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ABSTRACT

Sex hormone-binding globulin (SHBG) transports androgens
and estrogens in blood and regulates their access to target
tissues. Hepatic production of SHBG fluctuates throughout the
life cycle and is influenced primarily by metabolic and hormonal
factors. Genetic differences also contribute to interindividual
variations in plasma SHBG levels. In addition to controlling the
plasma distribution, metabolic clearance, and bioavailability of
sex steroids, SHBG accumulates in the extravascular compart-
ments of some tissues and in the cytoplasm of specific epithelial
cells, where it exerts novel effects on androgen and estrogen
action. In mammals, the gene-encoding SHBG is expressed
primarily in the liver but also at low levels in other tissues,
including the testis. In subprimate species, Shbg expression in
Sertoli cells is under the control of follicle-stimulating hormone
and produces the androgen-binding protein that influences
androgen actions in the seminiferous tubules and epididymis.
In humans, the SHBG gene is not expressed in Sertoli cells, but
its expression in germ cells produces an SHBG isoform that
accumulates in the acrosome. In fish, Shbg is produced by the
liver but has a unique function in the gill as a portal for natural
steroids and xenobiotics, including synthetic steroids. However,
salmon have retained a second, poorly conserved Shbg gene
that is expressed only in ovary, muscle, and gill and that likely
exerts specialized functions in these tissues. The present
review compares the production and functions of SHBG in
different species and its diverse effects on reproduction.

male reproductive tract, mechanisms of hormone action, sperm,
steroid hormones/steroid hormone receptors, testis

INTRODUCTION

The sex steroids, testosterone and estradiol, control various
aspects of sexual differentiation, gonadal development, as well

as growth and functional maturation of reproductive tissues [1].
They also influence the maturation of other organ systems,
including the lung [2] and kidney [3], during early develop-
ment. The prenatal effects of androgens exert lifelong impact
on the expression of genes in the liver [4] and have been
associated with risk for metabolic syndrome and cardiovascular
disease during later life [5–7]. In addition, androgens and
estrogens modulate sexual behaviors that are critical determi-
nants of reproductive success [8].

As classical hormones, sex steroids or their immediate
precursors are produced in steroidogenic cells of the gonads,
adrenal glands, and placenta, and they are transported in the
blood to their target tissues by several steroid-binding proteins
[9]. The most abundant plasma protein, albumin, binds all
classes of steroids nonspecifically and with low affinity and
functions as a reservoir that enhances the solubility of
lipophilic molecules and prolongs their biological half-life
[10]. By contrast, a plasma glycoprotein, known as sex
hormone-binding globulin (SHBG), binds biologically active
androgens and estrogens specifically, with an affinity four to
five orders of magnitude greater than that of albumin, and is
found in the blood of all classes of vertebrates with the
exception of birds [9]. Because of its very high ligand-binding
affinity, plasma SHBG is the major plasma transport protein for
biologically active androgens and estrogens [11], and changes
in the blood levels of SHBG influence their plasma distribution
and access to target tissues and cells [12].

The steroid-binding specificity of SHBG varies between
species, but androgens are generally the preferred SHBG ligand
in mammals. In the past, SHBG has therefore also been widely
referred to as the androgen-binding protein (ABP) by
reproductive biologists, who have studied its production in
the testis and how it might influence sperm maturation in the
male reproductive tract [13]. The cloning of human SHBG and
rat Abp cDNAs and their genes, however, revealed that these
proteins are orthologs and the products of a single gene [14,
15], which is expressed at low levels in several tissues in
addition to the liver and testis [13]. Recently, a second SHBG-
related gene encoding an ancient paralog of SHBG has been
identified in the Salmonidae order of teleosts and is referred to
as salmonid shbgb [16]. Unlike the evolutionarily conserved
shbg gene, the salmonid shbgb gene is expressed primarily in
the ovary, gill, and muscle; it is not expressed in the liver or
testis [16, 17].

