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New targets for old hormones: inhibins clinical role revisited
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Abstract. Inhibins are gonadal peptide hormones belonging to the transforming growth factor-β (TGF- β) superfamily that
regulate the pituitary follicle stimulating hormone (FSH) secretion by negative feedback mechanisms. It is evident that the
understanding of inhibins function in the hypothalamic-pituitary-gonadal axis will provide insights into physiology and
pathology of the gonadal function. In recent years, a great deal of attention has been focussed on clinical relevance of
measuring circulating inhibins in normal and disease state. The past few years also have witnessed the emergence and
discovery of extra pituitary action of inhibins that might provide further insights into the underlying diseases like cancer
especially in the reproductive axis and various other new endocrine target organs. In this review after systematic analysis
of literature, we discuss briefly the known and recent advances in function of these hormones highlighting also its structure,
production and mechanisms of signal transduction. Also this review discusses about the physiological relevance of inhibin
association in the normal function to the development of reproductive cancers. Finally, we describe evidence from various
emerging studies that inhibins make an important contribution to other physiological functions apart from reproduction
which reveals new endocrine target organs of inhibins. The emerging view is inhibin participates in multiple ways to
regulate the function in different cell types and still complete repertoire of its actions is under investigation.
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Mammalian reproduction is intricate, highly
ordered and is coordinated by assorted neural, neuroendocrine, endocrine, autocrine and paracrine cell-cell
communication pathways. Many of the pioneering discoveries meticulously demonstrated the roles of hypothalamic gonadotropin releasing hormone (GnRH) that
stimulates pituitary gonadotropins such as follicle stimulating hormone (FSH) and leutinizing hormone (LH),
which directly control gonadal functions. Subsequent
breakthroughs in the advancement of molecular biology and in understanding signal transduction mechanisms suggested involvement of various cytokines and
growth factors at each level of the hypothalamic-pituitary-gonadal axis in the paracrine/autocrine control of
different programmed reproductive events. Members
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include inhibins and activins, belonging to the transforming growth factor (TGF-β) super family and follistatin (FS), a structurally distinct though functionally related molecule. It has been more than 70 years
since the identification of negative feedback control of
pituitary FSH secretion by inhibins. These factors also
were shown to act in autocrine, endocrine or paracrine
manner within the reproductive tissues, but the identification of specific pathways in different cellular context along the gonadal axis is still quite unclear and
should thus be further investigated. The discovery process of extra pituitary action of inhibins started almost
two decades before demonstrating a link between
inhibins and tumour suppressing role in inhibin-α gene
(Inha-/-) knockout mice. It was this study that proposed a tumour suppressing role for inhibins when they
observed initially the development of gonadal and adrenal tumours on knockout of inhibin-α gene (Inha-/-), a
subunit of the dimeric inhibins in mice [1]. In accordance with the concept of tumour suppressing role of
inhibins, many studies reported in different tumours
such as ovarian, breast and endometrial in human stud-
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ies and current literature point out that inhibins might
act as tumour suppressors [2]. Beyond the legitimate
surprise that these observations generated about the
new role of inhibins, they raised many important biological questions and were approached by many clinical endocrinologists, reproductive and molecular biologists independently. Recent, clinical studies where in
the correlation of serum circulating levels of inhibin in
various diseases like rheumatoid arthritis, hypogonadotropic hypogonadism, constitutional pubertic delay,
preeclampsia, ovarian cancer and epithelial ovarian
cancer has further strengthened its clinical relevance
[3-7]. Their identification in several tissues has also
suggested that they have diverse physiological roles
apart from hypothalamic-pituitary-gonadal axis. Given
the important clinical applications of inhibins measurement in various disease states and also identification
of its presence in various different tissues, a greater
understanding of its physiological role is undeniably
needed. In this review considering the recent advances
in understanding, we highlight the production, structure-function, signal transduction, bioavailability and
action of inhibins in gonads and other peripheral tissues (new endocrine roles).

