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Abstract. Leydig cells are the primary source of testosterone in the male, and differentiation of Leydig cells in the testes is one

of the primary events in the development of the male body and fertility. Stem Leydig cells (SLCs) exist in the testis throughout
postnatal life, but a lack of cell surface markers previously hindered attempts to obtain purified SLC fractions. Once isolated, the
properties of SLCs provide interesting clues for the ontogeny of these cells within the embryo. Moreover, the clinical potential

of SLCs might be used to reverse age-related declines in testosterone levels in aging men, and stimulate reproductive function in
hypogonadal males. This review focuses on the source, identification and outlook for therapeutic applications of SLCs. Separate
pools of SLCs may give rise to fetal and adult generations of Leydig cell, which may account for their observed functional
differences. These differences should in turn be taken into account when assessing the consequences of environmental pollutants
such as the phthalate ester, diethylhexylphthalate (DEHP).
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1. Introduction Stem cells can be classified on a functional basis,
according to their potential for differentiation, as toti-,

Stem cells are of interest because they possess theslu”'l’ or multlp(r)]ter;t (Fll'g. ij) [4]. During mammalian
ability to self-renew and differentiate into a variety of evelopment, the fertilized oocyte generates a com-

cell types. The recognition that somatic stem cells can plex organism comprising more than 200 different cell

be isolated and are able to renew tissues has led to re_]tcypes.t_ Fert}:hzzfmr’: of trt]etﬁgg and s;l)lerm Iea? toh_thr:e
search on the use these cells in clinical therapy [1]. For _Orrr:riéoggtg cr:esltgcgr? (’amt()armonne'(r; C:“en:n?;’ﬁ I(')nt\aN ':'Che
example, bone marrow cells were first used successful- IS ved! yonic s et ine.
cells of the inner cell mass (ICM) are pluripotent and
ly four decades ago, and cord blood stem cells morere- = = . : .
: : will differentiate under appropriate culture conditions

cently, inthe past 10-15years, in stem cell therapy. The . . . . )

. L . into the three lineages of multipotential stem cells: ec-
therapeutic applications of these cells have included .

. . . toderm, endoderm and mesoderm, from which all ma-

treatment of blood disorders such as leukaemia, multi-

) : -~ ture cells will develop. Examples include nervous tis-
ple myeloma, lymphoma, and disorders with defective .
: ) - sue, pancreas and heart, respectively. Developmental
genes such as severe combined immune deficiency [2

3] ' potential results from the capability of early embryon-
' ic cells to proliferate and to differentiate into all cell
lineages including the germ line. More recently, it has
*Corresponding author: Yunhui Zhang, MD, PhD, Population t_)een shown that_ embryomoge_rm (EG) celllines, estab-
Council, The Rockefeller University, 1230 York Avenue, New York, “Sheq from prlm!tlve repmduc“ve C_e”S of the fetus, are
NY 10021, USA. E-mail: yzhang@popcouncil.org. functionally equivalent to embryonic stem cells (ES).
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Fig. 1. The Stem Cell Hierarchy. At the top level is the totipotent
original stem cell, the zygote, which results from syngamy of egg
and sperm. Cell divisions of the zygote produce the morula stage
of the embryo, the last point in embryogenesis where cells remain
totipotent. Further divisions in the embryo and organization into a
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ery cell of the body. The ability of ESCs to devel-
op into multiple cell types has drawn interest from in-
vestigators in regenerative medicine [6-8]. Howev-
er, studies of ESCs have also highlighted problems as-
sociated with inefficient differentiation, tumorigenici-
ty, immunogenicity and unresolved ethical issues sur-
rounding the isolation of cells from human embryos.
In this regard, ASCs provide an attractive alternative
as they can be derived from the patient’s own tissues,
avoiding ethical issues and immunological rejection,
and they are also non-tumorigenic [9]. ASCs could
supply sufficient numbers of cells for current trans-
plantation needs. Bone marrow stem cells and those
ASCs (hematopoietic stem cells) derived from umbili-
cal cord blood have been used, respectively, in regener-
ating heart muscle after myocardial infarcts and in the
treatment of leukemia [10].