The present review compares the expression and regulation
of genes encoding SHBG in different species. It also evaluates
the diverse effects SHBG may have on the reproductive
strategies and fitness of those species.
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EVOLUTION OF THE SHBG GENE AND ITS PROTEIN
STRUCTURE

Phylogenetic analyses using gene orthology and paralogy
prediction methods indicate that a gene encoding SHBG
evolved with the appearance of the vertebrates some 500
million years ago (http://www.ensembl.org). How this gene
originated is not known, but it encodes just two laminin G-like
(LG) domains that are also found in the carboxy-terminal
regions of two other, much larger secreted proteins (i.e., the

vitamin K-dependent proteins, gas6 and protein S) [18]. The
human SHBG gene is quite compact (Fig. 1A), comprising
eight coding exons distributed over only approximately 4 kbp
of genomic DNA [14]. The same Shbg gene structure is
conserved across all vertebrate species, although the sizes of
intronic sequences vary. Crystal structure studies [19] have
shown that the steroid-binding site of SHBG is confined to its
amino-terminal LG domain encoded by exons 2–5 (Fig. 1B).
Within the amino-terminal LG domain, amino acids critical for
steroid binding are highly conserved in SHBG molecules

FIG. 1. Organization of the human SHBG gene and tertiary structure of human SHBG showing the location and topography of the steroid-binding site. A)
The 4.3-kb human SHBG transcription unit that is expressed in hepatocytes under the control of an approximately 800-bp promoter sequence (red). The
positions and relative sizes of exons 1–8 that encode the signal polypeptide for secretion and the two LG domain structures that constitute the mature
SHBG monomer are color-coded to match regions for which the tertiary structure has been resolved. Exon 1 includes a 60-bp, 50 untranslated region and
the translation start site for the SHBG precursor polypeptide sequence, which includes the signal polypeptide sequence that is removed during secretion of
the mature polypeptide, as well as the 3 amino-terminal residues of the mature SHBG protein. B) Tertiary structure of the human SHBG monomer showing
the amino-terminal LG domain that has been crystallized with steroid ligands in the single steroid-binding site joined by a linker region (red) to the
carboxy-terminal LG domain (gray) that has been modeled from the amino-terminal LG domain structure. The position of the disordered sequence over
the steroid-binding site that is influenced by occupancy of a zinc-binding site (zinc molecule shown as a purple ball) and steroid-ligand binding is shown
(dashed green tracing). During synthesis and secretion, SHBG monomers dimerize spontaneously in a head-to-head manner to form a linear homodimer
at a dimerization domain, the position of which is indicated, and this process is influenced by occupancy of a calcium-binding site (calcium molecule
shown as a green ball). C) The topography of the SHBG steroid-binding site, showing how androgens (5a-androstane-3b,17b-diol) and estrogens (estradiol)
are oriented differently in the steroid-binding site and how this induces subtle differences in the positioning of surface residues (e.g., Trp84 [arrow]).
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across vertebrate species, and they include a serine residue
(Ser42 in human SHBG) located deep in the binding pocket.
This serine residue appears to be essential for steroid binding
(Fig. 1C), and hydrogen bonds with functional groups at the C3
position of the A ring of androgens [20] and the C-17 hydroxyl
group of ring D of estrogens [20, 21]. This difference in
orientation of androgens and estrogens within the SHBG
steroid-binding site may be functionally important, because it
alters the position of an exposed loop over the entrance to the
steroid-binding site [22] and induces subtle changes in the
orientation of surface exposed residues (e.g., Trp84) [20, 21]
(Fig. 1C), which could influence interactions between SHBG
and other proteins in a ligand-dependent manner [23]. These
crystal structure studies not only revealed the location of
calcium-binding sites in the human SHBG amino-terminal LG
domain (Fig. 1B) but also demonstrated that SHBG is a zinc-
binding protein [19, 24]. It had previously been shown that the
presence of calcium is essential for maintaining homodimer
stability and steroid-binding activity [25], but the presence of a
zinc molecule was found to help orient the exposed loop over
the entrance to the steroid-binding site (Fig. 1B) and to alter the
binding affinity of estrogens versus androgens [24].

The structure of SHBG in relation to its function as a
steroid-binding protein has been reviewed recently [23], but
one aspect of its structure should be mentioned here in relation
to potential functions of SHBG that are still poorly understood.
The C-terminal regions of gas6 and protein S contain the same
tandem laminin domain structure as SHBG, but they do not
bind steroids. However, they do interact with the TAM
(TYRO3, AXL, and MER) family of receptor protein tyrosine
kinases, and this interaction occurs via their ‘‘SHBG-like’’
domains [26, 27]. Thus, like other proteins with LG domain
structures, such as neurexin and laminin itself [28], they have
the capacity to participate in macromolecular interactions
through conserved protein-protein interaction domains. It is not
surprising, therefore, that interactions have been reported
between SHBG and plasma membrane-associated proteins
[29, 30] and other extracellular proteins [31], which extend the
role of SHBG beyond that of a simple steroid transport protein.