Historical Background of Inhibins
Discovery

tion of function of the pituitary gland was further reinforced [10]. Apart from the initial studies, that paved
way for the discovery of inhibins in male reproductive
system, the presence of inhibins like activity was also
observed in the ovarian follicular fluid which was first
postulated by Sherman and Korenman, (1975) [11]. To
support the presence of inhibins in follicular fluid, studies were conducted by administration of steroid free
bovine follicular fluid (bFF) to castrated rats which
suppressed serum FSH levels [12]. Later, isolation and
characterization of inhibins was made possible with the
development of an improved bioassay based on measurement of FSH production by rat pituitary cells in
vitro [13-16]. Subsequent breakthroughs in the molecular biology and its applications, cloning of the gene
encoding inhibin was made possible following characterization and purification from the bovine follicular fluid [17-19]. Following, large scale productions of
recombinant DNA-derived inhibin, great strides were
made in elucidating its role and other functions [20].
Historical retrospective of inhibins research shows that
many studies were required to reach the current understanding of its structure and function and still the complete repertoire of inhibins role and its signal transduction mechanisms are unknown and opens opportunities
for future research.

Structure of Inhibins
The perception of non-steroidal substances produced
from the gonads regulating the function of anterior
pituitary gland was not new and known almost more
than 75 years ago. The destruction of the seminiferous tubules by X- irradiation of the testis also caused
hypertrophy of the anterior pituitary gland and hyperplasia in many cells of the pituitary in experimental
rats [8]. This unexpected observation led to prediction
of the association and the functional feedback regulation between the gonads and the pituitary gland for the
first time. If gonads functioned to regulate the pituitary
gland, identification of the contributing substance(s)
from the gonads was the next challenge in the field of
inhibins discovery process. It was only after a decade
later, McCullagh in 1932 demonstrated that a water soluble extract from bull testis prevented post castration
hypertrophy of the rat pituitary gland and he named it
as ‘inhibin’ for this proteinaceous substance [9]. In the
1970’s, with the advent of methods for portrayal and
measurement of circulating pituitary gonadotropins
(FSH & LH), the concept of inhibins role in the regula-

The mature heterodimeric bioactive inhibin molecules consist of a α-subunit (~20kDa) and two highly
related β-subunits (~14kDa). Both the subunits are
linked by disulfide bonds to form either inhibin A (α,
βA) or inhibin B (α, βB) isoforms. In contrast, homoor hetero dimers of β subunits form the other members
of TGF-β activin A, activin B or activin AB (Fig. 1).
These three subunits (α, βA, βB) are products of separate genes located on chromosomes 2 (α and βB subunit) and 7 (βA subunit) [6]. There is 23-27% amino
acid homology between the α subunit and β subunit
and 64% homology between the β subunits [6]. Each
subunit is initially assembled as a large pre-pro-protein
which possess a N-terminal signal peptide (a pro-region needed for the accurate folding and dimerization
of the subunits and which targets the polypeptide to
the endoplasmic reticulum) and the mature C-terminal
domain. Proteolytic partial cleavage of pro-region
makes it biologically active. Partial processing of proforms and glycosylation pattern on C-terminus of the
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Fig. 1 Schematic of the precursors of the inhibin α, βA and βB subunits and their dimerization pattern. Details on structure of
the precursors and assembly are provided in the text. The mature proteins are indicted by the shaded areas. The formation of
disulfide bonds between the two mature subunits are shown by S-S. aa- amino acids.

subunit will give rise to different isoforms of inhibin
and have been reported in bovine and human plasma
[21-23]. Non bioactive forms of the α-subunit exist as
pro-αN, pro-αC and further processed. Though these
subunits lack fully functional inhibin activity in the
pituitary FSH release bioassay, it is not yet clear of any
biological effect on the reproductive system. For both
isoforms, the glycosylation sites are at either Asn (268)
or Asn (302) in α-subunit to produce 31 and 34 kDa isoforms. Makanji et al. [24] observed a decrease in bioactivity on glycosylation of Asn (302) of the α-subunit
of inhibin A and B. This effect was explained by the
decreased affinity of isoform inhibin A to betaglycan
[24]. The pattern of post translational modifications
that regulates the bioactivity of inhibins from its various functions in both normal and disease condition is
still to be understood. The assembly of inhibin A and B
and other TGF-β super family ligands and its secretion
are dependent upon non-covalent interactions between
their pro-and mature domains [25]. Conservation of
these residues in all TGF-β super family ligands suggests a common biosynthetic pathway governing the
dimer assembly [25]. Aberrant expression in the levels
of subunits and its receptors has been reported in various disease conditions [26-30]. This makes critical to
understand the subunits synthesis, assembly, secretion
and functions of inhibins under a variety of physiological and pathophysiological conditions.

