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Abstract Physiological cell turnover plays an important
role in maintaining normal tissue function and architecture. This is achieved by the dynamic balance of cellular
regeneration and elimination, occurring periodically in
tissues such as the uterus and mammary gland, or at constant rates in tissues such as the gastrointestinal tract and
adipose tissue. Apoptosis has been identified as the prevalent mode of physiological cell loss in most tissues.
Cell turnover is precisely regulated by the interplay of
various endocrine and paracrine factors, which modulate
tissue and cell-specific responses on proliferation and
apoptosis, either directly, or by altering expression and
function of key cell proliferative and/or death genes. Although recent studies have provided significant information on specific tissue systems, a clearly defined pathway
that mediates cell turnover has not yet emerged for any
tissue. Several similarities exist among the various tissues with regard to the intermediates that regulate tissue
homeostasis, enabling a better understanding of the general mechanisms involved in the process. Here we review the mechanisms by which hormonal and cytokine
factors mediate cell turnover in various tissues, emphasizing common themes and tissue-specific differences.
Key words Endocrine · Thymocytes · Breast · Uterus ·
Prostate · Adipocytes · Bone

Introduction
Tissue homeostasis is an important physiological phenomenon that ensures a dynamic balance between cell
proliferation and cell death in the maintenance and regulation of normal tissue morphology and function (Hsueh
et al. 1996; Uren and Vaux 1996). Tissue maintenance is
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a continuous process by which progenitor cells are recruited to differentiate into specific cell types competent
in performing specialized functions, and unwanted cells
are eliminated without affecting neighboring cells. The
normal life span of a cell may vary between a few days
and several years, depending on the cell type. The constant or cyclic pattern of cell turnover is apparent in tissues such as the thymus and uterus, but it is also vital in
stable tissues such as bone, adipose tissue and nervous
tissue (Gosden and Spears 1997; Prins and O’Rahilly
1997; Spelsberg et al. 1999; Ucker et al. 1994).
Cell death has been broadly classified into two categories, necrosis and apoptosis (Fawthrop et al. 1991;
Trump et al. 1997; Wyllie et al. 1980). There is ongoing
debate as to the mutually exclusive nature of the two categories, and it seems possible that there are many subcategories with blurred distinctions. Nevertheless, cell
death clearly accompanied by an inflammatory response,
resulting from cell swelling, loss of plasma membrane
integrity and leakage of cellular contents into the extracellular space can certainly be classified as necrotic
(Raffray and Cohen 1997; Wyllie et al. 1980). Such cell
death is usually a pathological event occurring in response to cell/tissue injury or environmental insults. On
the other hand cell death which occurs in seemingly random fashion in isolated individual cells within healthy
tissues, and more extensively at times during ontogeny,
without triggering an inflammatory response, can be
termed apoptotic (Ellis et al. 1991; Kerr 1971; Schwartzman and Cidlowski 1993). Apoptosis is an energy-requiring process that often involves altered expression of
key cell proliferation and death-inducing genes. Sometimes, however, it can be initiated by receptors that feed
directly into cascades that activate constitutive proenzymes sufficient to kill. Apoptotic cell death is responsible for most of the developmental tissue modeling and
has been documented in several cases of physiological
cell loss (Gosden and Spears 1997; Kerr et al. 1972;
Prins and O’Rahilly 1997; Spelsberg et al. 1999; Ucker
et al. 1994). Examples are the classical clonal deletion of
T and B cells during negative selection associated with
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Table 1 Endocrine regulation of cell turnover in various tissues
Tissue

Hormone

Response

References

Thymus

Corticosteroids
Thymic peptides

Induce thymocyte apoptosis, influence positive selection
Affect thymic selection

Dougherty 1952;
Goya and Bolognani 1999

Testis

Gonadotropins
Androgens

Promote spermatogenesis; prevent germ cell apoptosis
Prevent germ cell apoptosis

Means et al. 1976;
Tapanainen et al. 1993

Prostate

Androgens
Glucocorticoids

Stimulate epithelial cell proliferation, prevent apoptosis
Prevent epithelial cell apoptosis

Kyprianou and Isaacs 1988;
Rennie et al. 1989

Mammary
gland

Progesterone
plus estrogen
Prolactin

Ferguson and Anderson 1981a;
Atwood et al. 1995

Glucocorticoids

Stimulate cell proliferation in resting breast,
prevent apoptosis
Stimulate epithelial cell proliferation; postlactation
withdrawal induces apoptosis
Stimulate epithelial cell proliferation

Ovary

GnRH
Gonadotropins
Estrogens
Androgens
Inhibin
Activin

Inhibit follicle development; induce atresia
Promote follicular growth, prevent atresia
Promote follicular growth
Induce follicular atresia
Inhibit follicular degeneration; promote atresia
Promote follicular atresia

Hsueh et al. 1994

Uterus

Estrogen
Progesterone

Promote epithelial cell proliferation; prevent apoptosis
Induce epithelial cell differentiation, prevent apoptosis

Pollard et al. 1987;
Terada et al. 1989

Bone

Estrogen/androgens

Prevent osteoblastogenesis and osteoclastogenesis,
promote osteoclast apoptosis
Promote osteoblast apoptosis
Induce osteoclastogenesis and bone resorption
Block bone resorption; decrease osteoclastogenesis

Spelsberg et al. 1999;
Canalis 1996;
Nijweide et al. 1986

Block preadipocyte differentiation, induce adipocyte apoptosis
Promote preadipocyte replication and differentiation,
prevent adipocyte apoptosis
Proadipogenic at low concentrations, antiadipogenic
at high concentrations, by inducing leptin

Prins and O’Rahilly 1997;
Qian et al. 1998a;
Geloen et al. 1989a;
Devenport et al. 1989

Promote epithelial and stem cell apoptosis

Lehy et al. 1979

Glucocorticoids
Parathyroid hormone
Calcitonin
Adipose
tissue

Leptin
Insulin
Corticosteroids

GI tract

Somatostatin

an immune response and the hormonally regulated cyclic
regression of the uterine endometrium (Gosden and
Spears 1997; Owen and Jenkinson 1992; Thompson
1994).
The significance of physiological apoptosis and cell
turnover is apparent from the diseases associated with
loss of such homeostatic regulation (Hetts 1998; Rudin
and Thompson 1997). A defect in the apoptotic machinery has been implicated in autoimmune lymphoproliferative disorders (Abbas 1996; Van Parijs et al. 1996) and in
cancer (Fisher 1994). Excessive or abnormally occurring
apoptosis has been associated with neurodegenerative
disorders (Bredesen 1995) including Alzheimer’s disease, and in stroke and myocardial infarction (Colucci
1996; Olivetti et al. 1997). Understanding the physiological regulation of apoptosis can potentially lead to new

avenues for the diagnosis and treatment of a variety of
diseases.
Two important aspects of apoptosis should be borne
in mind as one reads this review. First, it is a fact that
many compounds and circumstances can provoke apoptosis. Furthermore, a particular agent may produce apoptosis in a given cell or tissue, but may not in another, or
in a given cell at one time during its life history but not
at another. Whether a cell responds to such an agent by
dying must therefore depend on the specific array of interactive molecular regulatory systems active in that cell
at that time. To understand how any specific hormone
regulates apoptosis and cell turnover, it will be necessary
to understand more fully the details of how these systems work, interact, and are arrayed in the cells and tissues of interest. For no hormone or cell system is this
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presently known in full. The reader will see, therefore,
many apparent gaps, contradictory results, and paradoxes
in the information below. Nevertheless, general patterns
can often be discerned, and the direction in which further
work is needed can be seen.
The second important thing to remember is that while
these many initiatory pathways all eventually lead to cell
death, debate continues on the question of whether they
all eventually initiate the identical “final common pathway,” or whether there are multiple systems which can
be activated to produce non-inflammatory cell death.
This report is not a proper place to evaluate this question, and we will just refer to cells dying non-necrotically as apoptotic, without prejudice as to the specific systems that carry out the process. Certainly several major
molecular players involved in regulation and execution
of cell death have been identified: caspases and other
proteases, the Bcl-2 family of proteins, mitochondrial elements, for instance. These are referred to when appropriate.
The initiators of physiological cell turnover and apoptosis may include cellular environment, growth factors,
cytokines and hormones, acting in autocrine, paracrine
or endocrine fashion. Here, we will focus on the influence of the endocrine system in maintaining tissue homeostasis in a healthy adult human being. Continuous
tissue renewal by balancing cell division and cell deletion is mediated by circulating levels of specific hormones (Kiess and Gallaher 1998; Martimbeau and Tilly
1997; Tenniswood et al. 1992; Thompson 1994). Additionally, hormonal availability also determines the expression of growth factors and cytokines, which modulate cell turnover in target tissues. Endocrine gland functions and secretions are also subject to regulation via apoptosis of hormone-synthesizing cells, as is observed in
the adrenal gland when deprived of adrenocorticotropic
hormone. Table 1 lists some of the proliferative and apoptotic actions of individual hormones in hormone-responsive tissues.