SHBG IN THE BLOOD

During Fetal Development

In mammals, production of plasma SHBG by the liver
during fetal life [32] appears to be particularly important,
because this is the only time at which the Shbg gene is
expressed in the livers of mice and rats [33]. In support of this,
hepatic Shbg expression, and the appearance of SHBG in the
blood of fetal rats [33, 34], coincides with the appearance of the
luteinizing hormone receptor and the key steroidogenic
enzymes required for testosterone biosynthesis in the fetal
testis [35]. Although less information is available about the
ontogeny of fetal hepatic SHBG production and testicular
steroidogenesis in other mammals, the window of maximum
testosterone production by the fetal rabbit testis also occurs
during the last third of gestation [1], coincident with a surge in
hepatic SHBG production [36]. By contrast, the masculiniza-
tion time window, during which the human fetal testis produces
very high levels of testosterone, occurs between Weeks 10 and
20 of pregnancy [37], at a much earlier gestational age than in
rodents or rabbits. This is interesting, both because SHBG is
present in human fetal blood samples at this early stage of
development [38] and because amniotic fluid levels of SHBG
and testosterone correlate significantly in male fetuses during
Gestational Weeks 13–20 [39], during the window of
masculinization in the human male fetus [37].

It is not known if sex differences influence the hepatic
expression of Shbg in fetal rabbits [36] or rodents [32, 33], but
SHBG levels in male and female human fetal blood [38] and
amniotic fluid [39] samples are similar. Although the overall
function of SHBG in fetal blood has not been clearly defined, it
may serve to protect female fetuses from exposure to
androgens in utero in addition to regulating the action of
androgens in terms of male sex differentiation. Some
precedence exists for this, because alpha-fetoprotein (AFP) in
rodents is also expressed in the developing liver at high levels
during late fetal and early postnatal life and has the unusual
characteristic of being a high-affinity estradiol-binding protein
[40]. Physiologically, this appears to be important, both
because Afp�/� mice do not ovulate as a result of an imbalance
in the hypothalamo-pituitary-gonadal (HPG) axis [41, 42] and
because female Afp�/� mice exhibit reproductive behavioral
defects consistent with a defeminization and masculinization of
the brain as a result of excess estrogen exposures during fetal
and early postnatal life [40, 43]. In human fetuses, AFP does
not bind estrogens, but human SHBG binds estradiol with
relatively high affinity and, thereby, may provide a similar
function in terms of modulating the actions of estrogen in
human female fetuses and neonates.

During mid to late pregnancy, maternal plasma SHBG
levels increase 5- to 10-fold in humans [44] and rabbits [36].
Why plasma SHBG increases so much during pregnancy in
some species but not others is not fully understood, but it may
be related to species differences in the magnitude of estrogen
production by the placenta and/or its subsequent effects on
hepatic Shbg expression. In support of this, maternal sheep
plasma SHBG levels do not change during pregnancy and are
not increased by exogenous estrogen treatment [45]. In species
for which plasma SHBG increases during pregnancy, it has
been thought that this protects the fetus from exposures to
maternal sex steroids, but the opposite actually might be closer
to reality. In other words, maternal SHBG might serve to
protect mothers from sex steroids that originate from the fetus,
particularly androgen. This has never been formally investi-
gated. However, clinical studies of a woman with very low
plasma SHBG levels, resulting from a combination of two rare
single-nucleotide polymorphisms (SNPs) in each of her SHBG
coding sequences, suffered from profound and transient
virilization during pregnancy, whereas her twin daughters
were born without any evidence of excessive androgen
exposure [46]. A similar condition of transient maternal
virilization is observed among patients with a fetus in which
the P450 aromatase gene is defective, resulting in a spillover of
fetal adrenal androgens into the maternal circulation and
illustrating the importance of placental aromatase in protecting
the mother from fetal adrenal androgens [47].

During Childhood and Puberty

At birth, plasma SHBG is virtually undetectable in rat pups,
and the immunoreactive SHBG that reappears at low levels in
the blood of male rats just before weaning originates from the
Sertoli cells, before maturation of the blood-testis barrier [48].
That Shbg transcripts are not present in the livers of adult rats
[49] and plasma SHBG is undetectable in their blood [48]
presents an interesting conundrum, because it indicates that
SHBG is not essential for transporting or regulating the actions
of sex steroids in rodents after birth.

