of the Bax/Bid family, IGFBP-3 and/or FPRL1 (96, 134). Our
experiments suggest that a possible mediator of the action of HNr on Leydig cells is a
putative receptor with tyrosine kinase activity. IGF1R does not appear to be involved,
since pre-treatment with PPP had no effect on HNr action. Our findings are indicative of
an interaction between IGF-I and HNr that may involve the activation of common
pathways, but may also reflect cooperative functions during Leydig cell maturation. The
increased expression of HNr by IGF-I could be one of the mechanisms by which this factor
exerts anti-apoptotic actions in the testis.
It is well known that the reduction in testosterone levels associated with stress is
due partially to a direct inhibition of Leydig cell steroidogenesis by glucocorticoids (38,
135). In our model system dexamethasone induces, whereas HNr prevents the in vitro
death of Leydig cells isolated from young rats. These findings suggest that HNr may
rescue cells under conditions of stress. Moreover, our observations indicate that HNr
protects Leydig cells from apoptosis at the mitochondrial level, by blocking the release of
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cytochrome c and thereby preventing the formation of apoptosomes and activation of
caspase-3. It should be remembered that although this effect on Leydig cells isolated from
the immature rat testis is clear, the target cells for HNr vary with the stage of testicular
development.
In summary, we have shown here that HNr is expressed in the rat testis with a
pattern and cellular localization that is dependent on the stage maturation. The function(s)
of HNr in the testis also appears to depend on the developmental stage, since this peptide
stimulates steroidogenesis and prevents apoptosis in Leydig cells isolated from 10- and 40day-old rats, but not from 60-day-old rats. Future investigations will elucidate the specific
pathways that mediate the protective and cooperative effects of HN and IGF-I.

Figure 11. Summary of the proposed effects of the IGF-I on apoptosis and/or steroidogenesis in rat
Leydig cells.
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5 SUMMARY AND CONCLUSIONS
These studies on the autocrine and paracrine regulation of the survival and steroidogenesis
by rat Leydig cells have revealed the following:
•

Steroidogenesis by immature rat Leydig cells is stimulated synergistically by IL-1α
together with GH or IGF-I. This effect of GH is mediated by IGF-I and IGF1R plays
an important role in the action of IGF-I.

•

IGF-I acts as an anti-apoptotic factor in rat Leydig cells. The IGF1R, which plays an
important role in this respect, is expressed in the testis in a developmental fashion and
its action involves activation of PI3K/Akt pathway.

•

IGFBP-3 induces apoptosis in Leydig cells to a degree that is also dependent on the
stage of development. Moreover, IGFBP-3 blocks the promotion of survival of these
cells by IGF-I, and secretion of this binding protein is regulated by cytokines. Thus,
IGFBP-3 plays an important role in the regulation of Leydig cell number and, may
affect the overall capacity for androgen biosynthesis.

•

IGF-I interacts with other survival factors such as humanin. This latter peptide, which
is expressed in the rat testis at all stages of maturation, acts as a novel anti-apoptotic
agent in this organ, interacting with IGF-I to stimulate DNA synthesis and
steroidogenesis by Leydig cells in culture, as well as promoting their survival.

In summary, this thesis provides novel information concerning the various factors that
regulate apoptosis and steroidogenesis in rat Leydig cells. The final outcome is dependent
on the developmental stage, as well as the combination and duration of the stimuli applied.
Clearly, IGF-I regulates the pattern of differentiation and survival of rat Leydig cells.

39

6 FUTURES PERSPECTIVES
•

Additional studies designed to elucidate the mechanism by which IL-1α sensitizes
Leydig cells to the stimulatory action of IGF-I and IGF-II would be of great value.

•

The apoptotic process eliminates dysfunctional or damaged germ cells and also
limits the number of mature germ cells. The developmentally regulated expression
of IGFBP-3 and the apoptotic effect of this binding protein indicate that it may
influence germ cell number, a question that requires further exploration.

•

The postnatal function of IGF-II in the testis remains unclear, although this peptide
can stimulate spermatogonial proliferation in cell culture.

•

Future investigations will reveal the detailed pathways that mediate the protective
and cooperative effects of HN and IGF-I on Leydig cells.

•

Further studies are required to clarify the influence of IGFBP-2 and IGFBP-4 on
Leydig cell apoptosis and steroidogenesis.
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Figure 12. Summary of the pathways used by IGF-I, to induce cell survival and growth
differentiation in Leydig cells.
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