Role of glucocorticoids in thymocyte selection
In the process of developing and maintaining a normal
immune system, T cells undergo a rigorous selection
process in the thymus. A complex balance of factors,
both extracellular and intracellular, leads to proper selection of mature thymic lymphocytes for a normal immune
system. This selection is dependent on the avidity of the
T-cell receptor (TCR) for autologous antigen presented
on major histocompatibility complex (MHC) molecules
(Jameson et al. 1995; Sprent et al. 1988). Those T cells
that recognize self-antigens/MHC molecules with high
avidity are eliminated by activation-induced apoptosis.
Those that do not express properly rearranged TCR or
whose TCRs do not recognize antigenic peptide-MHC
complexes at all undergo default apoptosis (death by neglect). Positive selection requires the rescue and survival
of those T cells with moderate avidity for self-anti-

gen/MHC molecules (Jameson et al. 1995). It is not clear
how the same signaling pathway, mediated by TCR, can
lead to both survival and apoptosis. The role of other
regulators, including hormonal signals, in thymocyte deletion is being actively investigated (Iwata et al. 1996;
Jameson et al. 1995; Sprent et al. 1988; Thompson
1999). Thymocyte selection and clonal deletion occurs
primarily in the immature cortical double-positive (DP)
CD4+, CD8+ population. Double-negative CD4–, CD8–
or mature single-positive medullary and peripheral thymocytes are relatively resistant (Fowlkes et al. 1988;
Jameson et al. 1995; Sprent et al. 1988).
Glucocorticoids (GCs) have long been known to have
profound effects on the immune system, a classical response being the thymic involution that promptly follows administration of pharmacological amounts of GCs
(Dougherty 1952; Ingle 1940). Several studies have
demonstrated that immature DP thymocytes are preferentially susceptible to GC-evoked apoptosis (Ucker et al.
1994; Zilberman et al. 1996). In conditions of physiological stress, increased circulating glucocorticoids lead to
thymic involution (Tarcic et al. 1998). Thus the massive
apoptotic cell death in the thymus that is associated with
T-cell selection appears to be under the control of corticosteroid hormones. GC-evoked apoptosis is mediated
by its receptor, the GR, and can be blocked by the specific GR inhibitor, RU 38486 (Thompson 1999; Thompson
et al. 1995). In tissue culture, lymphoid cells selected for
GC resistance often show loss of, or mutant, dysfunctional GR. Thymocytes of transgenic mice with deliberately mutated GR show in vitro GC resistance
(Kellendonk et al. 1999; Reichardt et al. 1998). Mice expressing thymus-specific antisense GR transcripts (GRTKO mice) exhibited loss of double-negative thymocytes, indicating the importance of GC in double-negative thymocyte survival and maturation to the DP stage
(King et al. 1995).
It has been proposed that GCs also are important mediators of death by neglect, which is associated with apoptotic deletion of thymocytes lacking functional TCR
(Cohen and Duke 1984; Sprent et al. 1988; Vacchio et al.
1996). In support of this hypothesis, metyrapone, an inhibitor of GC synthesis, increased thymocyte recovery in
fetal thymus organ cultures of thymi lacking functional
MHC expression (King et al. 1995; Vacchio et al. 1996).
In addition, GR-TKO mice are prone to thymomas derived from TCR minus cells, presumably owing to disabled apoptosis, and survival of thymocytes that normally would have been expunged via the death by neglect
pathway (King et al. 1995; Vacchio et al. 1996). Positive
selection refers to the survival of T cells selected due to
their “intermediate” avidity for antigen/MHC molecules
(Jameson et al. 1995). Thus the interaction of TCR with
antigen-presenting MHC molecules provides a protective
signal that excludes them from apoptosis, in essence rendering them corticosteroid resistant (Vacchio and Ashwell
1997; Vacchio et al. 1996). Negative selection involves
thymocytes that have escaped GC-evoked apoptosis
through the default pathway, but have such high TCR
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Fig. 1 Glucocorticoid regulation of thymocyte selection: Glucocorticoids evoke thymocyte apoptosis unless TCR-MHC recognition antagonizes the apoptotic response. In the case of high-avidity
TCR-MHC interactions, negative selection ensues, where thymocytes protected from glucocorticoid-evoked death undergo TCRevoked apoptosis. When TCR-MHC interactions are moderate,
glucocorticoid-evoked death is blocked; however, TCR does not
evoke a death response, resulting in positive selection

avidity for MHC antigen that it forces cell death (Sprent
et al. 1988; von Boehmer and Kisielow 1990). The TCR
avidity “threshold” that distinguishes between positive
selection (low avidity) and negative selection (high avidity) is critical in maintaining normal T-cell selection. It
has been suggested that this threshold is determined by
GC levels and thus that inhibition of GC production lowers the threshold of avidity beyond which negative selection ensues (Iwata et al. 1991; Vacchio and Ashwell
1997; Vacchio et al. 1996). This is consistent with the
hypothesis that GCs are required to antagonize TCR-mediated apoptosis to facilitate positive selection of low to
moderately avid TCR. Indeed, GR-TKO mice have reduced thymic size owing primarily to loss of DP thymocytes that exhibit enhanced susceptibility to TCR-mediated apoptosis (King et al. 1995). Thus the balance between TCR and GC-mediated signaling determines the
fate of a given thymocyte and the two antagonize each
other’s apoptotic responses (Iwata et al. 1991; Wagner et
al. 1996). Mutual antagonism between activation-in-

duced and GC-induced apoptotic pathways has also been
demonstrated in vitro in T-cell hybridomas (Zacharchuk
et al. 1990). Further evidence for the critical interactions
of the MHC-TCR system and GCs in the thymus comes
from NOD mice (Atkinson and Leiter 1999), in which
the normal MHC haplotype has been mutated. Thymocytes from these mice show GC resistance, and the distribution of thymocyte subtypes has been disrupted from
failure of the normal selective turnover process. The effects of sex steroids and 1,25-dihydroxyvitamin D3 on
this system highlight the complex interplay of hormones
involved in the GC/MHC/TCR regulation of normal thymocyte apoptotic turnover (Casteels et al. 1998). While
the full mechanisms of GC-mediated regulation of thymocyte apoptosis are still being investigated, a general
model has developed (Fig. 1).
The thymus itself is an endocrine organ and although
the major source of circulating GCs is the adrenal gland,
GCs are also produced locally in thymic epithelial cells,
which are in direct contact with cortical DP immature
thymocytes (Vacchio et al. 1994). In contrast to the adrenal gland, intrathymic corticosteroid production is maximal in the neonatal period, when thymocyte differentiation is at its peak (Vacchio et al. 1994). GC levels in the
thymic environment are therefore sufficient to mediate a
normal apoptotic signal in the neonate. In adults, adrenally derived steroids make up a significant fraction of the
steroids contributing towards regulation of thymocyte
numbers. The thymus also produces corticotropin-releas-
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ing factor (CRF) and adrenocorticotropic hormone
(ACTH) (Aird et al. 1993; Batanero et al. 1992). It has
been suggested that thymic CRF may have paracrine effects on immune function (Aird et al. 1993; Batanero et
al. 1992). Thymosin, a peptide product of thymic stromal
cells, abets thymocyte resistance to GCs and, along with
a variety of thymic hormones, affects tissue turnover
(Baumann et al. 1997; Goya and Bolognani 1999).
GC-evoked thymocyte apoptosis had been extensively
studied for the elucidation of the molecular events preceding cell death (Distelhorst 1997; Thompson 1999).
Studies of isolated thymocytes and leukemic lymphoblasts in culture undergoing GC-evoked T-cell death
helped define the classical morphological features of apoptosis. Biochemically, these cells show altered expression of the oncogenes c-jun and c-myc, morphological
changes, chromatin condensation, caspase and endonuclease activation, and DNA fragmentation (Cohen and
Duke 1984; Martins and Aguas 1998; Thompson et al.
1999; Wyllie 1980). Regulation of thymocyte selection is
influenced by other cellular factors and growth regulators, including intracellular levels of Ca2+, cAMP, and
the various members of the protein kinase C family
(Distelhorst 1997; Distelhorst and Dubyak 1998;
McConkey et al. 1989, 1990). GC-evoked thymocyte apoptosis is associated with the elevation of cytosolic Ca2+
and the activation of nuclear Ca2+-dependent and -independent endonuclease(s), facilitating the accompanying
DNA fragmentation (Cohen and Duke 1984; Distelhorst
and Dubyak 1998; Wyllie 1980). Ca2+ may also exert its
effects on thymocyte apoptosis via calmodulin-mediated
activation of the Ca2+-dependent protein phosphatase,
calcineurin (McConkey et al. 1992). Another second
messenger, cAMP, promotes GC-mediated thymocyte
apoptosis by as yet unidentified mechanisms (McConkey
et al. 1993; Medh et al. 1998). Cyclic AMP alone can
also evoke apoptosis of thymocyte cell lines in culture.
Like GCs, cAMP antagonizes TCR-mediated negative
selection (McConkey et al. 1990). The classic path of
cAMP signaling is through activation of protein kinase A
leading to modulation of gene transcription via phosphorylation of cAMP response element binding protein
(CREB) (Montminy 1997). How this pathway interacts
with the GC-mediated activation of GR-induced transcriptional responses is not well understood and is being
intensely studied.
In normal mouse thymocytes, GC-evoked apoptosis is
linked to the generation of ceramides via the sequential
production or activation of phosphoinositide-specific
phospholipase C (PI-PLC), diacyl glycerol (DAG), protein kinase C and acidic sphingomyelinase (aSMase)
(Cifone et al. 1999). This process is dependent on GR,
since RU 38486 can block Dex-induced aSMase production in correlation with inhibiting apoptosis. This pathway is also linked to activation of the JNK/SAPK cascade, as demonstrated in stress-induced apoptosis of leukemic U937 cells (Verheij et al. 1996). The aSMase-dependent apoptotic pathway is apparently distinct from
the p53-dependent pathway, since p53 and aSMase

knockout mice exhibit distinct tissue-specific sensitivity
to radiation-induced apoptosis (Santana et al. 1996), although thymocytes of both strains of mice exhibit defects in stress-induced apoptosis when compared to their
wild-type counterparts. Thymocytes from mice deficient
in p53 exhibit normal sensitivity to GC-induced apoptosis; however, no reports are available on the susceptibility of aSMase-deficient thymocytes to GCs. Acid SMase
activation appears to mediate downstream activation of
caspases, since inhibition of intermediate steps in the
pathway blocks caspase activation in parallel with prevention of apoptosis (Cifone et al. 1999).
Caspase activity can be detected in immature DP thymocytes that are subject to apoptotic selection, but not in
double-negative or mature thymocyte populations (Jiang
et al. 1999), implicating them as apoptotic effectors. In
recent years, mice generated by targeted disruption of individual caspase genes have yielded important information on their role in normal thymocyte development and
selection (Colussi and Kumar 1999). Mice deficient in
caspase 1, 2, 3 or 9 exhibit normal development and distribution of thymocyte subpopulations (Colussi and
Kumar 1999, and refs. therein), suggesting that either
caspase activation is not essential for thymocyte selection, or that there is redundancy in their action. GCevoked apoptosis of thymic T cells is dependent on caspase 9 but not on caspase 3 activation, since thymocytes
from caspase 3 knockout mice are normal (Kuida et al.
1996), while those from caspase 9 knockout mice exhibit
a delayed death response to Dex (Kuida et al. 1998;
Hakem et al. 1998). Thymic cells of caspase 3 knockout
mice are also susceptible to CD95- and TCR-mediated
apoptosis. Corresponding peripheral thymocytes are resistant to both stimuli, suggesting a significant difference
in the apoptotic pathways activated in cells from individual compartments (Colussi and Kumar 1999). Cell-specific differences in the recruitment of individual caspases
have been reported in different subsets of isolated normal mouse T lymphocytes and T-cell lines when triggered to undergo apoptosis by the same stimulus (Sarin
et al. 1996). In CEM cells, GC-evoked apoptosis is dependent on the activity of a member of the caspase 3
subfamily, but not on caspase 1 or its homologs, which
are involved in Fas/Fas-L-mediated apoptosis (Geley et
al. 1997, R.D. Medh, E.B. Thompson, unpublished observations). Thus, great diversity exists in the recruitment of individual caspases by various apoptotic pathways. Deciphering the significance of their selective induction will be instrumental in fully understanding the
physiological basis of thymic selection.