In human neonates, SHBG levels in cord blood are
approximately 10-fold lower than those in maternal blood,
then increase to relatively high levels (;100 nM) in infants of
both sexes until the onset of puberty, when they decline
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progressively [50, 51]. Some evidence indicates that this
postnatal increase in plasma SHBG levels is brought about by
maturation in the production and actions of thyroid hormones
[52]. In this context, thyroid hormones act indirectly to increase
human SHBG expression by increasing the hepatic levels of the
transcription factor, hepatocyte nuclear factor 4 alpha
(HNF4A), which has emerged in our understanding as the
key regulator of SHBG transcription in the liver [53–55], as
illustrated in Figure 2. The high plasma levels of SHBG during
childhood will restrict the premature actions of sex steroids
derived from the metabolism of adrenal androgens, and the
progressive decline of plasma SHBG levels during puberty
probably contributes indirectly to the maturation of the HPG
axis [50, 51].

During puberty, blood levels of SHBG decrease in girls and
boys by approximately 2- and 4-fold, respectively [44]. It was
originally thought that increased adrenal and gonadal produc-
tion of androgens might account for these pubertal changes in
SHBG levels in boys by directly influencing hepatic SHBG

production. The reduction in plasma SHBG in boys serves to
ensure a steady increase in the amounts of free testosterone in
the blood required for the maturation of accessory sex organs
and physical stature [44]. However, a direct effect of androgens
on hepatic SHBG expression has never been substantiated in
humans or any other species, and reason exists to believe that
these effects are indirect. This was actually suggested many
years ago [56] and is now supported by evidence that androgen
exposures during early life are responsible for sex differences
in the pulse frequency and amplitude of pituitary growth
hormone release, and it is this that influences the sexual
dimorphic expression of many genes in the liver [57]. The sex
difference in growth hormone pulsatility that is established
during puberty persists in adults until old age, and it involves
the STAT5B signaling pathway in the liver [58, 59] together
with HNF4A [58, 60] as key determinants of the sexual
dimorphism of liver gene expression in mice [60]. In addition
to being a sensor and key regulator of metabolic pathways in
the liver [60, 61], HNF4A is the main transcriptional on-off

FIG. 2. The 200-bp human SHBG proximal promoter sequence, showing occupancy of cis-elements by transcription factors in response to different
physiological states and the corresponding transcriptional activity of the promoter. A) Under conditions when HNF4A levels in hepatocytes are high, the
cis-element (1), which resembles a nuclear hormone DR1 response element, is occupied by HNF4A, resulting in maximal transcriptional activity that may
be enhanced by differences in growth hormone pulsatility. HNF4A also binds to a second DR1 sequence (3), but this has a more modest effect on
transcriptional activity. A binding-site USF1/2 (4) has little effect on the transcriptional activity of SHBG in liver cells. The identity of the transcription
factor that binds to the cis-element (2) and its effect on transcription in the liver is not known. B) PPARG-2 competes with HNF4A for binding at the DR1
sequence (3) and preferential binding of a PPARG-2 variant with superior transcriptional activity to this site will repress SHBG promoter activity. C) Under
conditions where HNF4A levels are reduced, the DR1 site closest to the transcription start site is occupied by COUP-TF, and this results in a marked
reduction of SHBG transcription.
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switch for hepatic SHBG expression [53], as illustrated in
Figure 2, and sex differences in growth hormone pulsatility
might therefore contribute to sex differences in hepatic SHBG
gene expression in human adults.

It is widely recognized that body mass in humans, and the
relative amounts of adipose tissue versus lean muscle in
particular, is one of the most important determinants of plasma
SHBG levels [62]. In addition, awareness is increasing that
obesity, although associated with early onset of menarche in
girls, is less of a determinant of precocious puberty in boys [63]
and that precocious puberty in boys is not as tightly linked to
changes in body composition [64] or endocrine-metabolic
abnormalities [65] as it is in girls. This makes sense from a
teleological perspective, because it might be argued that
changes in body composition during the transition to
reproductive maturation are much more important for the
reproductive success of females than of males. It is therefore
conceivable that changes in body composition and metabolic
state are primarily responsible for the reductions in plasma
SHBG levels at puberty in females. This would be important,
because reductions in plasma SHBG levels will cause
substantial increases in the proportions of free androgens and
estrogens in the blood and have a profound impact on the
maturation of the HPG axis. In this regard, whereas childhood
obesity is increasingly associated with precocious puberty in
girls [63], young women who have a lean physique often
present with delayed menarche and/or primary amenorrhea
[66]. Moreover, plasma SHBG levels in women with anorexia
are in the same range as those found in prepubertal girls but fall
rapidly to levels seen in normal-weight, healthy women after
only modest increases in body weight [67].