Localization and Biosynthesis of
Inhibin in Gonads
A. Inhibin in male gonads
Inhibin subunits are present in several cell types of
testis including Leydig and Sertoli cells and the relative expression of the subunits (α, βA and βB) appear
to change throughout the sexual development in rats
[31, 32]. In rats, Sertoli cells are presumed to be the
chief source of circulating inhibin and to express α, βB
but to a lesser extent βA subunit [32]. Inhibin βB subunit mRNA expression was also found to be intense
in germ cells from spermatogonia to round spermatids other than Sertoli cells in human adult testis [33].
Circulating serum levels of inhibin B are strongly and
positively correlated with testicular volume and sperm
counts [34]. Apart from the regulation of pituitary
FSH secretion by negative feedback loop, inhibins also
act as potential paracrine and autocrine regulators of
Leydig and Sertoli cell proliferation, differentiation
and steroidogenesis in vitro [34]. These autocrine and
paracrine roles have not yet been determined in vivo.
In contrast, to the male gonads, the autocrine and paracrine roles of inhibins are much evident within the
reproductive tissues of the females [35].
B. Inhibins in female gonads
Differential regulation in production of different
isoforms of inhibin in ovaries and other reproductive tissues such as endometrium and placenta makes
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female reproductive system an unique model to study
the diverse role of inhibins [35-37]. Ovarian inhibin is
primarily expressed in follicles and its presence in the
corpus luteum (CL) is species specific [38]. The primate CL is unique, in that along with progesterone (P4)
biosynthesis, it also synthesizes substantial amounts of
estradiol (E2) and inhibin A isoform. The fact that CL
is the major source of inhibin during the luteal phase
was confirmed by the observation of rapid decrease in
immunoreactive inhibin levels following lutectomy in
cynomolgus monkeys and specific inhibin A levels in
bonnet monkeys [39,40]. The secretion of inhibin A
in CL appears to be regulated by LH, since inhibition
of pituitary LH secretion by treatment with gonadotropin releasing hormone receptor (GnRH-R) antagonist caused a rapid decline in circulating inhibin and
inhibin-α subunit mRNA levels [40-44]. In primates,
circulating levels of inhibin A and P4 manifested concordant changes such that both exhibited rise and fall
during the luteal phase and both decreased following
lutectomy which confirms the source of inhibin secretion during the luteal phase [39, 40, 45]. Inhibin A biosynthesis in CL appears to be present only in higher
primates since expression of inhibin-α subunit has
been reported to be turned off following luteinization
in rodent and bovine species [46-48].

Mechanisms of Inhibin Signal
Transduction
The independent downstream signaling cascade of
inhibins is poorly understood and the efforts to understand is greatly enhanced by discoveries in related to
TGF-β superfamily members, and our current knowledge based on several studies in this regard is discussed
here. In comparison to the available knowledge on the
cellular actions of activins, there is less succession of
knowledge in studying inhibin actions and the reasons
are due to following: 1) Inhibins are mammalian constrained hormones and are difficult to study in other
model systems [49], 2) There exists enormous difficulties in purification of native inhibin and also expression and purification of recombinant inhibin [49], 3)
There are constrained target sites for inhibin in cells
of reproductive and non-reproductive tissues, [49] 4)
There is lack of a clearly acknowledged receptor and
target genes modulated by inhibin have not been identified [49]. If in fact a signal is generated in response
to inhibin, the identity of such a messenger should be