Adult stem cells probably reside in every tissue, hav-
ing been detected in brain, bone marrow, peripheral

blastocyst is associated with the transition to multipotent stem cells Pl00d, Kidney, digestive tract epithelia, skin, retina,
in the inner cell mass (ICM), the primordial germ cells (PGCs, which muscles, pancreas, and liver [11,12]. The ASCs have
in turn form the embryonic germ cells, EGs) and the three embryonic common features that enable them to produce identi-

germ layers: ecto-, meso- and endoderm. The self-renewing aspect
of multipotent stem cells in the three germ layers is indicated by cal daughter cells over the course of many rounds of

the open arrows, and differentiation to daughter progeny that rapidly C€ll division. This feature is often referred to as self-

divide is shown by solid arrows. These daughter cells amplify the
pool of cells available for differentiation and are classed as dividing
transit cells. The finalvave ofterminal differentiation into cells that
reside in tissues is shown. In the testis (right hand box), somatic and
germ stem cell lineages both contribute to the formation of the testis
(Modified from Czyz J, et al. Biol. Chem., 2003, with the permission
of the publisher).

Totipotency, defined as the ability to generate an en-
tire organism independently, is retained by the zygote
and its early progeny up to the 8-cell stage of the moru-
la. Pluripotency is the capability of a stem cell to cre-
ate many, but not all, of the cell types in an organism.
Cells in a developing embryo, totipotent at the begin-
ning, lose this feature after several cell divisions as the
organism develops and become pluripotent. Multipo-
tent stem cells, finally, are those that can only give rise
to cells of the tissue from which they were isolated.
Therefore, based on the criteria of differentiation po-
tential, embryonic stem cells (ESCs) are the least dif-

renewal or clonogenicity. Another property of ASCs is
their ability to give rise to precursors of descendents,
and then terminally differentiated cells with specified
morphological characteristics and functions [13]. In
mature tissues, ASCs play a crucial role in maintaining
local homeostasis by replacing dead or damaged cells
as well as in the process of tissue remodeling [14].
More recently, it has also been suggested that testic-
ular tissue can be regenerated from stem cell popula-
tions, including spermatogonial stem cells (SSCs) [15]
and stem Leydig cells (SLCs) [16]. In the mammalian
testis, continuous production of mature spermatozoa
throughout life is maintained by a small population of
SSCs. They are unipotent, and have the ability to form
spermatozoa but no other cell lineages [17,18]. It is
now possible to identify, isolate, maintain, expand the
spermatogonia as cell lines, and to induce their dif-
ferentiationin vitro [19]. When transplanted into the
seminiferous tubules of an infertile male, SSCs can

ferentiated and, conversely, have the greatest potential regenerate spermatogenesis in rats [15,20,21].

and plasticity, as compared to multipotent stem cell lin-

Leydig cells are the primary source of testosterone

eages such as adult stem cells (ASCs) (bone marrow in the male, and differentiation of Leydig cells in the

and tissue-specific stem cells), lineage-specific precur-
sors, and terminally differentiated cells [5].

The distinguishing features of ESCs are their capac-
ity to be maintained in an undifferentiated state indef-
initely in culture and the potential to develop into ev-

testes is one of the primary events in the development
of the male body and fertility. Most authors agree that
SLCs are included among peritubular and perivascular
fibroblast-like (also called mesenchymal) cells in the
interstitial space of the postnatal testis. Between day
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7 and day 11, the SLCs commit to lineage specific
differentiation, accompanied by further proliferation,
ultimately leading to the formation of mature numbers
of adult Leydig cells [22]. The clinical potential of
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on morphological and biochemical criteria [27]. It has
been suggested that, in rats, the putative Leydig stem
cells are present in the interstitium of the testis at birth,
and that by 11 days postpartum, at least some of their