During Adult Life

Nutritional status is a prime determinant of reproductive
fitness for all life forms. In recent times, humans have
undergone unprecedented changes in nutrition and lifestyle
that not only influence our ability to reproduce but have
broader implications in terms of major health issues [68]. In
this context, abnormally low plasma SHBG is one of the most
reliable biomarkers of metabolic syndrome and its associated
pathologies in obese individuals, including the polycystic
ovarian syndrome (PCOS), type 2 diabetes, and cardiovascular
disease [62]. Low plasma levels of SHBG are also observed in
lean women with PCOS [69], and this presents the interesting
dilemma of whether low plasma SHBG levels are a cause or an
effect of disturbances in the HPG axis that characterize PCOS
or even underpin the pathogenesis of metabolic syndrome. This
question has never been formally addressed, but common SNPs
within the human SHBG gene that are associated with increases
or decreases in plasma SHBG levels have recently been linked
to reduced or increased risk, respectively, for metabolic
syndrome [70].

In human adults of normal body weight, plasma SHBG
levels can also vary considerably. Some of these differences are
attributed to variations in endocrine and metabolic state [62],
but ample evidence suggests that interindividual differences in
plasma SHBG levels are in part inherited [71]. This may
involve individual differences in the levels or activities of key
transcription factors that control SHBG expression in the liver.
For instance, a genetic variant of PPARG-2 with superior
transcriptional activity has been associated with reduced serum
SHBG levels [72], and PPARG-2 appears to repress human
SHBG transcription [73] by binding a DR1 nuclear hormone-
response element (GGGTCAaGGGTCA) that is shared with
HNF4A and NR2F1 (also known as COUP-TF1) in the SHBG

promoter (Fig. 2). As indicated above, HNF4A represents the
key on-off switch for SHBG expression in the liver, and it acts
in this context by binding to another DR1-binding site located
approximately 20 bp upstream of the transcriptional start site
(Fig. 2). This is the position that the TATA-binding protein
(TBP) normally binds in many gene promoters, and in the
TATA-less SHBG promoter, HNF4A substitutes for TBP and
actively recruits the transcriptional machinery to this site [53].
Because the COUP-TF1 also binds competitively with HNF4A
for this site, the levels of HNF4A are critically important in this
respect, and when COUP-TF1 binds in this location (Fig. 2),
SHBG transcription is blocked [53]. It is therefore possible that
genetic abnormalities in the production or function of HNF4A,
which are linked to the risk for maturity-onset diabetes of the
young [74], will also contribute to reduced SHBG expression in
the liver.

Polymorphism within the human SHBG gene also contrib-
utes to individual differences in serum SHBG levels. For
instance, a common SNP that results in a D327N substitution
introduces an additional consensus site for N-glycosylation
[75]. This SNP (rs6259) appears to increase the plasma half-life
of SHBG [76] and to be associated with altered risk of
reproductive tissue cancers [77, 78]. Other SNPs in the coding
sequence are rare, but it has recently been found that another
nonsynonymous SNP (rs6258), which results in a Ser156Pro
substitution [46], actually reduces the affinity of SHBG for
steroid ligands and contributes to reduced serum testosterone
levels in men (Wu and Hammond, unpublished data). The
frequency of rs6258 in white males is approximately 2%
(National Center for Biotechnology Information SNP data-
base), and further studies are required to determine its
frequency in other ethnic populations and what impact this
genetic variant of SHBG might have on androgen and estrogen
levels and actions in women.

Several polymorphisms have been noted in the SHBG
promoter, and these have also been associated with differences
in serum SHBG levels [62, 79, 80]. The most well studied of
these is a polymorphic TAAAA(n) penta-nucleotide repeat
located at approximately 800 bp upstream of the SHBG
transcription site in the liver [81], and it has been linked to
abnormal plasma SHBG levels in women with PCOS, age at
menarche, chronic heart disease, and semen quality in men
[80]. So far, the identity of the transcription factors that might
bind to this region of the SHBG promoter and information
about how variations in this pentanucleotide repeat might
influence transcriptional activity in an in vivo context remain
elusive.

