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After exposure to toxicants, degenerating germ cells
represents the most common testicular histopathological
alteration, regardless of the mechanism of toxicity. Therefore,
deciphering the primary toxicant cellular target and
mechanism of action can be extremely difficult. However,
most testicular toxicants display a cell-specific and a stage-
specific pattern of damage, which is the best evidence for
identifying the primary cellular target (i.e. germ cell, Sertoli
cell, peritubular myoid cell, or Leydig cell). Some toxicant-
induced Sertoli cell injury presents with germ cell apoptosis
occurring primarily in spermatocytes in rats in stages XI-XIV, I
and II. Although some toxicants result in spermatid
degeneration and apoptosis, it is still unclear if spermatid
apoptosis is a result of Sertoli cell-selective apoptosis or a
direct effect of toxicants on spermatids, therefore if this is
seen as the earliest change, one cannot infer the mechanism
of apoptosis. This review summarizes some of the
distinguishing features of Sertoli cell-induced germ cell
apoptosis and the associated mechanisms of cell death to
provide the toxicologist observing similar cell death, with
evidence about a potential mode of action.

Introduction

Sertoli cells are absolutely necessary for proper germ cell devel-
opment and viability. Sertoli cells orchestrate the processes of
spermatogenesis by supporting and providing nutrition for devel-
oping germ cells, compartmentalization of the seminiferous
tubule via tight junctions, regulating the release of mature sper-
matids, secretion of fluid, proteins, energy substrates and several
growth factors and the phagocytosis of degenerative germ cells.
Although many toxicants directly target Sertoli cells, due to the
importance of these Sertoli cell functions for germ cells, often-
times the only histopathological manifestations that can be
observed are alterations in germ cells. These changes include the
detachment and sloughing of germ cells from the seminiferous
epithelium, failed or delayed maturation of germ cells,

incomplete spermiation, and increased germ cell death. This
review is focused on the induction of germ cell death via apopto-
sis as a result of toxicant-induced Sertoli cell injury.

Apoptosis is an active process of cell death characterized by
chromatin condensation, fragmentation, and cell disintegration.1

Although the focus of this review is on germ cell apoptosis that
occurs in response to toxicant-induced Sertoli cell injury, the
reader should recognize that apoptosis of testicular germ cells
also occurs under normal physiological conditions and serves as a
mechanism to balance the numbers of germ cells to the support-
ive capacity of the Sertoli cell.2 Therefore, toxicant-induced
decreases in the Sertoli cell supportive capacity can result in the
increased incidence of germ cell apoptosis in the testis. Germ cell
apoptosis can also result after direct physical or chemical-induced
injury to the germ cell.3

As an endpoint, germ cell apoptosis is easy to detect and quan-
tify and provides information of potential mechanistic relevance.
However, because of the dependence of germ cells on Sertoli
cells, deciphering the primary cellular site of action for testicular
toxicants is extremely challenging. The goal of this review is to
aid the researcher in identifying the histopathological alterations
associated specifically with toxicant-induced Sertoli cell injury
resulting in the easily observed germ cell apoptosis.

Signature lesion
After exposure to toxicants, degenerating germ cells are the

most common testicular histopathological alteration, regardless
of the mechanism of toxicity. Therefore, deciphering the primary
toxicant cellular target can be extremely difficult. However, most
testicular toxicants display a cell-specific and a stage-specific pat-
tern of damage, which is the best evidence for identifying the pri-
mary cellular target (i.e., germ cell, Sertoli cell, peritubular
myoid cell, or Leydig cell). A hallmark of certain toxicant-
induced Sertoli cell injury is the finding that germ cell apoptosis
primarily affects spermatocytes in stages XI-XIV, I and II. When
germ cells are directly affected, one primarily sees cell death of
spermatogonia in stages II-VI.4 Table 1 lists some of the distin-
guishing features and the associated mechanisms of cell death. It
is still unclear if spermatid apoptosis is a result of Sertoli cell
selective apoptosis or a direct effect of toxicant on spermatids,
therefore one cannot infer the mechanism of apoptosis. Germ
cell apoptosis does not always display the morphologic features
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classically (detailed information below) associated with apoptosis,
although the biochemical and molecular characteristics are
similar.