Hormonal regulation of apoptosis in the testis
and prostate
The prostate and testis involute upon deprivation of hormonal survival factors, e.g., upon castration or hypophysectomy (Kiess and Gallaher 1998; Tenniswood et al.
1992). A majority of reports describing involution of
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these tissues focus on apoptosis associated with nonphysiological hormone ablation; however, in the intact
animal there is some degree of spontaneous physiological cell turnover and apoptosis, which may also be hormonally regulated (Huckins 1978; Russell and Clermont
1976; Sinha Hikim and Swerdloff 1999).
Testis
Spermatogenesis occurs in the seminiferous tubules in the
presence of testosterone secreted by the Leydig cells of
the testis and gonadotropic hormones secreted by the anterior pituitary (Means et al. 1976; Steinberger 1971;
Tapanainen et al. 1993). Beginning at puberty and continuing through life thereafter, the germinal epithelial cells
continually proliferate and differentiate into spermatozoa
in the presence of these hormones. During specific stages
of spermatogenesis, however, there is significant loss of
developing germinal cells, but not Leydig or Sertoli cells
(Hsueh et al. 1996). It is estimated that only approximately 25% of spermatogonia actually develop into mature
sperm (Blanco-Rodriguez and Martinez-Garcia 1996;
Huckins 1978). In an early study, morphological features
of physiological cell death during various stages of spermatogenesis in rats were similar to death associated with
hypophysectomy, and included condensed chromosomes
and nuclear distortion (Huckins 1978). The authors noted
that in normal as well as hypophysectomized rats, the
same types of germinal cells were undergoing death, but
with a marked difference in frequency. Although these
early studies report the death as necrotic, subsequent
studies have determined that a majority of cell death is
apoptotic (Blanco-Rodriguez and Martinez-Garcia 1996;
Hsueh et al. 1996). The reason for spermatogonial degeneration is not well understood, but the ratio of spermatogonia to Sertoli cells may be a contributing factor, with
survival of an optimal number of germ cells that can
be sustained by Sertoli cells (Blanco-Rodriguez and
Martinez-Garcia 1996; Huckins 1978). Loss of spermatogonia may also be a mechanism to eliminate cells with defective chromosomes (Blanco-Rodriguez and MartinezGarcia 1996; Huckins 1978). Under conditions of gonadotropic hormone deprivation, such as after hypophysectomy, massive apoptosis reduces the pool of somatic Sertoli
and Leydig cells as well as germ cells (Tapanainen et al.
1993). High expression of a gene known as SGP2 has
been noted in such Sertoli cells (see “Prostate” below).
Testicular involution can be prevented by gonadotropin
replacement, supporting the hypothesis that follicle-stimulating hormone (FSH) and luteinizing hormone (LH)
prevent cell death in addition to supporting testicular cell
differentiation and proliferation (Hsueh et al. 1996;
Tapanainen et al. 1993). Replenishment of testosterone
by promoting Leydig cell function and survival also has a
protective effect on germ cell survival (Tapanainen et al.
1993).
Germ cell apoptosis in the testis is regulated by
the Fas-Fas ligand (FasL) system (Lee et al. 1997;

Pentikainen et al. 1999). It has been proposed that Sertoli
cells express FasL and cause apoptosis of Fas-expressing
germ cells (Lee et al. 1997). Another study (Woolveridge
et al. 1999) demonstrated colocalization of Fas and FasL
in those spermatogonial cell types that undergo apoptosis
following destruction of androgen-secreting Leydig cells
by ethane dimethanesulfonate, although there was a decline in expression of Fas and FasL in testis by this treatment. Changes in expression were analyzed in a mixed
cell population from testis by Western blotting; hence it
is difficult to interpret how they relate to apoptosis of individual cells or types of cells. Interpretation of results
from studies on Fas-deficient lpr (lymphoproliferation)
mice is complicated by a leaky phenotype of these mice
(Nagata and Suda 1995). Original studies had demonstrated that lpr mice undergo normal spermatogenesis
and are fertile (Allen et al. 1990). More recently it has
been demonstrated that although a majority of tissues in
the lpr mouse lack Fas expression, testicular Fas expression is comparable to that in normal mice (Lee et al.
1997), explaining the maintenance of testicular homeostasis and fertility in lpr mice. Androgen deprivation
caused an increase in Bax expression in the testicular
cell population, implicating Bax in hormone-ablation
triggered apoptosis. A marginal induction of Bcl-2 was
also reported (Woolveridge et al. 1999); however, it may
merely be a reflection of inadequacy of Western blotting
in making quantitative interpretations. Transgenic mice
expressing high levels of Bclxl or Bcl-2 fail to undergo
the normal early wave of spermatogonial apoptosis,
show highly abnormal spermatogenesis, and are sterile
(Rodriguez et al. 1997). The protooncogene c-myc has
also been implicated in spermatogonial apoptosis. Transgenic mice expressing the rat c-myc protooncogene were
sterile due to defective spermatogonic differentiation and
increased apoptosis (Suzuki et al. 1996). Thus, overlapping influences of multiple death/survival factors modulate spermatogonial development and maturation to
maintain cellular homeostasis in the testis.
Prostate
Androgens stimulate cell proliferation and prevent apoptosis of prostate glandular epithelial cells. A low level of
dynamic cell turnover occurs in the adult rat prostate
such that a relatively constant number of cells is maintained (Isaacs 1984). Thus androgens function as survival factors, in the absence of which prostate epithelial
cells undergo rapid apoptotic death, as is seen a few days
after castration (English et al. 1989; Kyprianou and
Isaacs 1988). This effect is far greater than can be explained by a mere inhibition of proliferation during the
constant cellular turnover (Isaacs 1984). In addition, replacement of androgens to levels that are insufficient for
a proliferative response is adequate to protect from castration-evoked cell death. Interestingly, after an initial
exponential cell loss following castration, the fraction of
cells that survived after 20 days could be induced by tes-
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tosterone treatment to proliferate and reconstitute the
gland. Subsequent successive hormone withdrawal and
replacement resulted in similar repeated waves of apoptosis and residual cell survival, suggesting a key role
for testosterone in prostate epithelial cell proliferation
(Sandford et al. 1984).
Prostate involution following androgen withdrawal is
a dynamic process involving derepression of genes normally repressed by circulating androgens, and the repression of normally expressed genes (Briehl and Miesfeld
1991; Guenette and Tenniswood 1994; Kiess and Gallaher 1998; Tenniswood et al. 1992). Some of these altered
genes appear to be involved in prostatic cell turnover.
Expression of the testosterone-repressed prostate marker
2 (TRPM-2) gene increased upon androgen withdrawal,
in conjunction with the onset of cell death (Buttyan et al.
1989). Other instances of apoptosis are associated with
overexpression of TRPM-2 homologs, including SGP-2
in Sertoli cells and clusterin in testis, suggesting an important role in apoptosis (Bettuzzi et al. 1989). Use of
antiandrogens to block androgen action causes prostate
cell apoptosis that is also associated with derepression of
TRPM-2 expression (Leger et al. 1988). Treatment with
high doses of corticosteroids protects from castration-induced prostate regression, and in parallel represses
TRPM-2 expression (Rennie et al. 1989). While the
physiological functions of TRPM-2 and its homologs are
not clearly understood, this family of proteins have been
implicated in spermatogenesis, regulation of lipid transport and modulation of immune function (Blaschuk et al.
1983; de Silva et al. 1990; Griswold et al. 1986).
Involution of the prostate is associated with destruction of the extracellular matrix, a process that is facilitated by synthesis and secretion of proteases (Tenniswood
et al. 1992). Activity of plasminogen activators (PAs)
has been shown to increase in association with prostate
cell apoptosis (Rennie et al. 1984). Cortisol-mediated inhibition of PA activity by increasing PA inhibitor (PAI)
expression has been suggested to play a role in its protective effect on prostate regression (Rennie et al. 1988).
Another gene that is upregulated in temporal correlation
with androgen depletion and apoptosis in prostate is
TGFβ, and several studies suggest that TGFβ plays a
role in inhibition of cell proliferation and activation of
cell death (Ilio et al. 1995; Kyprianou and Isaacs 1989;
Martikainen et al. 1990). TGFβ expression is maximal in
rat ventral prostate 4 days after castration, approximately
coinciding with the peaks of TRPM-2 expression and apoptosis (Kyprianou and Isaacs 1989). Postcastration androgen replacement reverts TGFβ levels to baseline
(Isaacs 1984). In addition, TGFβ administration to noncastrated rats results in apoptosis of approximately 25%
of prostatic glandular cells, even in the presence of physiological levels of androgens (Martikainen et al. 1990),
implicating TGFβ as an intermediate in the apoptotic
pathway. Derepression of TGFβ signaling has been implicated in castration-induced prostate tumor regression
in vivo (Wikstrom et al. 1999) and suppression of tumorigenicity of prostate cancer cells in SCID mice (Guo and