When considering the functions of SHBG in human adults,
the substantial differences in occupancy of the SHBG steroid-
binding site in men and women are often overlooked. Early
studies that compared all the known SHBG ligands with
respect to their relative binding affinities and serum concen-
trations in relation to the serum concentrations of SHBG in
men and women [11] demonstrated that only approximately
18% of the SHBG steroid-binding sites are potentially
occupied by endogenous steroids in women, versus approxi-
mately 56% in men. Sex differences in occupancy of the SHBG
steroid-binding sites can be explained easily by the much
higher testosterone and dihydrotestosterone levels in men than
in women, coupled with the fact that SHBG levels are
approximately 50% lower in men than in women. Nevertheless,
this raises the question of what the unoccupied SHBG-binding
sites are doing, especially in women. It is possible that this
provides a means of sequestering active androgens more
efficiently and thus limiting their access to target tissue or more
effectively removing active androgen metabolites from some
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tissues in women. That women are clearly much more sensitive
to increases in free androgens as a result of reduced serum
SHBG levels, at least in terms of very obvious androgenic
biomarkers, such as hirsutism, would tend to support this idea.
Alternatively, unoccupied SHBG steroid-binding sites might be
available for other ligands to bind, and evidence suggests that
SHBG is capable of binding a wide range of xenobiotics [23].
What should also be noted is that plasma SHBG levels increase
by at least 5-fold in women taking some oral contraceptive
formulations [82], and in these women, the amount of
unoccupied SHBG steroid-binding sites is further accentuated
to the point at which more than 90% of the sites cannot
possibly be occupied by steroid ligands. The overall effects of
this are not well recognized, but oral contraceptives with these
properties are frequently used to reduce symptoms of hyper-
androgenism (e.g., hirsutism) in women [83]. However, a
disproportionate amount of unoccupied SHBG steroid-binding
sites could increase the bioaccumulation of potentially harmful
xenobiotic ligands of SHBG, even if they bind with lower
affinity than natural steroids [23].

As observed during pregnancy, serum SHBG levels increase
by as much as 10-fold in women taking synthetic estrogens
[44], and both natural and synthetic estrogens increase the
production of SHBG by human liver cell lines [84]. However,
4.3- and 11-kbp human genomic fragments comprising the
SHBG transcription unit that are expressed in the liver are not
regulated by estrogen when introduced as transgenes into the
mouse genome, despite being expressed in the appropriate
tissues [85] and regulated appropriately by other metabolic and
hormonal stimuli [54, 55, 73]. It is therefore not known how
estrogens influence human SHBG expression in the liver, and
this may involve long-range effects in regions that include
more distal alternative promoters within the SHBG locus [86].

During reproductive aging in men and women, changes in
plasma SHBG levels are modest and probably related to
metabolic or endocrine changes. What is known is that plasma
SHBG levels in women do not change appreciably after
oophorectomy or the menopausal transition [87] and that
orchiectomy has no influence on plasma SHBG levels [88]. It
is therefore unlikely that modest increases in plasma SHBG
levels in elderly men [44] are related to any decline in testicular
testosterone production, and other age-related endocrine or
metabolic changes may be responsible for this. Alternatively,
evidence is increasing that elderly men with higher SHBG
levels are less likely to suffer from pathologies associated with
metabolic syndrome [89] and might therefore simply live
longer.

SHBG IN THE TESTIS

The SHBG homolog (i.e., ABP) produced by Sertoli cells of
most mammals is thought to influence the actions of androgens
in the seminiferous tubules and the epididymis, and this has
been reviewed in detail previously [13]. However, the precise
role of SHBG/ABP in the testis and epididymis remains
obscure, and whether it is absolutely essential for sperm
maturation is not known. In rat seminiferous tubules, evidence
suggests that the SHBG/ABP produced by Sertoli cells may be
transferred to spermatogenic cells [90] and influence the
dynamics of testicular germ cell proliferation [91]. The SHBG/
ABP that is secreted into the seminiferous tubules and rete
testis fluid migrates together with immature sperm to the caput
epididymis, where it interacts with principal epithelial cells and
is thought to promote testosterone access to these androgen-
dependent cells [92, 93]. The observation that occupancy of the
zinc-binding site with the amino-terminal LG domain of human

SHBG specifically reduces its affinity for estradiol is of
interest, because the preference of human SHBG for androgens
over estrogens will be accentuated in male reproductive tract
tissues that are particularly rich in zinc [24].