SLCs for therapeutic androgen replacement has yet to progeny express Leydig cell-specific genes (i.8: 3

be realized. Administration of exogenous androgen is
now routine, but SLCs could have a relative advantage

hydroxysteroid dehydrogenasej-81SD) and thus be-
come committed to the Leydig cell lineage. The com-

in that the release of testosterone would be subject to mitted cells subsequently undergo phased transitions

the body’s innate regulatory cues and would thus be
more physiological [23]. Thus, SLCs might be used

through progenitor and immature stages and ultimate-
ly become terminally differentiated adult Leydig cells

to reverse severe age-related declines in testosterone(ALCs). This developmental sequence of Leydig cells

levels in men. A more pressing case for clinical use
might even be made with hypogonadal males.

Up until recently, it has not been possible to explore
the potential of SLCs for stem cell therapy in the male,
because these cells were unavailable. A lack of cell
surface markers hindered attempts to obtain purified
SLC fractions [24]. Once isolated, the properties of
SLCs provide interesting clues for the ontogeny of these
cells within the embryo. This review focuses on the
source, identification and outlook for therapeutic appli-
cations of SLCs. In particular, we discuss their poten-
tial for treatment of androgen deficiency resulting from
exposures to environmental pollutants, examining the
anti-androgenic phthalate ester, diethylhexylphthalate
(DEHP).

1.1. Development of the Leydig cell lineage

Inrodents, Leydig cells exist as two generations, fetal
and adult. The fetal Leydig cells (FLCs) differentiate
from stem cells during gestation. They produce andro-
gen required for masculinization of the male embryo as
well as relaxin-like factor (RLF; also called insulin-like
factor 3), which regulates the trans-abdominal phase
of testicular descent [25,26]. The testis differentiates
from the gonadal ridge primordium on day 10 (E10),
and stem cells of the FLCs commit and differentiate
into mature FLCs by E12. These cells are fully com-
petent steroidogenically. The FLCs attain their highest
steroidogenic activity 1 or 2 days prior to birth on day

has been defined only in the rat, but a similar progres-
sion is postulated for other species, including humans.

1.1.1. Progenitor Leydig cells (PLCs)

In the ALC lineage, stem cells do not directly con-
vert into the terminally-differentiated daughter cells.
Rather, they must first pass through transitional phases
starting with the formation of PLCs. The PLCs are
intermediate, transit amplifying populations that serve
to supply differentiated cells in the numbers needed.
As transit amplifying cells, PLCs arise from SLCs and
divide a finite number of times until they become pro-
gressively more differentiated. The PLCs are stem cell-
like in that they are capable of maintaining their num-
bers by self-renewing divisions. However they differ
from stem cells, which have a low mitotic rate and
generate small numbers of progenitors, because they
proliferate rapidly. As the first recognizable stage in
the Leydig cell lineage, PLCs form from SLCs dur-
ing days 12-28 postpartum. In addition to be being
highly proliferative [29], PLCs express several of the
mRNA and proteins associated with steroidogenic
function, including cytochrome P450 cholesterol side-
chain cleavage enzyme (CYP-11B1)3-BISD, cy-
tochrome P450 1¥-hydroxylase/G;_oq lyase (CYP-
17), and luteinizing hormone receptor (LHR). They
have negligible amounts of Bzhydroxysteroid de-
hydrogenase 3 (1#HSD3), but have high expres-
sion levels of steroid metabolizing enzymes such as
5a-reductase 1 andeadhydroxysteroid dehydrogenase

19 of gestation, and the testosterone secreted is critical (3a-HSD), and produce androsterone as their main an-

for male secondary sexual differentiation (i.e., devel-
opment of the penis and sex accessory glands) [27].
The FLCs are terminally differentiated and do not di-
vide. They remain in the testicular interstitium after
birth, but rapidly involute [28], and the contribution of

drogen end product [30].