Kyprianou 1999). Despite the apoptogenic effect of
TGFβ, its in vivo administration to castrated rats in conjunction with androgen replacement did not affect proliferative regrowth of prostatic glandular cells. Similarly,
androgen-induced in vitro cell proliferation in organ culture was also not affected by TGFβ (Suzuki et al. 1996).
In contrast, prostatic epithelial cell proliferation is inhibited in vitro in primary cultures (Rodriguez et al. 1997).
In an attempt to reconcile the results, it has been hypothesized that stromal-derived growth factors, such as fibroblast growth factor (FGF) and epidermal growth factor
(EGF), attenuate the inhibitory response of TGFβ on
prostate cell proliferation in vivo and in organ cultures
(Rodriguez et al. 1997; Suzuki et al. 1996). Overexpression of TGFβ in human prostate cancer LNCaP cells
causes a concomitant upregulation of proapoptotic proteins Bax and caspase-1, and suppression of Bcl-2 (Guo
and Kyprianou 1999). Other genes whose expression is
increased during postcastration apoptosis of glandular
epithelial cells include transglutaminase, poly (ADP-ribose) polymerase and hsp27 (Guenette and Tenniswood
1994). Several of these genes have been known to directly participate in the apoptotic process, in many diverse
systems.
Apoptosis of prostatic epithelial cells is associated
with characteristic chromatin condensation, endonuclease activation and increase in intracellular calcium
(Kyprianou and Isaacs 1988). While apoptosis and cell
turnover in the prostate may be limited in extent under
physiological conditions, castration-induced apoptosis in
this tissue provides several valuable hints for understanding the mechanism of hormonally regulated physiological apoptosis in other related systems (Tenniswood et
al. 1992).

Hormonally regulated apoptosis in the mammary
gland
The mammary gland goes through various physiological
stages, during initial development, puberty, pregnancy,
maturation and weaning. Mammary epithelial cell proliferation and maintenance is regulated by the complex interactions of multiple hormones, including estrogens,
progesterone, glucocorticoids, insulin and prolactin
(Tenniswood et al. 1992). Unlike the prostate, regression
of the mammary secretory epithelial cells following cessation of lactation represents a physiological process
triggered by decreases in hormonal levels of pituitary
prolactin, and placental estrogens, progesterone and somatotropin. In addition, a cyclic pattern of cell turnover
has been observed in concordance with the ovarian cycle
(Fig. 2) (Ferguson and Anderson 1981a, 1981b).
Cell turnover in the non-lactating breast
Studies in human mammary tissue samples have suggested that, after development is complete, mammary

108
Fig. 2 Correlation of hormonal
secretions with proliferative
and apoptotic events in human
female reproductive tissues:
Gonadotropins secreted by the
anterior pituitary gland and
ovarian hormones regulate cell
turnover in the resting mammary gland, ovaries and the uterine endometrium (please refer
to text for details)

epithelial cell proliferation and mitosis occur during the
luteal phase of the ovarian cycle, coincident with the increased secretion of estrogen and progesterone from the
ovaries (Ferguson and Anderson 1981a). Thus mitosis
appears to be stimulated in the resting breast either by
progesterone alone or by the synergistic effect of progesterone and estrogen. Estrogen alone does not seem to
evoke proliferation in non-lactating mammary epithelial
cells, since it does not occur in response to the surge of
estrogen secretion during the preovulatory follicular
phase. Mammary epithelial cell apoptosis peaks a few
days after the proliferative peak, towards the end of the
luteal phase (Ferguson and Anderson 1981a). This apoptotic peak coincides temporally with decreased secretion of estrogen and progesterone from the ovaries, as
does endometrial apoptosis. A low level of apoptosis occurs in lobules throughout the breast (Ferguson and
Anderson 1981a). Ultrastructural changes confirmed the
apoptotic nature of this mammary epithelial cell death
(Ferguson 1988; Ferguson and Anderson 1981b). Thus,

normal non-lactating breast tissue undergoes dynamic
and physiological cell turnover in a cyclic pattern in response to fluctuations in estrogen and progesterone secretions from the ovaries. This dynamic cellular replenishment plays an important role in maintenance of tissue
architecture and function (Ferguson 1988).
Apoptosis in the postlactational mammary gland
During pregnancy the placental secretion of estrogen
promotes proliferation and maturation of mammary
ducts (Battersby and Anderson 1988). For this to occur,
the hormonal background including progesterone, glucocorticoids, somatotropin, insulin and IGF-1 is important
(Atwood et al. 1995; Plaut et al. 1993). Mammary gland
differentiation is promoted by prolactin and antagonized
by the counteracting effects of estrogens and progesterone. In whole organ cultures, combinations of insulin,
aldosterone, hydrocortisone and prolactin have been
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shown to induce cell proliferation and differentiation into lobuloalveolar structures (Atwood et al. 1995). These
hormones directly affect epithelial cell growth, and they
alter expression of growth-promoting factors by surrounding myoepithelial cells. Epithelial cell proliferation
also requires interactions with extracellular matrix components and with stromal cells (Barcellos-Hoff et al.
1989; Streuli and Bissell 1990). The marked tissue involution following weaning is due to apoptosis of the secretory epithelial cells of the breast (Strange et al. 1992;
Walker et al. 1989). An important initiating event is the
sharp decline in prolactin secretion. It has been proposed
that, during lactation, mammary epithelial cells are terminally differentiated so as to require stimulation by lactogenic hormones for survival; lack of such a stimulation
after weaning triggers apoptosis (Travers et al. 1996).
Morphological features associated with mammary gland
involution include chromatin condensation and formation of secretory vesicles containing lipid and proteins
(Strange et al. 1992; Walker et al. 1989). Epithelial cell
loss during weaning is accompanied by basement membrane degradation and activation of matrix metalloproteinase (Pullan et al. 1996). The synthesis and activation
of PAs is also increased upon onset of weaning. PAs contribute towards extracellular matrix degradation via proteolytic cleavage of plasminogen to active plasmin, a potent serine protease (Pullan et al. 1996; Tenniswood et al.
1992). Other proteases implicated in destruction of the
basement membrane during epithelial cell apoptosis include stromolysin, cathepsin D and collagenase (Basset
et al. 1990; Lefebvre et al. 1992). These changes facilitate the extensive tissue remodeling associated with apoptosis of the postlactational breast. Similar activation of
plasminogen activators and other proteases occurs in the
prostate and other tissues where apoptosis is associated
with basement membrane degradation. The expression of
many other genes is altered during postlactational mammary gland involution. Expression of ornithine decarboxylase, a proliferative gene, is severely suppressed. At
the same time, SGP-2/TRPM-2 is induced. As noted
above, this gene has been implicated in the apoptotic
death in the prostate and in vertebrate limb development
(Guenette et al. 1994; Strange et al. 1992). Other genes
induced in conjunction with mammary tissue regression
are tissue transglutaminase and poly (ADP) ribose polymerase. Both are also implicated in prostate involution
following castration and, as in the prostate, TGFβ expression is induced during mammary gland involution
(Silberstein and Daniel 1987). By use plastic of implants, slowly released TGFβ has been shown to inhibit
ductal growth in the mouse mammary gland (Silberstein
et al. 1990). TGFβ expression is negatively regulated by
estrogens and progesterone (Jeng and Jordan 1991;
Knabbe et al. 1987). Thus several biochemical features
of mammary cell apoptosis closely resemble those associated with apoptosis in the prostate (Tenniswood et al.
1992). These correlations enable identification of crucial
proapoptotic genes such as TGFβ and TRPM-2, which
may be effective in multiple tissues. However, there are

significant differences. Induction of HSP27 expression is
observed during prostate, but not mammary, epithelial
cell apoptosis. Another significant difference between
prostate and mammary tissue involution is the trapping
of secretory vesicles in the mammary gland concomitant
with other morphological features of apoptosis. In the
prostate, secretory function ceases before manifestations
of morphological features of apoptosis. These observations suggest tissue-specific variations in the cell death
pathway, probably caused by selective expression of
some genes.