clearly established and rigorous testing is needed to
evaluate its identity. Several studies report the evidence in support for the presence of inhibin receptors
such as the identification of inhibin specific binding
sites in normal and tumour tissues [50, 51]. Inhibin
specific membrane associated binding proteins were
purified from gonadal tumours in inhibin-α knockout
mice [50]. It was proposed that down stream signaling
components of inhibin receptor might relay serine-threonine kinase activity. However attempts to clone additional members of the receptor serine-threonine kinase
family have failed [49]. Since attempts to characterize the independent signaling components of inhibins
failed, it was proposed that inhibin could act by dominant negative regulation of the activin signal transduction pathways [49]. The βA subunit of inhibin A can
bind to activin type II receptors with low affinity and
binding blocks activin interaction with its receptor that
uncouples activin signal transduction pathways (Fig.
2). The affinity of inhibin A for activin type II receptor
isoforms (ActRII A and ActRII B) has been reported to
be 2-10 fold lower than that of activin A [52]. This suggests that inhibin must be present in excess to antagonize the activin actions. It has also been reported in
some systems where inhibin A can antagonize activin
A actions at equimolar or even lower concentrations
[52]. Some activin responsive cell lines are insensitive to inhibins even at higher levels which also suggest that competitive binding alone cannot account for
antagonism [52-54]. Several studies have identified
non-overlapping binding sites for activin A and inhibin
A in various tissues which suggests for the existence of
inhibin specific receptors [49]. There are two candidate
inhibin receptor proteins studied so far and they are
Betaglycan and inhibin binding protein/p120 (INHBP/
P120) [49]. Betaglycan was originally characterized as
the TGF-β type III receptor [52]. It was shown to bind
TGF-β3 with high affinity and to be necessary for high
affinity association with TGF-β2 with its type II receptor. Betaglycan surprisingly was also found to bind
inhibin A with high affinity suggesting it as a potential
receptor [52, 55]. Betaglycan possess distinct inhibin
and TGF-β binding sites and suggest that betaglycan,
may function as a co-receptor for these ligands [56].
Disruption of the betaglycan binding by simultaneous
substitution of Thr (111), Ser (112), Tyr (120) to Ala
yields an inhibin A variant that is unable to mediate
its action i.e., unable to suppress activin-induced FSH
release by rat pituitary cells in vitro [24]. The other
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Fig. 2 Inhibin signal transduction Activin binds to the serine threonine kinase type I and type II receptors present on the cell surface.
Type II receptor gets phosphorylated upon binding of the ligand and activates the type I receptor. Type I receptor phosphorylates
downstream R-SMADs. Phosphorylation of R-SMAD associates with the Co-SMAD (SMAD4) and enters the nucleus to initiate
the transcription of target genes along with other cofactors. Inhibin binds to the activin type II receptors and block recruitment
of type I receptors and after steps of activin signaling.

candidate receptor INHBP/p120 is a large transmembrane protein with a short, kinase deficient cytoplasmic tail, and was purified from bovine pituitary membrane extracts by its affinity for inhibin A [52]. Unlike
betaglycan, INHBP forms a complex with the activin
type I receptor, ALK4 in a ligand independent manner. INHBP does not disrupt activin signal transduction in the absence of Inhibin. Activin stimulated gene
transcription was blocked by INHBP in the presence
of Inhibin B, but not Inhibin A, which suggests that
INHBP may function as an inhibin B specific receptor
[52, 57, 58].

Pituitary Actions of Inhibins
Although the inhibin-α subunit mRNA and protein
are expressed in the anterior pituitary, the major endocrine feedback action upon pituitary FSH secretion
seems to be from inhibin of gonadal source [35] (Fig.
3A). As shown in Fig. 3B, the interaction of inhibinα with various proteins as analyzed by STRING net
work indicates their functional complexity. Numerous
studies using either partially purified ovarian follicular

fluid or recombinant (rh) inhibin A’s preparations elucidated the role of inhibin in the control of pituitary function. Exogenous administration of inhibin has been
studied in a variety of animal model systems for example; administration of rh inhibin A to the rats of both
sexes, caused dose and time-related decrease in plasma
FSH, but not LH levels [59]. There was lowered circulating FSH levels and reproductive defects in inhibin
α-subunit knockout mice when inhibin A was exogenously regulated in the liver tissue [60]. Numerous
studies in different animal models concluded that systemic administration of inhibin suppresses pituitary
FSH secretion, while immunoneutralization of inhibin
leads to increase in serum FSH levels [61]. When the
bioactivities of highly purified preparations of recombinant human 31-kDa inhibin A and B were determined in rat pituitary cells in vitro, and in ovariectomized adult rats in vivo based on suppression of plasma
FSH, it was found inhibin B has more potent activity
than the other [62]. Gonadotrophs are the major pituitary targets of inhibin and the majority of these cells
express the inhibin co-receptor betaglycan [55, 58,
63]. The presence of receptors for inhibin also has
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Fig. 3A The Hypothalamic-pituitary-ovarian axis Inhibins secreted from the ovaries negatively regulate the pituitary FSH secretion
whose secretion is also controlled by hypothalamic GnRH.
3B Protein interactome of inhibin alpha analyzed by STRING 8 network 104 Protein association network in STRING version
8.0 centred at the query protein inhibin alpha. Different line colours connecting different proteins represent the type of evidence
for the association. The factors such as CREB, SF-1 and GATA-4 has been documented by evidence of association; FSH-follicle
stimulating hormone; FST-follistatin; ACVR2A- activin receptor 2A; TGF-transforming growth factor; AMH- anti mullerian
hormone