1.1.2. Immature (ILCs) and adult Leydig cells (ALCs)
During days 12 through 28 postpartum, PLCs grad-
ually enlarge, become round, and reduce their prolifer-

FLCs to postnatal androgen secretion is thought to be ative capacity. This second transition results in the for-

negligible.
After birth, the Leydig cell lineage can be concep-
tually divided into three developmental stages based

mation of another intermediate, ILCs, most common-
ly seen in the testis during Days 28 to 56 postpartum.
In rats, ILCs have more smooth endoplasmic reticu-
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lum (SER) compared to PLCs and, in addition, contain onize the interstitium and subsequently differentiate
cytoplasmic lipid droplets that support a high level of vivo. Putative SLCs that were isolated from the neona-
steroidogenic capacity. With the emergent increase of tal testis at 7 days postpartum expanded their numbers
173-HSD3 activity in the presence of continued-5 during prolonged culturin vitro, and were induced to
reductase 1 andaBHSD expression, &-androstane-  express proteins associated with Leydig cell differen-
178, 3a-diol (DIOL) is the predominantandrogensyn-  tjation, including LHR, steroidogenic acute regulato-
thesized [30]. ILCs undergo a final division before the ry protein (StAR), CYP-11B1, 3-HSD, and CYP-17.

transition to ALCs, which occurs by Day 56. ALCS  noreover these cells were able to colonize a host testis
are large, with an abundance of smooth endoplasmic o+ had been depleted of ALCs.

reticulum, few lipid droplets, high levels of steroido-
genic enzyme activity, and testosterone is the predomi-
nant androgen secreted due to the sharp declina-in 5
reductase 1 expression [30]. ALCS. appear at puberty when the PLCs are not yet present, based on the pres-
and produce the testosterone required for the onset of ) o .
spermatogenesis and the maintenance of adult male re-€NCe of lineage-specific markers. The o_nset of steroido-
productive functions. ALCs comprise the predominant genic enzyme and LHR gene expression occurs later

population of Leydig cells in the sexually mature testis. N the PLCs which, like the SLCs, are spindle-shaped
Presently, it is still unknown whether FLCs and interstitial cells, on day 11 postpartum [33]. Many

ALCs originate from a common stem cell. They are of the candidate markers of SLCs are receptors for
sufficiently different functionally to raise the ques- hormones including leukemia inhibitory factor (LIF),
tion of whether their lineage is shared. A recent Pplatelet-derived growth factor receptor(PDGFRy),
study demonstrated that thrombospondin 2 is main- and LHR.
ly expressed in FLCs, ands3hydroxysteroid dehy-
drogenase 6 (3HSD6) and 1B-hydroxysteroid de-
hydrogenase 3 (1#HSD3) are expressed in ALCs, 1.2.1. LIF and SLC self-renewal
thereby providing markers for the two Leydig cell LIF is a member of the interleukin 6 family of cy-
generations [31]. In addition, the inhibitory guanine tokines and has been found to mediate self-renewal of
nucleotide-binding regulatory protein, which induces stem cells [34]. LIF is required for long-term self-
a rapid decline in LH-mediated signal transduction, is renewal of neural stem cells and for maintenance of
presentin FLCs and undetectable in ALCs [32] . primordial germ cellsn vitro. In the rat testis, the high
SLCs have been isolated and have been found to concentration of LIF detected in testicular lymph sup-
meet two criteria for “stemness™ (i) they are capable ports the concept that peritubular cells are the principal
of self-renewal for months in vitro, implying that they  goyrce of testicular LIF [33]. LIF is detectable from
are able to remain in the cell cycle throughoutgdultllfe 13.5 days of gestation onward and is predominantly
without entering G (and subsequently following the o) yressed by peritubular myoid cells surrounding the
d_|fferent|at|on pathway) and (ii) they produce differen- seminiferous tubules. In the first week postnatally, the
tiated daughter cells [27]. peritubular cells have a mesenchymal ultrastructure,
appearing spindle-shaped by light microscopy. These
cells form a two- to three-cell-layer-thick boundary tis-
sue (lamina propria) adjacent to the basal lamina of