Endocrine regulation of involution in the ovary
and uterus
As in the prostate and testis, cells of the ovary and the
uterus undergo death triggered by the loss of secretion of
crucial hormonal survival factors. Unlike the male reproductive tissues, however, cyclic endocrine-dependent
cell death in these female tissues is a normal physiological process closely linked to the cyclic fluctuations in
hormonal secretions (Martimbeau and Tilly 1997). The
phases of the female ovarian and menstrual cycles closely correlate with alterations in hormonal levels (Gosden
and Spears 1997; Kiess and Gallaher 1998; Martimbeau
and Tilly 1997) (Fig. 2).
Ovary
In the human ovary, only 0.1% of the approximately
400,000 ovarian follicles present at the onset of puberty
undergo ovulation before the onset of menopause. The remaining 99.9% undergo degeneration (Hsueh et al. 1994,
1996; Tsafriri and Braw 1984). Follicular development in
the ovaries is begun by 6–12 follicles but is completed only in one dominant follicle during each ovarian cycle.
Ovulation of the dominant follicle requires a surge in LH
and FSH secretion. The LH triggers granulosa cells of the
dominant follicle to secrete progesterone and suppress estrogen secretion, initiating the luteal phase of the cycle.
The remaining non-dominant follicles undergo atresia and
degenerative death, mostly at the penultimate stage of follicle development (Amsterdam et al. 1998; Hsueh et al.
1994). A majority of atretic follicles exhibit DNA fragmentation and morphological features characteristic of apoptosis (Amsterdam et al. 1998; Hsueh et al. 1994). The
remainder show more extreme forms of cell death, but this
may only represent later stages, after the apoptotic event.
The selective maturation of one follicle is regulated by
tight control of hormonal and cytokine secretions. The
dominant follicle outgrows the others because of its greater secretion of estrogen into its follicular fluid, providing a
protective environment. Furthermore, an increase in FSH
receptors on its granulosa cells accelerates growth by a
feedforward mechanism (Hirshfield 1991; Hsueh et al.
1994). Increased estrogen from the dominant follicle depresses further FSH secretion from the anterior pituitary,
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contributing to atresia of non-dominant follicles (Hsueh et
al. 1994). Blocking the preovulatory surge of gonadotropin secretion in rats promotes follicular atresia (Bill and
Greenwald 1981), while exogenous gonadotropins have
been shown to protect granulosa cells from degeneration
(Chun et al. 1996). Increasing androgen relative to estrogen levels in the non-dominant follicles has also been
shown to promote their apoptotic death (Billig et al. 1993;
Carson et al. 1981). While estrogen has been shown to
promote granulosa cell proliferation in rat ovaries
(Richards 1980), androgens reverse the estrogen response
and cause follicle degeneration as demonstrated in hypophysectomized rats (Hillier and Ross 1979) and in vitro
culture models (Schomberg et al. 1976). Several reports
indicate that gonadotropin-releasing hormone (GnRH) directly inhibits follicle differentiation and induces follicular
atresia via specific receptors on granulosa and thecal cells
(Billig et al. 1994; Hsueh and Jones 1981). Ovarian inhibin and activin modulate FSH secretion by the anterior pituitary, and have direct effects on follicular development
and apoptosis (Ling et al. 1986; Vale et al. 1988). In turn
gonadotropins induce inhibin production by granulosa
cells in vitro (Bicsak et al. 1986). Injection of recombinant
inhibin into the ovarian bursa of immature rats increases
follicular development. In contrast, activin promotes follicular atresia (Woodruff et al. 1990). Thus, FSH, estrogens and inhibin act to proliferate and sustain cells, progesterone and LH mediate differentiation, while androgens, GnRH and activin promote apoptosis.
Intraovarian growth factors, including epidermal
growth factor (EGF) and basic fibroblast growth factor
(bFGF), inhibit apoptosis by autocrine/paracrine mechanisms in in vitro models of preovulatory follicular
growth (Luciano et al. 1994; Tilly et al. 1992). Insulinlike growth factor-1 (IGF-1) synergizes with FSH and
LH in stimulating estrogen and progesterone production by granulosa cells, thereby functioning as a follicular survival factor (Chun et al. 1994). It has been postulated that FSH stimulates granulosa cells to secrete
IGF-1, which in turn signals thecal cells to produce
EGF and TGFα, thereby exerting an antiapoptotic response (Hsueh et al. 1994). In contrast, expression of
TGFβ in hormone-deprived follicles may promote apoptosis (Martimbeau and Tilly 1997). Other pro- and
antiapoptotic genes have been shown to affect follicular
atresia. Notably, there are reports indicating that the
bcl-2 gene family proteins play an important role in determining susceptibility of granulosa cells to apoptosis.
Gonadotropins are known to promote the expression of
the antiapoptotic members of the bcl-2 gene family
(Johnson et al. 1996; Tilly et al. 1995). Mice deficient
in the proapoptotic Bax protein exhibit enhanced follicular survival, and conversely Bax expression is induced
in atretic granulosa cells (Martimbeau and Tilly 1997).
Thus as in many systems of carefully regulated cell
death, the balance of signals for and against initiation
of cell death, superimposed on the levels of various intracellular Bcl-2 family proteins, determines the outcome.

Uterine endometrium
The cyclic pattern of estrogen and progesterone secretion
from the ovaries regulates the cyclic phases of proliferation, secretion and menstruation in the uterine endometrium (Fig. 2) (Martin and Finn 1968; Sandow et al.
1979). Estrogen promotes epithelial cell proliferation in
the uterine endometrium (Pollard et al. 1987). In the luteal phase of the ovarian cycle, progesterone secretion is
predominant, promoting epithelial cell differentiation
and initiation of the secretory phase of the endometrial
cycle (Dallenbach-Hellweg 1988). During involution of
the corpus luteum, when both estrogen and progesterone
secretion are depressed, endometrial cells undergo rapid
regression and epithelial cell death (Gosden and Spears
1997). Early studies on human and hamster uterine epithelium suggested that the endometrial involution occurs
via apoptosis, with typical nuclear fragmentation, chromatin condensation and changes in cell shape (Hopwood
and Levison 1976; Sandow et al. 1979). The stromal
cells’ viability is not affected. More detailed studies repeatedly have confirmed the key role of the sex steroids
in endometrial cell turnover. In the mouse uterus, 17βestradiol treatment results in epithelial proliferation,
while an inactive estrogen, estriol, causes epithelial cell
loss via apoptosis, which can be prevented by progesterone and estrogen (Pollard et al. 1987). Progesterone has
been reported to block 17β-estradiol-induced cell proliferation of epithelial cells in mouse uterine endometrium
(Terada et al. 1989). In rabbit uterine epithelium, progesterone suppressed, while its antagonist RU 38486 induced, apoptosis (Rotello et al. 1992). In the mouse uterus, apoptotic cell death induced by estrogen withdrawal
can be blocked by progesterone, estrogen or glucocorticoid hormones (Jo et al. 1993). These steroidal effects
are mediated by altered expression of specific genes.
TGFβ has been implicated as one of the gene products
controlling the apoptotic process. In primary cultures of
rabbit uterine epithelial cells, TGFβ inhibited cell proliferation and induced apoptosis, suggesting that it may
also modulate endometrial regression in vivo (Rotello et
al. 1991). Indeed, expression of TGFβ1 and TGFβ4 isoforms was more pronounced in the mid to late secretory
and menstrual phases of the endometrial cycle, in comparison to the proliferative phase (Casslen et al. 1998;
Tabibzadeh et al. 1998), implying progesterone dependence for their expression. Consistent with this implication, stimulation of proliferative phase endometrial explants with estrogen plus progesterone increased TGFβ1
expression (Casslen et al. 1998). Simply increasing the
concentration of TGFβ may not be sufficient; an activation step may be required. It has been proposed that
TGFβ1 is in its latent form until onset of the menstrual
phase (Casslen et al. 1998), when activated TGFβ1 is
known to induce apoptosis.
Several studies have also implicated the Bcl-2 family
in regulation of cell viability in this tissue. Bcl-2 has
been detected in glandular, stromal and myometrial cells
of the human endometrium. In glandular cells Bcl-2 ex-
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Fig. 3 Hormonal regulation of bone resorption: Estrogens and androgens regulate osteoblastogenesis, osteoclastogenesis and osteoclast apoptosis. Osteoblast-derived cytokines, whose release is
hormonally modulated, play a central role in osteoclastogenesis as
well as osteoclast apoptosis. Parathyroid hormone and calcitonin
have opposing effects on osteoclastogenesis. In addition, calcitonin blocks osteoclast bone-resorptive activity. Glucocorticoids
promote osteoblast apoptosis

Hormonal regulation of bone turnover

pression peaks in coincidence with the proliferative
phase and shows only negligible expression in the secretory phase and during apoptosis (Gompel et al. 1994;
Otsuki et al. 1994). This suggests that bcl-2 gene expression also may be under hormonal control, and may modulate apoptotic involution of the endometrium. Such regulation is somewhat unusual; Bcl-2 itself is often constitutive, while other family members show regulated expression. How the sex steroids regulate bcl-2 gene in one
tissue and not another is not known. The progesterone
and estrogen receptors also increased in abundance during the proliferative phase of the cycle in parallel with
Bcl-2, consistent with a connection between hormonal
activity and Bcl-2 expression (Otsuki et al. 1994). In rat
uterine endometrium undergoing postimplantation decidualization, expression of Bcl-2 and its antagonistic protein, Bax, were regulated by estrogen and progesterone.
Hormone injections in ovariectomized rats caused an induction of Bax and suppression of Bcl-2 expression

Bone remodeling is a process by which old bone is replaced by new, to regulate bone strength, shape, and repair. Remodeling is also important for the increase in
bone mass associated with growth and is responsible for
bone loss associated with old age (Vaughan 1981). In a
normal adult the continual deposition and absorption of
bone tissue occurs in discrete pockets called bone-remodeling units, where bone-forming osteoblasts and
bone-resorbing osteoclasts are in dynamic equilibrium
(Nijweide et al. 1986). These dual processes are tightly
regulated by cytokines and hormones, especially estrogen and other sex steroids (Jilka 1998) (Fig. 3). Hormonal action on bone tissue is mediated via direct effects on
osteoblast and osteoclast cells harboring specific hormone receptors, or via paracrine effects of hormonally
regulated cytokine secretion by neighboring cells. For
example, estrogen regulates bone turnover both by direct
effects on osteoblast and osteoclast formation and function, and indirectly by regulating cytokine production
(Spelsberg et al. 1999). Another relevant action of estro-

(Akcali et al. 1996). These data suggest that Bcl-2 family
proteins play a key role in mediating apoptosis of epithelial or stromal cells in the absence or presence, respectively, of blastocyst implantation.
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gen is to promote osteoclast apoptosis, thereby controlling the number of osteoclasts available for bone resorption (Kameda et al. 1995, 1997; Spelsberg et al. 1999).
The reduction in circulating estrogens after menopause
causes osteopenia and osteoporosis, due to excessive
bone resorption not matched by an equivalent increase in
new bone formation (Delmas et al. 1997; Robinson et al.
1997). In the mouse, ovariectomy stimulates osteoblastogenesis and osteoclastogenesis, while suppressing osteoclast apoptosis (Hughes et al. 1996; Jilka 1998; Jilka et
al. 1992; Kimble et al. 1996). Although estrogen deficiency increases the differentiation of bone marrow progenitor cells into osteoclasts and osteoblasts, osteoclastogenesis predominates (Jilka et al. 1998a; Riggs et al.
1998). Since osteoblasts and stromal cells secrete cytokines necessary for osteoclastogenesis, even the increase
in osteoblastogenesis contributes to osteoclast formation
and overall bone resorption.