Apoptosis

Apoptosis is an active process of cell death characterized by
sequential phases of chromatin condensation, fragmentation, and
cell disintegration that leads to the orderly destruction and

disposal of a cell without a consequent inflammatory response.1

Other forms of cell death that will not be covered in this review
include necrosis (passive process, breakdown of cellular structure
and function) and autophagy (sequestering of cytoplasmic mate-
rial within autophagosomes), which are reviewed in.5

Classically, apoptosis is characterized ultrastructurally by cell
volume shrinkage, membrane blebbing, chromatin condensation,
cytoplasmic vacuolization and breakup of the cell into mem-
brane-bound remnants (apoptotic bodies; Fig. 1).5 Biochemical
features of apoptosis include the translocation of phosphatidyl-

serine to the external leaflet of the plasma
membrane, the activation of the caspase
cascades, and DNA cleavage/fragmenta-
tion into a 180–200 basepair ladder.
Apoptosis is visualized in situ by termi-
nal deoxynucleotide transferase-medi-
ated deoxy-UTP nick end labeling
(TUNEL) and through immunstaining
for caspase activation.6-8

While germ cell apoptosis presents
with all of the biochemical features of
apoptosis, the ultrastructural presenta-
tion can be different. For each germ cell
subtype apoptosis appears as follows;
spermatogonia take the form of typical
apoptosis as described above which
includes the degeneration of heterchro-
matin, the margination of chromatin
into sharply defined masses, densely
stained chromatin along nuclear enve-
lope and nuclear and cytoplasmic
shrinkage (Fig. 1).9 Spermatocytes mor-
phologically appear to have some char-
acteristics of necrosis including
pyknosis, darkly stained phase-positive
prominent chromosomes and an
increase in size.9 Apoptotic round sper-
matids are generally detected by chro-
matin margination (ring nuclei) and the

Figure 1. Physiologic Spermatogonial apo-
ptosis in the adult rat testis. (A) Example of
spermatogonia undergoing apoptosis
(arrow) in rat testis under normal physio-
logical conditions. Insert (magnification
300x) demonstrates the distinct features
of DNA fragmentation, blebbing and
darkly stained nuclei. The testis was
immersion fixed in Bouins, embedded in
Glycol methacrylate and 3 mm sections
stained with periodic acid-Schiff’s reagent
and hematoxylin. (B) Example of TUNEL
positive cells undergoing apoptosis in the
normal adult rat testis (arrows). The testis
was immersion fixed in Bouin’s, embedded
in paraffin and 5 mm sections stained with
Apoptag kit (Millipore Cat #S-7001).
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formation of multinucleated giant cells. Apoptotic elongated
spermatids are
difficult to detect due to the compact nuclei, although early
nuclear changes can be diagnosed by the appearance of clubbing
and misshapen heads.9

Sertoli-germ Cell Interdependence

Sertoli cells are known as “nurse cells” due to their impor-
tance in supporting germ cells. Sertoli cells extend their cyto-
plasm around germ cells forming a plastic, always-moving
3-dimensional amoeboid structure, which encases and sup-
ports each germ cell. Sertoli cells nurture and maintain this
close cellular association throughout the process of spermato-
genesis, demonstrating the interdependence of germ cells on
the “nurse cells.” Sertoli cells only represent 3% of the popu-
lation of cells within the adult testis and can only support a
limited number of germ cells, reviewed in refs.2,10 It has been
estimated that in rodents, each Sertoli cell interacts with
approximately 30–50 developing germ cells of various levels
of differentiation.11 The Sertoli cell maintains this constant
number by directly activating germ cell apoptosis under phys-
iological conditions.2

Although there are multiple reports describing Sertoli cell-
induced germ cell apoptosis, there are relatively few reports
describing the apoptotic cell death of Sertoli cells themselves
in the testis under physiological conditions or after toxicant
exposure. However, during embryonic and neonatal develop-
ment, Sertoli cells are proliferating
and have been shown to be sensitive
to undergo apoptosis. Apoptotic Ser-
toli cells have been reported after
exposure to x-irradiation, bisphenol A,
and alkylphenols in young prepubertal
rats or in primary cultures prepared
from young rodents.12-14 Thus, the
susceptibility of Sertoli cells to
undergo apoptosis may differ depend-
ing on their developmental/prolifer-
ative stage.