been identified in the thecal and granulosa cells of the
ovary [63-65]. Devoid of apparent recognition of signaling effectors downstream to inhibin signaling, it is
antagonism of activins action by inhibins that modulate the functions of gonadotrophs in its FSH secretion
and FSH-β expression [66, 67]. Inhibins also modulate
gonadotroph sensitivity to GnRH receptors [68].

Inhibins and Reproductive Physiology
There is availability of substantial data elucidating
the role of the inhibins in females compared to males.
This is because of the success to conduct in vitro culture studies in granulosa cells and failure to achieve
similar studies in seminiferous epithelium. Initially
quantitation of inhibin was done using radioimmunoassay in many studies which also measured products
of the α-subunit. This cross reactivity resulted in an
inability to distinguish between inhibin A, inhibin B
and α-subunit proteins that were present in the circulation. Using this assay, a modest increase in immunore-

active inhibin was reported in the late follicular phase
and reaching a peak with the LH surge in the menstrual cycle [45]. The observed highest levels during
the luteal phase positively correlated with high P4 levels in primate menstrual cycle. Studies demonstrating
the ability of human chorionic gonadotropin (hCG) to
prevent the luteal regression and premenstrual decline
of serum inhibin levels during the late luteal phase and
following GnRH antagonist administration [69] confirmed CL being the source of inhibin during the luteal
phase. Studies involving lutectomy in monkeys and
other studies in human further confirmed the source
of circulating inhibin during the luteal phase in the
reproductive cycle [39, 40, 70]. Subsequent development of sensitive assays and measurement using these
assays showed similar pattern of secretion of inhibin
A. In contrast, to the circulating profile of inhibin A,
inhibin B levels are highest during early to mid follicular phase and decline in the late follicular phase [71].
Inhibin B appears to be absent in the primate CL [71].
The secretory patterns of inhibin and other hormones
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that regulate reproduction are different in humans and
rodents. For instance, in contrast to human data, LH
causes a rapid decrease in inhibin production (serum
and mRNA levels) in the rat. The CL of the rat does
not express inhibin subunit mRNA’s and does not produce inhibin. Both inhibin A and inhibin B have the
capacity to suppress FSH secretion however, the relative potency of inhibin A and inhibin B had been difficult to assess due to use of different bioassays and
immunoassays employed by various groups. However,
recently Makanji et al., 2009, reported that inhibin B is
a more potent suppressor of rat FSH both under in vivo
and in vitro conditions [62]. As the levels of inhibin
A and E2 rise in similar courses, it is difficult to delineate the specific role for each in the control of the FSH
in the late follicular phase. The differential patterns
of inhibin A and inhibin B reflect the localization and
production of these two proteins in the various stages
of follicular development [72]. The preantral follicle
shows evidence of βB production with no α-subunit
being detected suggesting that the dimeric product is
activin B. FSH stimulates α-subunit production which
together with βB subunit is responsible for inhibin B
production when the cohort of follicles proceed towards
ovulation. The dominant follicle produces βA resulting
in increased inhibin A production during the later part
of the follicular phase to peak at the mid cycle. This
in turn decreases FSH leading to the suppression of the
βA expression in small follicles. LH surge is associated
with decrease in the expression of the inhibin subunits
and after formation of CL, expression of α and βA subunits are maintained in primates. Inhibin exerts stimulatory effects on folliculogenesis and may control follicular growth, development, atresia, oocyte maturation
and spermatogenesis [73, 74]. Mice bearing a targeted
deletion of the α-subunit gene generated by homologous
recombination in mouse embryonic stem cells develop
normally, but all of them eventually develop mixed or
incompletely differentiated gonadal stromal tumors [1].
This suggested that inhibin is a critical negative regulator of gonadal stromal cell proliferation, and it is antitumorigenic. The human placenta is a major source of
plasma inhibin-like activity and placental cells in culture secrete these proteins [75]. The α-subunit and its
mRNA are found in the cytotrophoblast region of the
villi, whereas βB is expressed in the syncytial layer. The
βA protein is expressed in both inner and outer layers.
The expressions of all these subunits are increased during the progression of pregnancy [75].
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Inhibins in Clinical Reproductive
Medicine
There are diverse areas of investigation of inhibins
in obstetrics and gynaecology. Most of clinical studies on inhibins are mainly focussed on reproductive tissues such as the ovary, placenta and the testis. Inhibin
can be used as a clinical marker for prenatal screening
of Down’s syndrome [76, 77]. Measurement of circulating levels of inhibins also aids in investigation of
reproductive ageing and assessment of in vitro fertilization [78, 79]. It has been reported that inhibin is
useful as a clinical marker for granulosa cell tumour
and mucinous carcinoma of the ovary [80]. It is a
good marker to assess CL function upon P4 supplementation during luteal insufficiency. The specific assays
for both the isoforms of inhibin also suggested a differential role that inhibin B may be a useful marker
for follicular development and that inhibin A may indicate functionality of CL. Recently single nucleotide
polymorphisms (SNPs) of inhibin A gene and its association of premature ovarian failure have gained a lot
of attention in clinical research related to reproductive
disorders [81-83]. Activin A and inhibin A measurement throughout pregnancy may have clinical usefulness in terms of diagnosing many gestational diseases
(37) Both inhibin A and activin A serve as markers for
assessment of perimenopausal changes, trophoblast
viability, tumours and diagnosis of hypertensive disturbances of gestation [84].