has posed a technical challenge and could elucidate (€ Seminiferous epithelium. The putative SLCs are
their ontogeny. Theoretically, SLCs are present in the Situated in the outermost layer of the boundary tissue,
testis only in small numbers and must be maintained by the interstitial space, and therefore are likely to be
renewal cell divisions. Three distinctive characteris- fargets of LIF. SLCs have been found to express LIFR,
tics would be expected for SLCs: (i) the ability to pro- and LIF stimulates their proliferatiom vitro. LIFR
liferate and expand indefiniteiy vitro (self renewal) and its intracellular signaling partner subunit gp130 are
without showing signs of differentiation; (i) the ability ~ expressed at their highest levels in PLCs relative to
to differentiate (i.e., to express enzymes such @s 3  expression levels in ILCs and ALCs, thus linking the
HSD and ultimately synthesize testosterone); and (iii) identified putative SLCs to later stages of LC differen-
when transplanted into host rat testes, the ability to col- tiation [34].

Morphologically, the putative SLCs are similar in
morphology to PLCs. The putative SLCs are most
readily harvested from the testis on day 7 postpartum,

1.2. ldentification and isolation of stem Leydig cells

Identification of specific surface markers in SLCs
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1.2.2. PDGFR« and commitment of SLCsto
differentiation
In mice, PDGFR can be used as a Leydig cell lin-
eage marker. PDGRRis expressed at low levels in
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cell cycle proteins, extracellular regulators, heat shock,
intracellular signaling proteins, metabolizing enzymes,
oncogenes, transporters, and transcription factors. Of
the 1176 genes, 513 were identified in PLCs, 423 in

the mesenchyme of the mesonephros on day 11.5 of ILCs, and 581 in ALCs [37]. When the signal intensi-

gestation in both sexes. It is also highly expressed in

ties for genes associated with PLCs were compared rel-

the coelomic epithelium and at the gonad-mesonephros ative to ALCs, mRNAs corresponding for 107 known

border on day 11.5 again in both sexes. By day 12.5,
expression is confined to the male and is very strong in
the interstitial cells. After birth, PDGRRhas a more
discrete distribution in the neonatal testis, and is locat-
ed in the interstitial areas near peritubular cells. Final-
ly, in adult testes, PDGRRis localized exclusively in
ALCs [27,35]. This change in the pattern of localiza-
tion might suggest that PDGFRpositive peritubular
cells are inthe stem cell niche of the Leydig cell lineage.
Consistent with this idea, expression of PDGFRas
observed in immunopurified LHR-negative-PDGFR
positive cells obtained from 7-day-old rats. This in-
dicates that PDGF signaling is necessary for stem cell
commitment and differentiation in the Leydig cell lin-
eage of mice and neonatal rats.

1.2.3. Modulation of LH action on the differentiation
of LCs

Testicular steroid hormone biosynthesis is a hormon-
ally regulated, multistep process in which LH is known
to play a crucial role as a trophic regulator. It has been
established that development of steroidogenic capaci-
ty in Leydig cells requires stimulation by LH. In ge-
netically hypogonadal LH-deficient GhRH hpg mice,
for example, ALC numbers reach only 10% of control
[36]. Similarly, although BHSD-expressing PLCs are
formed in LHR knockout mice, LCs fail to develop
further and remain severely hypoplastic. These results
indicate that factors other than LH may act on the pu-
tative SLCs to induce LHR expression. Evidence from
mouse knockout studies suggests a role of for IGF-
1 and PDGF in SLC proliferation and differentiation.
Within the SLC, the transcription factors GATA4 and
steroidogenic factor 1 are involved in the induction of
Leydig cell-specific gene expression.