Physiologic Germ Cell
Apoptosis

Huckins was the first to identify that
germ cells undergo normal physiological
loss. He found that “Only 25% of the
theoretically possible number of prelep-
totene spermatocytes are produced from
the original population of A1 spermato-
gonia: most loss is incurred during the
maturation of A2 and A3 gener-
ations.”15 It was later characterized that
the mechanism of germ cell loss was due

to apoptosis. The reader should be aware that this manuscript is
often misinterpreted to mean that 75% of germ cells undergo
apoptosis; an interpretation by a reader that does not understand
the expansive potential of the spermatogonial cells of the testis.
The loss of early A1-A4 spermatogonia leads to a great reduction
in the potential final sperm cell output due to the early limitation
in the expansion of this population (Fig. 1). It is now widely rec-
ognized that in the normal mature rat testis, every germ cell type
can undergo apoptosis and dying cells can be found in all stages
of the spermatogenic cycle.16

During testicular development there are 2 peaks of normal
physiological germ cell apoptosis that are essential for spermato-
genesis. The first period is during the migration of primordial
germ cells into the gonads, which is controlled by transforming
growth factor b, retinoic acid and possibly estrogens.17 The sec-
ond is at the beginning of the first round of spermatogenesis.18

This period of increased apoptosis occurs during the first 2–3
weeks after birth in rodents as a single wave affecting spermato-
cytes, and is critical to the normal development and function of
the adult testis (Fig. 2).19,20

In mature animals under normal physiological conditions
there are low levels of spontaneous germ cell apoptosis. Germ
cell subtypes found to undergo apoptosis in mature rodents
include a small number of type A2–A4 spermatogonia and a
more prominent number of spermatocytes and early round sper-
matids.21,22 For the pathologist, the numbers of apoptotic germ
cells observed histologically is very low. This is due to the fact
that Sertoli cells rapidly phagocytize apoptotic germ cells,23 thus
few apoptotic cells are seen under normal conditions. Sertoli cells

Figure 2. Physiological spermatocyte apoptosis during first wave of spermatogenesis. (A) An example
of spermatocyte apoptosis in postnatal day (PND) 28 rats during the first spermatogenic wave
(arrows), which appears as darkly stained nuclei with increased size. The testis was immersion fixed in
Bouin’s, embedded in paraffin and 5 mm sections stained with periodic acid-Schiff’s reagent and
hematoxylin. (B) Example of TUNEL stained apoptotic spermatocytes during the first spermatogenic
wave PND 28 rat testis. The testis was immersion fixed in Bouin’s, embedded in paraffin and 5 mm
sections stained with Apoptag kit (Millipore Cat #S-7001).
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express class B of scavenger receptor type I (SR-BI) which func-
tions as a receptor for phosphatidylserine, expressed on apoptotic
germ cells.24

Toxicant-induced Apoptosis

An increase in the incidence of germ cell apoptosis in the
testis is a commonly reported occurrence after toxicant expo-
sure. The challenge is mechanistically deciphering whether
the germ cell apoptosis occurs due to injury of the Sertoli
cell or as a consequence of a direct injury to the germ cell.
Various types of testicular injuries, including hormonal per-
turbations25 (see companion manuscript by Weinbauer, this
issue), heat exposure,26 Sertoli cell toxicants such as 2,5-hexa-
nedione (2,5-HD)27 and mono-(2-ethylhexyl) phthalate
(MEHP),28 and germ cell toxicants as x-irradiation,29 all
result in germ cell apoptosis.

Toxicant-injured Sertoli cells have reduced supportive
capacity. Thus, the fate of germ cells after toxicant-induced
Sertoli cell injury depends on their response to the changing
seminiferous tubule environment. A variety of changes
including decreased secretion of survival factors, increased
apoptotic proteins, or a combination will result in germ cell
apoptosis. Toxicants can directly trigger the apoptotic process
in germ cells or interfere with the spontaneous apoptosis
induced by Sertoli cells that serves an important physiological
function.

The subtype of germ cell affected by a toxicant provides the
best information for beginning to decipher the primary cellular
target and mechanism of action of the toxicant (Table 1). The
spermatocyte germ cell subtype primarily undergoes apoptosis
after Sertoli cell injury while the spermatogonia are most resis-
tant. On the other hand, spermatogonia are the main cell type
affected by direct action on germ cells.4,30 However, unless
mechanistic experiments are conducted utilizing molecular bio-
logical techniques (immunohistochemistry, in situ hybridization
or genetically engineered mice), the exact cellular targets or path-
ways cannot be deciphered from histopathological evaluation
only.

Cell-Death Pathways

There are believed to be 2 signaling pathways that instigate
cellular apoptosis. This occurs through (1) the action of the
tumor necrosis factor (TNF) superfamily of ligands binding to
their associated receptors (‘extrinsic’ signaling)3,5,7 or (2) through
events that result in the release of cytochrome C from the mito-
chondria (‘intrinsic’ signaling).5,7 Both pathways result in the
subsequent activation of the caspase family of cysteinyl aspartate
proteinases, which culminates in the characteristic structural, bio-
chemical, and morphological changes of apoptosis.