Loss of osteoblasts occurs via apoptosis, which is mediated via the interplay between various hormonal and
cytokine factors. The detailed map of these interactions
is not yet available. IGF-I, IGF-II, insulin and bFGF
have been shown to promote osteoblast proliferation in
vitro (Hill et al. 1997), while serum deprivation or TNF
administration each result in apoptosis (Jilka et al.
1998b). TGFβ and IL-6 are antiapoptotic for osteoblasts
(Jilka et al. 1998b). This is especially interesting since
TGFβ is generally proapoptotic in most tissues and also
induces apoptosis of osteoclasts. The opposite actions of
this vital cytokine on bone-forming and -resorbing cells
demonstrate how precisely bone tissue turnover is regulated. Thus the net effect of TGFβ on the bone is growth
promotion. Coordinate regulation of osteoblast apoptosis
and formation has been proposed as a mechanism of regulating the pool of osteoblasts during bone healing
(Landry et al. 1997).

Estrogen-mediated regulation of osteoblast formation
and activity

Estrogen-mediated regulation of osteoclast
differentiation and activity

Osteoblastic cells are able to support osteoclastogenesis as
is shown by the reduction in osteoclast cell number in mice
that are genetically engineered to be defective in osteoblastogenesis (Jilka et al. 1996; Komori et al. 1997). Multiple
reports have demonstrated the expression of ERs in osteoblasts, as well as ER upregulation during osteoblast differentiation (Bodine et al. 1998; Eriksen et al. 1988). In osteoblasts, stromal cells and macrophages, estrogen regulates
the expression of certain cytokines, growth factors, transcription factors and bone matrix proteins. The production
of osteoclastogenic cytokines IL-1, IL-6 and TNFα by osteoblasts is suppressed by estrogens; so during states of decreased estrogen availability synthesis is increased (Ishimi
et al. 1990; Jilka 1998; Miyaura et al. 1995). These osteoclastogenic cytokines regulate one another; hence a small
increase in certain ones has a stimulatory effect on others
(Jilka 1998). Other factors from osteoblasts contribute to
bone turnover as well. One factor is the TNF-related activation-induced cytokine (TRANCE/RANKL/OPGL). It is
an inhibitory ligand for osteoprotegerin (OPG), a secreted
protein which inhibits osteoclast formation and is implicated in the regulation and protection of bone mass (Fuller et
al. 1998; Simonet et al. 1997). There are reports of estrogen-mediated upregulation of OPG synthesis and secretion
by osteoblast cells (Hofbauer et al. 1998). Transgenic mice
overexpressing OPG develop osteopetrosis, while OPG
knockout mice have excessive osteoclast activity and are
osteoporotic (Boyce et al. 1999). The synthesis of TGFβ,
another osteoclastogenesis inhibitor, also is stimulated by
estrogens in osteoblast cells (Finkelman et al. 1992). As in
other tissues, TGFβ also induces osteoclast apoptosis, thus
suppressing bone resorption. Thus, estrogens indirectly
promote bone formation by stimulating osteoblastic production of proteins that promote bone formation/retention
and repressing production of proteins that promote bone
resorption.

As outlined above, osteoclastogenesis is modulated by
a number of osteoblast- and stromal-cell-derived cytokines that promote osteoclast differentiation from hematopoietic progenitors (Martin and Ng 1994). Estrogen, in addition to regulating cytokine production, is
thought to have some direct actions on osteoclast activity, presumably via the functional ER expressed in the
cells (Kameda et al. 1997). ER-binding estrogen antagonists were able to reverse estrogen-mediated prevention of formation of bone resorption pits in vitro, suggesting that estrogen action was mediated via the ER
(Shiokawa-Sawada et al. 1997). The recent development of an ER knockout mouse (ERKO) has highlighted the role of estrogens in bone tissue modeling. There
are two isoforms of ER, α and β. ERαKO mice exhibit
multiple effects on the skeletal system, with generally
increased rates of bone resorption and remodeling in females (Couse and Korach 1999). However, male
ERαKO mice exhibited a greater decrease in femoral
bone density and mineral content than ERαKO females. Females showed a greater decrease in bone
length and diameter. ERβ may modulate some of the
actions of estrogen. Also, ERαKO mice exhibit elevated serum androgen levels, which may influence skeletal
architecture and function.
Estrogen has been shown to inhibit osteoclast-induced
bone resorption by enhancing expression of an IL-1 “decoy” receptor [IL-1R (type II)] that competes for ligand
binding but does not properly transduce the signal. At
the same time estrogen downregulates the IL-1-signaling
receptor IL-1R1 (Sunyer et al. 1997). The decoy receptor
blocks IL-1-mediated action on osteoclast bone resorption activity. Estrogen also has been shown to reduce osteoclast levels of the mRNAs for the bone-resorbing enzymes cathepsin K and carbonic anhydrase II (Kameda
et al. 1997). By a direct action on them, estrogen also
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promotes osteoclast apoptosis, thereby reducing osteoclast numbers and subsequently decreasing bone resorption (Hughes and Boyce 1997; Hughes et al. 1996;
Kameda et al. 1997; Lutton et al. 1996). In osteoblasts,
in addition to suppressing IL-1, IL-6 and TNFα production, estrogen also induces production of TGFβ, which
enhances estrogen-evoked osteoclast apoptosis in vivo
(Hughes et al. 1996). In fact, TGFβ by itself can induce
osteoclast apoptosis (Beaudreuil et al. 1995). Estrogens
decrease osteoblastic production of IL-1, IL-6 and
TNFα, all of which have antiapoptotic effects on osteoclasts (Hughes and Boyce 1997; Jilka 1998). All osteoclasts eventually die by apoptosis, but, by speeding up
that process, estrogen and TGFβ shorten osteoclast life
span and hence decrease their total numbers.
Thus, estrogen directly suppresses bone resorption by
negatively affecting osteoblastogenesis and osteoclastogenesis and promoting osteoclast apoptosis. Additionally,
estrogen induces osteoblastic secretion of cytokines that
inhibit osteoclastogenesis (TGFβ and OPG), and suppresses production of osteoclastogenic cytokines (IL-1, IL-6
and TNFα).
Role of other hormones in bone remodeling
Loss of bone mass with advancing age occurs to varying
extents in both men and women. In males, decline of gonadal androgen levels contributes to age-related loss of
skeletal strength and bone mass (Stepan et al. 1989; Vanderschueren et al. 1992) due to increased bone remodeling and resorption. The increase in bone mass at puberty
seen in males is a response to increased testicular androgen production (Spelsberg et al. 1999). Testosterone directly influences bone mass via the androgen receptors
identified in osteoblasts and osteoclasts, and it can also
be aromatized into estrogen for action via the ER
(Bellido et al. 1995). Evidence for the direct action of
androgens comes from use of the non-aromatizable analog, dehydrotestosterone, which can regulate cytokine
expression to influence osteoclastogenesis and osteoclast
apoptosis in a manner similar to estrogen (Bellido et al.
1995; Vanderschueren et al. 1992). Estrogen derived
from testosterone also plays an important role in maintaining skeletal strength and integrity in males. In a
young male estrogen deficiency associated with lack of
aromatase activity resulted in decreased bone mass and
skeletal dimensions (Morishima et al. 1997). Thus in
males both estrogens and androgens are important physiological regulators of skeletal integrity.
Glucocorticoids induce a variety of responses in the
skeletal system, the net effect being decreased bone formation and increased bone resorption; hence excessive
amounts of GCs are known to induce osteoporosis
(Canalis 1996; Reid 1997). Osteoblasts seem to be the
major target of glucocorticoid action in the bone. GCs
decrease osteoblast number and function by altering expression of several osteoblast-specific genes in the bone,
including repression of osteocalcin (Meyer et al. 1997)

and type I collagen (Delany et al. 1995a), and induction
of collagenase (Delany et al. 1995b). GCs decrease IGFI synthesis in osteoblasts, where IGF-I has been shown
to have profound anabolic effects, inducing proliferation
of preosteoblasts, increase in collagen I synthesis and decrease in collagenase. GCs inhibit TGFβ-mediated proliferative responses on osteoblasts. GCs have also been
shown to promote osteoblast apoptosis in vivo (Weinstein et al. 1998). Aside from the direct effects of GCs
on expression and function of bone-specific genes outlined above, GCs decrease intestinal Ca2+ absorption and
increase its excretion, thus decreasing bone mineralization (Morris et al. 1990). GC-mediated bone resorption is
postulated to be partially mediated by enhanced secretion or activity of parathyroid hormone (Hattersley et al.
1994), since parathyroidectomy relieves GC-induced
bone resorption (Hattersley et al. 1994; Reid 1997). GCs
decrease gonadotropin secretion, and hence androgen
and estrogen levels (Lukert and Raisz 1990).
Parathyroid hormone plays an important role in bone
remodeling. Hyperparathyroidism is associated with decreased bone formation and increased resorption of calcium and phosphate from bone (Nijweide et al. 1986;
Vaughan 1981). Parathyroid hormone action is mediated
via receptors on osteoblast cells, directly altering osteoblast-mediated cytokine production. Osteoblastic synthesis of osteoclastogenic factors such as IL-1, IL-6 and
TNFα is increased (de la Mata et al. 1995; Grey et al.
1996; Silverberg and Bilezikian 1996), thereby promoting bone resorption. Parathyroid hormone is osteoclastogenic, the increase in osteoclast numbers contributing towards bone resorption. Calcitonin, from the thyroid
gland, decreases the resorptive activity of osteoclasts and
bone dissolution, and promotes calcium deposition in
bone. Calcitonin also decreases the rate of osteoclastogenesis and osteoblastogenesis, thus reducing bone turnover (Nijweide et al. 1986; Selander et al. 1996; Vaughan
1981). Calcitonin modulates its actions by inactivation
of osteoclasts by altering the cytoskeletal microfilament
arrangement. Paradoxically, using an in vitro calvarial
culture model system, one study demonstrated a reduction of osteoclast apoptosis in the presence of calcitonin
and a significant increase in the presence of parathyroid
hormone, suggesting that calcitonin-meditated suppression of bone resorption may be mediated by osteoclast
inactivation rather than apoptosis (Selander et al. 1996).
Thus, multiple hormonal and cytokine factors contribute towards the regulation of bone turnover. Osteoblast
and osteoclast apoptosis play an important role in bone
loss, but osteoclast-mediated bone resorption is an additional mechanism of tissue turnover in the bone.