1.3. Gene expression changes during Leydig cell
differentiation

Changes in gene expression during development of

genes were down regulated by at least twofold. Among
them, RCL Rcl), a c-myc target gene, was the most
abundant in PLCs, and was down regulated by four-
fold in ALCs. In contrast, mMRNA levels corresponding
to 202 genes were increased by at least twofold dur-
ing the transition from PLC to ALC, which was con-
sistent with the increase of Leydig cell steroidogenic
capacity during conversion of PLCs into ALCs. For
example, genes encoding testosterone biosynthetic en-
zymes were highly expressed in ALCs with CYP-17
ranked number 1,HSD1 number 4, and CYP-11A1
number 17 [37]. The developmental patterns of gene
expression are grouped in Fig. 2.

2. Reproductivetoxicantsand L eydig cell lineage

Mammalian spermatogenesis takes places within the
avascular seminiferous tubules of the testis. Special-
ized tight junctions, which form between adjacent Ser-
toli cells at the time of puberty, divide the tubular space
into the basal and adluminal compartments, and create
a “blood-testis” barrier that restricts passage of sub-
stances and ions from the circulation. However, many
chemicals are known to cause testicular damage in the
human male and experimental animals, such as cadmi-
um chloride, phthalates, and biphenyl A. The targets
of these testicular toxicants may include germ, Sertoli,
peritubular, or Leydig cells. When Sertoli cells are
exposed to toxicants such as 2, 5-hexanedione [22] or
mono-(2-ethylhexyl) phthalate, the resulting damage is
typically irreversible because these cells are not main-
tained by a stem cell pool. In contrast, Leydig cells
have a comparatively greater ability to recover from ex-
posures to toxicants, which might be attributable to the
persistence of SLC populations in the testis throughout
adult life [38].

A distinguishing characteristic of many reproductive
toxicants is the ability to act differently depending on
developmental stage. An agent might have more se-

Leydig cells have been investigated by cDNA array vere effects, for example, if it acts on a stem cell pop-
analysis using purified fractions of PLCs, ILCs, and ulation rather than the mature cell type. Some agents,
ALCs. In the array, 1176 genes were present, repre- such as busulphan, kill stem cells (spermatogonia),
senting 24 functional groups, including apoptosis and whereas others, such as ethane dimethane sulphonate,
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Fig. 2. Trends in gene expression during Leydig cell development. Among the more notable trends are decreased cell cycle (in the upper group),
and increased steroid synthesis/metabolism (in the lower group), gene expression during the transitions from PLC to ILC and ILC to ALC.
Potential markers of stemness were noted among the genes that are highly expressed in PLCs, which are the most immediate descendants of
putative SLCs (From Ge RS, et al. Biol Reprod, 2005, with the permission of the publisher).