Extrinsic signaling
Sertoli cells can directly instigate the apoptosis of germ cells

through the extrinsic pathway, which involves members of a
tumor necrosis factor family of proteins, Fas Ligand (FasL).
When the death ligand (FasL) binds to its receptor, Fas, it results
in the formation of death-inducible complex (DISC) and activa-
tion of caspase-8.5 Histopathologically, this mechanism is pri-
marily characterized by Sertoli cell vacuolization/disruption
together with the induction of spermatocyte apoptosis. In rats,
the extrinsic pathway is typically characterized by the presence of
germ cells undergoing apoptosis in stages XI-XIV, I, and II.
When a toxicant injures a Sertoli cell, a paracrine signaling path-
way is initiated resulting in the increased expression of FasL on
Sertoli cells, which binds to its cognate receptor, Fas, on sperma-
tocytes and consequently instigates the activation of caspases
within the cell to lead to their apoptotic elimination. This signal-
ing system serves as a paracrine mechanism, by which Sertoli cells
actively regulate the numbers of germ cells they can support.31,32

The 2 most well-characterized Sertoli cell toxicants are MEHP
and 2,5-HD. These toxicants induce the upregulation of FasL on
Sertoli cells prior to the initiation of apoptosis of Fas-expressing
germ cell.31,32 Conversely, direct germ cell toxicants stimulate
the increase of Fas on germ cells with no associated FasL increase
on Sertoli cells,31 suggesting that Fas is an important regulator of
germ cell apoptosis.

The functional participation of the Fas/FasL signaling path-
way in mediating the apoptotic removal of germ cells after toxi-
cant-induced Sertoli cell injury is best illustrated in the studies of
Richburg et al., using a phthalate exposure model.3 This mecha-
nism was characterized by utilizing the gld mice, which have a
point mutation in FasL that prevents it from binding and activat-
ing Fas.33 These mice display apparently normal spermatogenesis
but when exposed to MEHP, there is a significant protection
against the incidence of germ cell apoptosis as compared to their
wild-type (C57BL/6J) counterparts.3 This pathway is initially
activated by the disruption of tissue inhibitor of matrix metallo-
proteinase 2 (TIMP2) expression in Sertoli cells by MEHP
(Fig. 3).34 This allows for the activation of matrix metalloprotei-
nase 2 (MMP2) in the adluminal space and the consequent pro-
duction of a soluble form tumor necrosis factor-a (sTNFa),
which ultimately induces the increased expression of FasL on Ser-
toli cells.34-36 Although apoptosis typically does not induce
inflammation, recent reports indicate that direct injury to Sertoli
cells can change the normal immune privilege environment of

Table 1.

Extrinsic Pathway Intrinsic Pathway

Mediating Factors "FasL (Sertoli cell)
"Fas (Germ cell)
"Caspase-8

"Bax (Germ cell)
#Bcl2 (Germ cell)
"Caspase-9

Toxicants Mono-ethylhexyl
Phthalate (MEHP),
2,5,-Hexadione (HD)

Irradiation, 2-Bromopropane,
Cyclophosphamide

Target Cell Sertoli cell Germ cell
Germ cell subtype Spermatocyte>

Spermatogonia
Spermatogonia>
Spermatocytes

Stages Stages IX-XI
(Mouse, MEHP)
Stages XI-XIV, I, and II
(Rat, MEHP)

Stages I-VI (Mouse,
irradiation)
Stages II-VI
(Rat, irradiation)
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the testis (disruption of the blood
testis barrier, infiltration of macro-
phages).37,38 Therefore, Sertoli cell
injury can induce a variety of changes in
the seminiferous epithelium including
the induction of germ cell apoptosis
and altered immune environment.

The important role of the Fas/FasL
system in triggering germ cell apoptosis
has been further characterized by the
use of FasL gene deficient, gld (point
mutation in FasL) and lpr (nonfunc-
tional Fas receptor) mice. A variety of
papers utilize these gene deficient mice
in exposures to toxicants and injuries
including ischemia–reperfusion of the
testis,39 ionizing radiation,40 and expo-
sure to 2,5-hexanedione,32 diethylstil-
besterol,41 and dinitrobenzene42 to
elucidate the role of this system in germ
cell apoptosis. Increased expression
(protein or mRNA) of Fas/FasL has
also been implicated in the mechanism
of germ cell apoptosis after exposure to
microcystins,43 Lindane,44 Lipopolysac-
charide,45 lead46 and ethanol exposure in wild-type rodents.47