Hormonal control of adipose tissue turnover
The potential for tremendous changes in mass of adipose
tissue is due to the ability to vary both the average adipose cell volume and the total cell number, both of
which are regulated by endocrine and cytokine factors
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(Bjorntorp 1991). The volume of each adipocyte reflects
the balance between lipogenesis and lipolysis (Arner
1988). Replication of preadipocytes and their differentiation into adipocytes (Van and Roncari 1978) is offset by
ongoing apoptosis (Niesler et al. 1998; Prins et al.
1994b). A coordinate regulation of adipocyte volume
and number has been suggested. In the event of energy
intake exceeding usage, the resultant stored fat is first
accommodated by an increase in volume of individual
adipocytes until a threshold is reached, beyond which recruitment of preadipocytes to adipocytes further contributes to fat (Bjorntorp 1991). Hormonal regulation of the
dynamic process of adipocyte turnover is mediated by
signals originating from the hypothalamus, several traditional endocrine glands and the adipocytes themselves
(Ailhaud et al. 1991; Prins and O’Rahilly 1997). Animal
models of obesity, such as the obese (ob/ob) mouse, the
diabetic (db/db) mouse, the fatty (fa/fa) rat, and others
have provided insights into regulatory mechanisms that
govern adipose tissue mass. We will focus here on endocrine mechanisms regulating adipocyte recruitment and
deletion via apoptosis.
Leptin
Leptin, the product of the ob gene, is secreted by adipose
cells, and acts on the hypothalamus and adipose tissue
(Campfield et al. 1995; Rohner-Jeanrenaud and Jeanrenaud 1996). Leptin increases the basal metabolic rate
and diminishes appetite, and therefore energy intake
(Halaas et al. 1995; Pelleymounter et al. 1995; Qian et
al. 1998a). Thus, leptin is the afferent signal from the adipose tissue to the hypothalamus, serving as a feedback
regulator of adipose tissue mass. The ob/ob mouse does
not produce functional leptin, and hence is obese. The
hypothalamus expresses high levels of the leptin receptor, which is mutated in the db/db mouse and the fa/fa rat
models of obesity. Through the leptin receptor, leptin inhibits secretion of neuropeptide Y (NPY) and increases
production of the corticotropin-releasing factor (CRF),
thereby modulating downstream effector pathways culminating in the utilization of body fat for energy production (York 1996). NPY is known to induce obesity by
causing hyperphagia, stimulating insulin secretion and
increasing the activity of lipogenic enzymes (Zarjevski
et al. 1993). CRF has the opposite effect of inhibiting insulin secretion and food intake, preventing the development of obesity (Arase et al. 1989).
Leptin production by adipose cells is regulated by
various endocrine factors, including insulin and corticosteroids (De Vos et al. 1995; Kolaczynski et al. 1996;
Leroy et al. 1996). Both depletion of adipocyte lipid content via lipolysis and deletion of adipocyte cells via apoptosis contribute to leptin-induced reduction in fat content (Niesler et al. 1998; Prins et al. 1994a, 1994b). Adipocytes of mice administered intracerebroventricular
leptin exhibit characteristic features of apoptosis, including internucleosomal DNA fragmentation, DNA strand

breaks and a reduction in average adipocyte size (Qian et
al. 1998a). In adipocytes, leptin regulates expression of
various genes, including peroxisome proliferator-activated receptors (PPAR), uncoupling protein 2 (UCP-2) and
TNFα (Qian et al. 1998b; Zhou et al. 1997). Adipose tissue predominantly expresses the PPARγ isoform, which
is upregulated by leptin and suppressed during fasting.
PPARγ plays a critical role in promoting adipocyte differentiation and lipid storage (Chawla and Lazar 1994;
Chawla et al. 1994; Tugwood et al. 1992). Leptin induces PPARγ; thus the balance of actions maintains homeostatic control of adipose tissue mass (Qian et al. 1998a).
Under certain circumstances PPARγ can be antiadipogenic. PPARγ phosphorylation inhibits adipogenesis (Hu
et al. 1996) and heterodimers between PPARγ and the
retinoid receptor RXR promote adipocyte apoptosis
(Chawla and Lazar 1994). The role of other PPAR isoforms in adipose tissue turnover is being actively investigated. UCP-2 is also widely expressed in adipose tissue,
where it is upregulated by both leptin and some PPAR ligands (Aubert et al. 1997; Zhou et al. 1997). UCP-2
overexpression in response to a fatty diet in A/J mice has
been correlated with their resistance to obesity (Aubert
et al. 1997). UCP-2 uncouples mitochondrial respiration
from ATP (energy) generation, and thus mediates leptininduced increase in energy expenditure. UCP-2 promotes
free radical generation and by doing so may activate the
apoptotic pathway in adipose tissue (Negre-Salvayre et
al. 1997; Qian et al. 1998b).
The cytokine TNFα plays an important role in adipose tissue metabolism and apoptosis (Petruschke and
Hauner 1993; Prins et al. 1998). After leptin administration, TNFα was observed to decrease in parallel with reduction in fat mass (Hotamisligil et al. 1995; Qian et al.
1998b). That TNFα might be a proximal cause of fat loss
is supported by the observation that TNFα stimulates lipolysis by decreasing lipoprotein lipase activity, and increasing hormone-sensitive lipase activity (Argiles et al.
1997). In fact, in wasting syndromes, TNFα is greatly
increased, causing the excessive loss of body fat (Argiles
et al. 1997). Thus TNFα appears to function in an autocrine-negative feedback loop to tightly regulate the extent of fat accumulation (Argiles et al. 1997; Grunfeld et
al. 1996; Hotamisligil et al. 1995; Prins and O’Rahilly
1997). Paradoxically, TNFα expression is markedly increased in adipocytes of obese individuals who exhibit
insulin resistance (Kern et al. 1995), and may reflect
obesity-associated TNFα resistance in parallel (Argiles
et al. 1997). Analogous to insulin resistance, TNFα resistance is also associated with overproduction of the cytokine. Thus, the inability of TNFα to modulate lipolysis
may be a key factor in the development of the obese phenotype. In addition to its lipolytic action on adipocytes,
TNFα also blocks differentiation of human preadipocytes (Petruschke and Hauner 1993) and has been shown to
induce preadipocyte and mature adipocyte apoptosis
(Prins et al. 1997). This is consistent with the net effect
of TNFα in both reducing adipocyte volume and number.
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Insulin
Insulin is a lipogenic hormone (Denton et al. 1981;
Geloen et al. 1989a), as is demonstrated by the loss of
adipose tissue associated with insulin-deprived conditions such as untreated insulin-dependent diabetes mellitus. This loss of fat is due to a reduction of adipocyte
number, in addition to lipolysis (Geloen et al. 1989b).
An antiapoptotic action of insulin has been suggested in
preserving adipocyte cell numbers (Prins and O’Rahilly
1997). Insulin also promotes preadipocyte replication
and differentiation (Dixon-Shanies et al. 1975). Feedback regulation of adipose tissue mass occurs via insulin-mediated induction of leptin expression. Furthermore, long-term hyperinsulinemia sends antiadipogenic
signals to the hypothalamus (Cusin et al. 1995; DagogoJack et al. 1996). Insulin-mediated uptake of glucose in
the intracellular compartment is mediated by specific
transport proteins called glucose transporters. Among
them, Glut 4 seems to have an important physiological
role in regulating adipose tissue mass. Overexpression of
Glut 4 in adipose tissue was associated with a huge increase in glucose uptake by adipocytes and a selective
increase in adipocyte cell number rather than cell size
(Shepherd et al. 1993). This suggests that glucose transport may affect adipocyte proliferation and differentiation. Thus insulin has a dual action on adipogenesis: a
centrally regulated increase in lipogenesis and hence adipocyte cell volume, and a Glut-4-mediated increase in
adipose cell recruitment and hence cell number.
Corticosteroids
Many studies suggest that adrenal glucocorticoids are
necessary for development of obesity. The classical syndrome of corticosteroid excess (Cushing’s syndrome) is
associated with a peculiar pattern of adipose tissue gain,
predominantly in the visceral compartment (RebuffeScrive et al. 1988). In contrast, Addison’s disease, characterized by diminished corticosteroid secretion, is associated with a loss of adipose tissue. In the brain, corticosteroid binding to both mineralocorticoid (type I) and glucocorticoid (type II) receptors plays an important role in
regulation of food intake, and CNS true glucocorticoid
receptor activity is required for fat accumulation (Santana
et al. 1995). Contrasting results have been obtained in a
transgenic mouse model in which antisense GR was selectively expressed in neural tissues, to reduce GR levels
there (Richard et al. 1993). The transgenic mice developed obesity, implying that GCs may have an antiadipogenic effect in normal animals. However, residual GR
expression, rather than complete lack of expression, in
such a transgenic antisense model may be sufficient to
mediate some of the actions of GC. Alternatively, it has
been proposed that GR overexpression in peripheral tissues, rather than neural-specific antisense GR expression, mediates the obese response (York 1996). Further
debate on the role of GR in regulation of adipose tissue