kill the mature terminally differentiated cell (i.e., Ley- 2.1. Phthalatesand their endocrine disrupting effects
dig cell), but leave the stem cell alone [38,39]. In
some instances, however, sustained effects of a chem-  Carlsen and co-workers reported that the quality of
ical are seen, which may indicate that toxic action is male sperm declined to 40%-50% in the past fifty years,
occurring on SLCs. For example, sustained declines drawing attention to potential biological effects related
in testosterone production after prenatal exposure to to environmental endocrine disruptors (EEDs). Expo-
DEHP could indicate that stem cells of the FLCs are sures to EEDs are associated with reproductive tract
targeted [40]. anomalies including hypospadias (abnormal formation
Recent epidemiological evidence indicates that boys of the urethral meatus), and testicular maldescent [42].
born to women exposed to phthalates during pregnancy According to the definition from the Endocrine Disrup-
have an increased incidence of genital malformations tor Screening and Testing Advisory Committee (ED-
and spermatogenic dysfunction, signs of a conditionre- STAC), EEDs are exogenous substances that alone or
ferred to as testicular dysgenesis syndrome (TDS) [41]. as mixtures affect the function of the endocrine system
TDS is thought to develop as a result of environmental causing adverse health effects. More than two hun-
factors that cause a testicular disturbance at an early dred chemicals are considered to meet the criteria for
fetal stage with a resultant spectrum of clinical testic- classification as EEDs, including compounds such as
ular dysfunction, ranging from impaired spermatoge- pesticides, plasticizers, natural plant metabolites, de-
nesis and genital malformations to increased risk for tergents, and metals.
development of testicular cancer. Proposed environ-  Phthalates are diester derivatives of phthalic acid
mental factors in the etiology of TDS include endocrine used primarily as plasticizers to make plastic products
disrupting compounds such as the phthalates. Leydig more flexible. Certain plastics may contain up to 40%
cells have been classified as one of the main targets for phthalate by weight. Phthalates do not become a per-
phthalate toxicity in the body based on studies in ro- manent (chemically bonded) part of the plastic matrix
dents. The impact of phthalate exposures will be con- during the manufacturing process, and they can and do
sidered further to elucidate their differential toxicity leach from the plastic over time. From available expo-
during development. sure data, phthalates are found in many types of envi-
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ronmental specimens, including air, ground water, soil, the anogenital distance (AGD), an androgen dependent
sediment, seafood, etc. The concentrations of phtha- parameter of male sexual development, was observed
lates in those samples range from 2o 10~ 'mg/L in infant boys with increasing levels of MBP, MEP,
(mg/kg). As a result, they have become ubiquitous monobenzyl and mono-isobutyl phthalate in maternal
in the environment, and people may be continuously urine samples during late-pregnancy [47]. Boys with a
exposed to low levels of phthalate. short anogenital index also showed a high prevalence
Based in part on the significant environmental expo- of cryptorchidism and small genital size [47,48]. Ph-
sures, concerns have arisen over the possibility that ph- thalate monoester contamination of human breast milk
thalates exert reproductive and developmental effects has an inhibitory effect on the postnatal surge of repro-
in males and in the development of male offspring. ductive hormonesin newbornboys [49]. These correla-
The concerns have been particularly acute with respect tions between exposure levels and adverse reproductive
to the most abundant phthalates, di-n-butyl phthalate health outcomes are apparently preceded by a decrease
(DBP) and di-2-ethylhexyl phthalate (DEHP). Animal in fetal and adult Leydig cell function, inducing lower
data suggest a broad spectrum of health outcomes asso-testicular levels of testosterone [50].
ciated with phthalate exposure including developmen- A biphasic effect on both fetal and adult Leydig
tal toxicity (cleft palate, decreased pup weight, testic- cell populations appears to be a characteristic of ph-
ular damage), endocrine disruption (testicular toxicity, thalate exposures [40,51,52]. At lower doses, phtha-
decreased sperm motility, decreased fertility, decreased lates increase testosterone production either by increas-
milk synthesis), and carcinogenicity [43,44]. Impor- ing Leydig cell numbers [51] or by directly stimulat-
tant windows of sensitivity to phthalate exposure occur ing testosterone production [40,52]. The NOAEL and
in utero and duringlactation [45]. There is no con- LOAEL for stimulation of testosterone can be achieved
sensus on phthalate exposures and male reproductivefor DEHP at 1 and 10 mg/kg/day [40,51], respective-
toxicity in humans, most likely due to insufficient epi- ly. This low-dose stimulation by DEHP is also seen
demiological data. In one report of Agency for Toxic  after inhalation exposures to DEHP at doses compara-
Substances and Disease Registry (ATSDR), the investi- ble to oral administration of 1-5 mg/kg/day [53]. This
gators could not find a quantitative association between increase in testosterone production is sufficient to ad-
DBP concentration in semen and spermatozoa density. vance the timing of puberty as judged by an earlier on-
However, a cross-sectional study conducted in Shang- set of preputial separation [40]. In contrast, phthalates
hai shows that positive association exists between the inhibit testosterone production in both fetal and adult
incidence of sperm malformations and DEHP concen- Leydig cells when rats are exposed to higher doses.