Inhibins and Its Role in Tumourigenesis
The inhibin field research in tumour biology is confounded by the available data that inhibin-α acts as a
tumour suppressor in adrenal glands and ovaries of
mice however elevated in circulating concentrations in
women with ovarian cancer [2, 85]. Studies on knockout mice for inhibin-α subunit gene showed aggressive Sertoli/granulosa cell tumours in the gonads and
adrenals of both sexes in mice [1]. These reports suggested that inhibin-α act as putative tumour suppressor in mice gonads and adrenal gland. But in humans,
granulosa cell tumours are initiated when the circulating levels of inhibin are high, and suggest that granulosa cell tumours in human may be associated with
loss in the responsiveness rather than loss of expression [86]. In support of this hypothesis, it was found
that almost 53% of granulosa cell tumours exhibited
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decreased receptor expression (TGFβ3) when compared to normal premenopausal ovary and ovarian and
testicular malignant germ cell tumours exhibited positive staining for inhibin/activin subunits [87, 88]. In
humans, it is reported that endogenous inhibins control the granulosa cell tumour migration and invasion by acting through TGFβ3 receptor [87]. Using
Xenograft model of epithelial ovarian cancer cell lines,
it was demonstrated that on loss of inhibin responsiveness there was more aggressive tumour phenotype in
the cell lines both in vitro and in vivo condition [89]. In
accordance with this, when TGFβR3 is over expressed
in ovarian cancer epithelial cells, it blocked cell migration, whereas inhibin-α subunit silencing enhanced
both invasion and migration [90]. In contrast to the
inhibin association in ovarian cancer, the expression
of inhibin-α have been reported to be high in the latestage and metastatic prostatic cancers [91, 92]. These
studies demonstrated a pro-tumourigeneic and prometastatic function of inhibin-α associated with androgen
independent stage of late and metastatic prostatic disease. Additionally it was shown that the expression of
inhibin-α subunit could serve as a predictive factor for
the prognosis of prostate cancer [92]. It is reported that
there is a differential expression of inhibin-α in ductal
carcinoma in situ (DCIS) which suggest a tumour suppressor role for inhibin-α in breast tissue [26]. Analysis
of inhibin/activin- alpha, -beta A and –beta B subunits
in 302 endometrial cancer tissue samples by immunohistochemical analysis revealed a significant correlation with histological grading, surgical staging, lymph
node status and diabetes in patients with endometrial
cancer [29]. In vitro studies in endometrial Ishikawa
cell line demonstrated a stimulating role for interferon
beta1a upon inhibin-α expression which opens new
therapeutic strategies for the treatment of endometrial
cancer [93]. The differential expression of inhibin beta
A and beta B subunits in normal and malignant glandular epithelial cells of the human uterine cervix suggest
an important role for inhibin beta units in cervical cancer [94]. Therefore, all these studies suggest inhibin/
activin subunits might serve as useful prognostic markers in tumourigenesis and the related studies are indicated in (Table 1).