mass arises from studies in normal rats. In lean rats,
physiological concentrations of corticosteroids were
found to promote fat accumulation, while pharmacological levels caused a decrease in adipose mass (De Vos et
al. 1995; Devenport et al. 1989). Another study demonstrated that the dual action was contributed to by opposing responses from type I and type II steroid receptors,
with aldosterone (a type I receptor ligand) causing an increase, and dexamethasone (a type II receptor ligand)
causing a decrease in body weight gain and caloric intake. This is consistent with the saturation of type I receptors at low corticosteroid concentrations, mediating
an anabolic response. Higher corticosteroid concentrations cause progressive occupation of the type II receptors, whose catabolic effects mask the modest anabolic
effects mediated by the type I receptors. In the GR
knockout animals, decreased CNS expression of these
type II receptors could account for the obesity. Clearly,
many discrepancies regarding the role of corticosteroids
in adipose tissue regulation need reconciliation. All of
the observations presented here suggest that alterations
in normal GC signaling cause overlapping effects within
the CNS and peripheral tissues, resulting in paradoxical
effects on overall fat accumulation. It is clear that GCs
generally have a permissive effect for fat accumulation.
The precise mechanism of the adipogenic activity of
physiological concentrations of corticosteroids is not fully understood, although it includes effects on preadipocyte differentiation and lipogenesis (Hauner et al. 1989;
Ottosson et al. 1994).
In considering specific mechanisms, GCs positively
regulate insulin secretion and are known to restore hypersecretion of insulin in adrenalectomized fa/fa rats
(Stubbs and York 1991). GCs also synergize with insulin
in upregulation of Glut 4, another adipogenic factor
(Hauner et al. 1989). Pharmacological levels of GCs induce leptin production (De Vos et al. 1995; Devenport et
al. 1989). Leptin stimulates production of CRF and decreases NPY synthesis (York 1996). Administration of
CRF at doses that do not activate the pituitary-adrenal axis
has been shown to reverse obesity, and decrease food intake and insulin production in fa/fa rats (Arase et al. 1989;
Rohner-Jeanrenaud et al. 1989; York 1996), suggesting
that CRF affects fat homeostasis by mechanisms independent of its stimulation of the synthesis of adrenal glucocorticoids. Transgenic mice overexpressing CRF and exhibiting elevated levels of hypothalamic-pituitary-adrenal
activity develop obesity owing to increased corticosteroid
production. Thus it is hypothetically possible that a deleterious loop could occur where an increase in GCs causes an
increase in leptin production and a subsequent increase in
CRF, which further enhances GC production.

Regulation of cell turnover in the gastrointestinal
tract
It is clear that apoptosis of intestinal epithelial cells
plays a fundamental role in maintenance of normal gut
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function, and that abnormalities of apoptosis contribute
to some gastrointestinal diseases. The epithelium of the
small intestine consists of numerous villi extending out
into the lumen from pits or crypts. Stem cells close to the
base of the crypt are the source of constant cell renewal,
facilitating cellular turnover and replacement of dying
cells (Potten 1998; Potten et al. 1997). The villi are lined
by epithelial cells which form in the crypts, and as they
mature progress upward along the villus. These cells undergo rapid turnover, and when eradicated are lost into
the intestinal lumen (Jones and Gores 1997; Potten
1992). The average life span of an epithelial cell in this
highly proliferative tissue is 3–5 days (Potten 1992). It
has been suggested that, at the end of their migratory
path, all elimination of epithelial cells at the luminal end
of the villi occurs via apoptosis. The rapidity of the process has made it difficult to estimate whether apoptosis
occurs only at the tips of the villi (Jones and Gores 1997;
Pritchard and Watson 1996). However, there is strong
evidence demonstrating apoptosis of stem cells within
the crypts as well, where about 10% of the cells have
been shown to undergo apoptosis (Potten 1998; Potten et
al. 1997). Consistent with the observation of apoptosis in
stem cells of the small intestinal crypts, they express
Bax, which may contribute to the low incidence of cancers of the small intestine (Jones and Gores 1997). The
proapoptotic protein Bak has been shown to colocalize
with regions of epithelial cell apoptosis in human intestinal epithelium, and Bak induction correlates with apoptosis in human and rat intestinal cell lines (Moss et al.
1996).
Colonic epithelial cells also have a rapid rate of turnover, and there too the high proliferative index is balanced by an equally high rate of cell death, which is believed to occur along the luminal surface via apoptosis
(Jones and Gores 1997). It has been demonstrated that
epithelial cells in the colonic lumen express the proapoptotic Bax protein while those in the crypts are rich in
Bcl-2 (Hockenbery et al. 1991; Krajewski et al. 1994). In
addition, colonic stem cells express Bcl-2. Bcl-2 has
been implicated as a contributor to high rates of colonic
cancer (Jones and Gores 1997; Krajewski et al. 1994).
Physiological mediators of intestinal apoptosis
Most studies thus far have focussed on establishing that
apoptosis is indeed the mechanism of cell death during
normal gastrointestinal cell turnover. Very few studies
have addressed the issue of the biological mediators of
physiological apoptosis. Candidates are plentiful, among
the various growth factors, cytokines and dietary factors
that mediate gastrointestinal cell proliferation and apoptosis (Goodlad and Wright 1990). An inverse correlation
has been established between intestinal epithelial cell apoptosis and glutathione (GSH) levels. Cells of the villus
tips in monkey intestine with a high apoptotic index exhibited greatly reduced levels of GSH (Madesh et al.
1999). Luminal enterocyte cells contain oxidants and de-

creased mitochondrial-reducing activity. This combination would put them at risk for apoptosis, since mitochondrial-reducing capability is vital for preservation of mitochondrial function and inhibition of apoptotic events.
Hormones and paracrines secreted by the intestinal
enteroendocrine cells and pancreatic cells also mediate
epithelial and stem cell turnover. Overexpression of
growth hormone, glucagon-like peptide-2 (GLP-2) or insulin-like growth factor promotes intestinal cell proliferation in mice (Tsai et al. 1997; Ulshen et al. 1993). In addition to stimulating epithelial cell proliferation and intestinal growth, GLP-2 increases villus height and prevents enterocyte apoptosis (Munroe et al. 1999; Tsai et
al. 1997). The cytokine IL-6 has been shown to prevent
apoptosis of intestinal enterocytes induced by hemorrhage by increasing expression of enterocyte Bcl-2
(Rollwagen et al. 1998). Enterocyte apoptosis associated
with adaptation to partial gut resection can be prevented
by EGF-EGF receptor complex (Helmrath et al. 1998).
Rat small intestinal and human colonic cell lines were
stimulated to proliferate in vitro in the presence of EGF1 and insulin (Bjork et al. 1993). TGFβ has been shown
to induce epithelial cell apoptosis directly and expression
of TGFβ has been localized to the tip of the villus
(Barnard et al. 1989). The proliferation of rat intestinal
epithelial cells in culture is significantly inhibited upon
expression of TGFβ. Resistant cells that continue to
grow in the presence of TGFβ have suppressed TGFβ receptors and increased cyclooxygenase-2 (Cox-2) activity
(Sheng et al. 1999). In mice colonic eicosanoids are
well-known regulators of cell proliferation. Overexpression of Cox-2 with subsequent increase in prostaglandin
E2 production has been reported in colon cancers, suggesting a role in inducing cell proliferation or inhibiting
apoptosis (Sano et al. 1995). Cox-2 inhibitors have been
shown to induce apoptosis in murine colon cancer cell
lines (Erickson et al. 1999). Cox-2 overexpression is associated with an induction of Bcl-2 and suppression of
cyclin D1 and of TGFβ receptors.
Some enteroendocrine hormones appear involved in
controlling apoptosis, while others are not. Injections of
gastrin did not significantly affect cell proliferation of
small intestinal epithelial cells, but stimulated cell proliferation in the colon of rats (Fatemi et al. 1984). Somatostatin, on the other hand, had an inhibitory effect on
DNA synthesis of gastrointestinal stem cells in vivo in
rats (Lehy et al. 1979) and rat intestinal epithelial cells in
vitro (Bjork et al. 1993). Somatostatin and its analogs
have been shown to induce enterocyte apoptosis and impair intestinal regeneration after resection in rabbits
(Thompson 1998, 1999). Apoptosis occurs in both crypt
and villus compartments and is associated with decrease
in crypt depth (Thompson 1998). Somatostatin has been
used as an antitumor agent owing to its proapoptotic activity (Boros et al. 1998; Imam et al. 1997). Although
these reports do not necessarily implicate a role for enteroendocrine hormones in physiological cell turnover
and apoptosis, they provide a basis for future investigations.
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In this review we have attempted to provide a consolidated overview of the hormonal regulation of physiological cell turnover and maintenance of tissue homeostasis.
Part of this regulation occurs by control of apoptosis, an
integral component of body physiology, not only during
development, but also in preserving health in adults. Either too much or too little apoptosis has been implicated
in several diseases. Apoptosis has a distinct and unique
role to play in each tissue, and endocrine, paracrine and
autocrine factors ensure tight regulation of the process.
Some tissues such as the uterine endometrium and postlactational mammary gland undergo massive tissue involution via apoptosis. These processes are an integral part
of normal reproductive physiology and are under rigorous endocrine regulation. In other tissues such as the gut,
the process of apoptotic elimination of old cells and replacement with new ones is a constant event to preserve
tissue function. Though subtle in appearance, such apoptosis is critically important for normal function. In the
thymus, apoptosis is the basis of elimination of all but
those thymocytes that are capable of normal function.
Selection of thymocyte repertoire also involves intricate
hormonal and TCR-mediated regulation. Apoptosis in
the bone and adipose tissue is regulated by a complex set
of endocrine and cytokine factors, and occurs in seemingly random cells. Bone and adipose cells are long lived
and the extent of cell turnover generally determines the
functional integrity and mass of the tissue.
In spite of the varied physiological roles of apoptosis
in individual tissues, the general morphological and molecular features of dying cells are remarkably similar.
The slight but distinctive differences in these features between tissues and cell types reflect differences in the
pathways causing death, or in the makeup of cells responding to a common pathway. Intracellular apoptosisinducing proteins such as the caspases, other proteases,
TRPM-2 and Bax as well as antiapoptotic factors such as
Bcl-2 seem to play an important role in multiple tissues
during the commitment and execution phases of the apoptotic process. Hormonal factors, and cytokines such as
TGFβ on the other hand, have highly tissue specific and
sometimes opposite roles in different tissues, presumably
due to their specific expressed network of genes. For example, estrogen has a proliferative effect in multiple tissues, including mammary gland, endometrium and bone.
Glucocorticoids are proapoptotic for some thymic lymphocytes, yet protective to others and are generally antiapoptotic in the mammary gland and adipose tissue. The
opportunity to answer the precise controls over cellular
proliferation and apoptosis holds promise for future therapeutic approaches to combat various diseases.
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