Intrinsic signaling
The intrinsic apoptotic pathway is critical for mediating germ

cell apoptosis. However, the involvement of the intrinsic pathway
in mediating Sertoli cell-induced germ cell apoptosis is minimal.
Although, it is recognized that constant Sertoli cell support is
required to prevent germ cell apoptosis through paracrine signal-
ing via the pro-survival stem cell factor/c-kit.48 If germ cells are
injured or damaged by a toxicant, spermatogonia undergoing
apoptosis can be detected as well as Sertoli cell vacuoles within
their basal cytoplasm. If the intrinsic pathway is induced, apopto-
tic germ cell loss in stages VII to VIII and II-VI in the mouse will
be detected. Example of direct intrinsic germ cell apoptosis
include hormone deprivation (see companion manuscript by
Weinbauer, this issue), gamma irradiation, 2-bromopropane
induced germ cell apoptosis.4,49

Evidence for the functional participation of regulators of the
intrinsic signaling system in spermatogenesis comes from several
transgenic and gene knockout mice (reviewed in 3). From these
mouse studies, it is clear that the overexpression or inhibition of
either proapoptotic or antiapoptotic family members results in
the loss of germ cells by apoptosis. This pathway has not yet been
shown to be involved in the induction of germ cell apoptosis of
animals exposed to Sertoli cell toxicants,50 which supports the
involvement of the intrinsic pathway in response to direct injury
to germ cells. Intrinsic germ cell apoptosis is primarily attributed
to the induction of Bax/Bcl2, cytochrome c, and the activation of
caspase-9.5 The downregulation of anti-apoptotic protein Bcl-2
and upregulation of pro-apoptotic protein bax results in primary
apoptosis of spermatogonia. Within any cell there is a balance

between the inhibitors of apoptosis Bcl-2, Bcl-xL, Bcl-w and the
activators of apoptosis Bax, Bik, Bak, Bad, Bid, and Bcl-xs.51

This pathway occurs autonomously within the germ cell and
does not depend on the participation of factors from other cells.

Upstream activators of apoptotic pathways
Apoptosis is the end results of injury to the testis. However,

the initial mechanism inducing apoptosis is not always definitive.
The primary signals that induce the extrinsic and/or intrinsic
pathways resulting in the activation of the caspase cascade and
ultimately apoptosis are varied. The testicular toxicant, Methoxy-
acetic-acid induces spermatocyte apoptosis, Sertoli cell vacuoliza-
tion, and multinucleated giant cells through a calcium dependent
mechanism.52,53 Bulsufan, a germ cell toxicant initially causes
the loss of c-kit/stem cell factor signaling before spermatogonia
apoptosis occurs through the intrinsic pathway.54 Thus, the sub-
type of the apoptotic germ cell provides evidence for the cell
death pathway but not the mechanism of induction.

Conclusions and perspectives
The testis is a complex organ with multiple cell types, all of

which are coordinated to produce spermatozoa. During sper-
matogenesis, germ cell apoptosis is a normal occurrence, which
increases when Sertoli cells are injured and can no longer support
their normal complement of germ cells. Germ cell apoptosis can
also be induced through direct injury to the germ cells. The inter-
dependence of all the cells of the seminiferous epithelium makes
it especially challenging to decipher the primary cellular site of
action of a particular toxicant. The subtype of germ cell undergo-
ing apoptosis provides the best evidence into the cellular target
(spermatocyte associated with Sertoli cell injury or spermatogonia
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Figure 3. Induction of the extrinsic pathway of apoptosis by phthalates. When Sertoli cells are injured
by mono-ethylhexyl phthalate (MEHP), a signaling cascade is initiated resulting in the upregulation of
FasL, which binds the Fas receptor, ultimately resulting in apoptosis of spermatocytes. TIMP2 (tissue
inhibitor of matrix metalloproteinase 2), MMP2 (matrix metalloproteinase 2), NFk-B (nuclear factor
kappa-light-chain-enhancer of activated B cells), TNFa (tumor necrosis factor-a/:
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associate with direct effect; Table 1). This interdependence is not
only within the seminiferous epithelium, as it has been recently
shown that immune cells can be activated due to toxic effects on
the Sertoli cell, and ultimately influence germ cell survival due to
an extragonadal influence.55 While it is true that any toxicant
that injures Sertoli cells can influence the normal testicular envi-
ronment and alter germ cell survival, it is possible to distinguish
different mechanisms of cell death in the testis.
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