tration in semen [46]. Male reproductive tract abnormalities, as well as de-
pressed testosterone levels, are observed at 6, 12, and
2.2. Phthalatetoxicity in Leydig cells 18 months of age followingn utero exposure to DBP,

suggesting that the disturbance of FLCs is associated

The study of Leydig stem cell biology may also serve  with a sustained disturbance of steroidogenesis in adult
to enhance our understanding of reproductive toxicolo- Leydig cells.
gy. For example, phthalate exposures have been shown The underlying mechanisms of the biphasic effects of
to induce cryptorchidism, hypospadias, impaired sper- phthalate on Leydig cells are not well understood. One
matogenesis, and reduced male fertility in rats [40]. of the causes of increased testosterone production may
Phthalates act not only in the seminiferous tubule, but be DEHP-mediated Leydig cell hyperplasiainduced by
are Leydig cell toxicants. Both FLC and ALC genera- increased estrogen action. Aromatase expression and
tions may be affected depending on the timing and du- activity are increased in Leydig cells after phthalate
ration of exposures, and the mechanisms of phthalate- exposure. This, inturn, could lead to abnormal estrogen
mediated toxicity may differ between the pre- and post- action at the testicular level, which is a known cause
natal lineages. In this regard, the use of SLC cultures of Leydig cell hyperplasia and Leydig cell tumors in
may allow the identification of the specific early risks rodents. Steroidogenic capacity hormalized to Leydig
of phthalate exposures, as well as the temporal nature cell numbers decreases after 28-day exposures to low
and mechanism of the toxic effect. doses of DEHP, and the observed increases in serum

Phthalates are now present virtually everywhere in testosterone levels may be explainable by increased cell
the environment, and the prevalent human exposures numbers, which is consistent with the elevated serum
are of particular concern. Recently, a reduction of LH levels seen after treatment [52].
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Phthalate effects in the male at high doses may in-
volve the activity of peroxisome proliferators. Per-
oxisome proliferators secreted by hepatic cells could
stimulate the peroxisome proliferator-activated recep-
tors (PPARS) in Leydig cells. PPARs which are mem-
bers of a nuclear receptor superfamily then act as het-
erodimers with the retinoid X receptor (RXR) to regu-
late transcription, and once activated, induce transcrip-
tion of genes containing peroxisome proliferator re-
sponse elements. However, the reproductive toxicity
of phthalates cannot be entirely explained by the action
of a PPARy-mediated pathway, because PRARull
mice remain sensitive to DEHP-mediated reproductive
toxicity. Another signaling pathway in Leydig cells
that could be disrupted by phthalate exposure is me-
diated by the aryl hydrocarbon receptor. Fetal testes
of animals treated with DB vivo have an altered
pattern of gene expression, including increased expres-
sion levels of aryl hydrocarbonreceptor, CYP-1B1, and
epoxide hydrolase, as assessed by cDNA microarray,
which may indicate an oxidative stress response [37].
In general, newborns in neonatal intensive care units

Y. Zhang et al. / Androgen-forming stem Leydig cells: Identification, function and therapeutic potential

SLCs of an androgen deficient male (such as a manwho
is aging or exposed to an environmental reproductive
toxicant), amplifying these stem ceilsvitro, inducing
differentiationin vitro, and then autologously implant-
ing the mature Leydig cells back into the same individ-
ual. Compared with the routine application of exoge-
nous androgen, the obvious advantage of SLC therapy
is that the release of testosterone would be subject to
the body’s innate regulatory cues and would thus be
more physiological. In the event that SLCs are deplet-
ed as a result of pathology or exposures to environmen-
tal toxicants, it may be possible to perform allogene-
ic transplants of SLCs from another person. Present-
ly, alginate-poly-L-lysine-encapsulated Leydig cell mi-
crospheres have been employed as a novel method for
the delivery of testosteroni& vivo, which might be
adapted to the SLCs to futher expand research into their
suitability for clinical use.
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