Inhibin and the Regulation of Bone Mass
Perimenopausal changes in bone i.e., increased bone
turn over and bone mass have been reported in women

Table 1 Association of Inhibins in various disorders
Disease
References
[3]
1 Rheumatoid arthritis & systemic lupus erythematosus
[4]
2 Hypogonadotropic hypogonadism
[5]
3 Preeclampsia
[87]
4 Ovarian granulosa cell tumours
[76]
5 Down syndrome
[80]
6 Ovarian cancers (mucinous and sex cord stromal)
[81-83]
7 Premature ovarian failure
[88]
8 Gonadal malignant germ cell tumours
[26]
9 Breast cancer
[91, 92]
10 Prostate cancer
[29]
11 Endometrial cancer

in association with increased circulating FSH levels
[95]. Also it was correlated that decline in gonadal
inhibins strongly associate with increase in bone formation and resorption markers across the menopause
transition [95]. Circulating concentrations of inhibins
predict lumbar bone mass in perimenopausal women
regardless of changes in sex steroids or FSH levels
[95]. Supporting this hypothesis, in vitro studies in
murine bone marrow cell cultures demonstrated a direct
effect of inhibin A and inhibin B upon osteoblast and
osteoclast differentiation [96]. It was also shown that
continuous exposure of mice to inhibin A in vivo protected the bone loss after gonadectomy and regulated
bone quality [95]. It was demonstrated that inhibins
suppressed the recruitment of cells into the osteoblastic
lineage as well as osteoblastic differentiation into bone
nodules [96]. The demonstration of suppressive role
on multi-nucleated tartrate-resistant acid phosphatase
positive (TRAP+) cells, indicator of osteoclastogenesis further supports the bone remodelling role of inhibins [95]. The mechanism of all these actions was often
correlated with blocking action on bone morphogenetic proteins effect on osteoblastogenesis and osteoclastogenesis. Subsequently, the confirmation of these
actions in human cells provided further evidence that
changes in ovarian inhibins might directly influence
bone turnover via changes in cell differentiation [97].
Clinical studies in peri-menopausal women that measured serum circulating levels of steroids, inhibins and
FSH confirmed that decrease in inhibin levels across
the menopausal transition is associated with increasing
bone turnover as well as with bone mass regardless of
changes in steroids or FSH levels [95, 97, 98] (Fig. 4).
Together, these data suggest that inhibins regulate bone
mass by endocrine regulation of bone metabolism and
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Fig. 4 Changes in hormones dynamics in association with
bone health during premenopausal, peri-menopausal
and post menopausal state (See text for details)

hypothalamic-pituitary-gonadal axis can be extended
to include its effects on skeleton.

Inhibins in Digestive System
Gastro-intestinal and pancreatic endocrine cells produce several hormones and/or amines and belong to diffuse enteric endocrine system. Additionally to secretion of hormones, this group of cells secrete growth
factors and express its receptors as evident from many
studies [99-101]. It has been demonstrated that human
endocrine cells of the gut express activin A and pancreatic islet cells in rats express beta A and activin [102,
103]. The findings of differential expression of activin/
inhibin subunits among different types of human gastrointestinal and pancreatic endocrine cells and related
tumours suggest a modulatory role for these factors in
biological functions of these cells in the gut.

Concluding Remarks
Albeit the identification of true inhibin receptor is
still to be resolved, several lines of evidence support the
direct role of inhibins in many physiological functions
apart from originally proposed when they were dis-

231

covered in the 1930s. Emerging and unexpected new
roles from inhibin accentuate the significance to study
the regulatory processes involved in its production and
action on that particular tissues. Advanced details about
the molecular mechanisms involved in assembly, signal transduction, differential regulation of the two isoforms and biosynthesis of inhibins in normal and disease state is yet to be resolved. These vitally important
questions are currently being addressed in many laboratories as evident in the recent years by rising amount
of information available in the literature. By technology and modern sophisticated research approach, it
should become possible to address all the important
questions on inhibin’s biology and its new endocrine
roles in the coming new years. This will further help
in our understanding to combat against the issues of
fertility, reproductive cancers and bone homeostasis
problems (osteoporosis). It could also envisage novel
therapeutic strategies in the diagnosis and treatment of
related tumours. In summary, the field of inhibin biology and particularly its association with clinical disorders remain a fruitful area of research enquiry while
striving for therapeutics.
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