As in the rodent testis, the SHBG gene is expressed in the
Sertoli cells of several other mammals, such as rabbits and
sheep [9], but evidence that this occurs in the testis of humans
and other primates is less convincing. Early studies indicated
that whereas rat rete fluid contains substantial amounts of
SHBG/ABP, it is undetectable in monkey rete testis fluid [94].
A subsequent study reported that human Sertoli cell cultures
secrete SHBG [95]. However, the purity of these primary
cultures in terms of the degree of germ cell contamination was
not reported, and confirmation that the Sertoli cells of humans
or other primates produce and secrete SHBG is lacking.
However, SHBG transcripts in the human testis comprise a
noncoding alternative exon 1 sequence and lack the coding
sequence for a secretion signal polypeptide [96, 97] and
therefore will not encode a protein that is secreted in the same
way as SHBG from hepatocytes or SHBG/ABP from rat Sertoli
cells.

Cell-specific human SHBG expression in the testis has been
studied in transgenic mice that harbor wild-type or mutated
versions of human SHBG transcription units. When coupled
with experiments in different testicular cell lines, the molecular
basis for why human SHBG expression is confined to germ
cells, rather than Sertoli cells, has become apparent [97]. The
proximal promoter flanking the exon sequence that encodes the
secretion signal polypeptide required to direct the secretion of
SHBG from liver cells and SHBG/ABP from Sertoli cells
differs between humans and other subprimate species that
express Shbg in Sertoli cells in one important respect: A critical
binding site for the upstream stimulatory factor (USF)
transcription factors at approximately 110 bp from the
transcription start site in the SHBG gene of humans (Fig. 3)
is lacking in subprimate species. This cis-element specifically
represses transcription of human SHBG in Sertoli cells,
whereas its removal from the human SHBG promoter not only
restores its ability to be expressed in Sertoli cells but also
allows it to respond to follicle-stimulating hormone (FSH) and
other hormones in a manner consistent with the way the rat
Shbg gene is controlled and expressed in Sertoli cells [98].

The sequences in the rat Shbg promoter that are essential for
its expression in Sertoli cells and response to FSH are not well
defined, but they likely include a sequence (GGGAGG) that
markedly enhances its activity in Sertoli cells [99]. This
sequence is perfectly conserved in the corresponding position
in the human SHBG promoter [53], and it is a binding site for
the ubiquitously expressed transcription factor, SP1 [100].
Because it plays a key role in regulating numerous genes in
Sertoli cells, including the inhibin subunits [101], SP1 or its
related family members likely act through this site to enhance
transcription of the rat Shbg promoter in Sertoli cells, and the
human SHBG promoter therefore responds the same way in
these cells if the downstream USF-binding site is removed
(Fig. 3).

Although SHBG transcripts encoding the SHBG precursor
polypeptide are not present in the human testis [14], SHBG
transcripts comprising an alternative exon 1 sequence can be
detected in testis RNA extracts by Northern blot analysis [14]
or PCR-based methods [102]. The major SHBG transcript in
the human testis contains an alternative exon sequence located
approximately 2 kbp upstream of the transcription unit
responsible for SHBG mRNA in the liver. This alternative
human SHBG transcript accumulates in germ cells of
transgenic mice in a highly regulated manner throughout the
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spermatogenic cycle [85]; starting in round spermatids (stages
IV–V) and peaking in preleptotene spermatocytes (stages VII–
VII), it appears to encode an amino-terminally truncated SHBG
isoform that accumulates in the outer acrosomal space of sperm
[102, 103]. This sperm SHBG isoform has been characterized
biochemically and appears to be the product of translation that
initiates from the codon for Met30 in the mature human SHBG
(Fig. 3), which is flanked by strong Kozak consensus sequence
for translation initiation [103]. The function of the human
sperm-specific SHBG isoform is unknown. However, it has the
capacity to bind steroids, and its abundance in sperm declines
with age and is positively correlated with sperm motility [103].
Information about the regulation of the alternative human
SHBG transcription unit that is expressed in male germ cells is
limited, but evidence suggests that it is controlled by several
germ cell-enriched transcription factors, including SPZ1 and
CREB/CREM transcription factor family members (Fig. 3),
which are enriched in male germ cells during early stages of
spermatogenesis [97].

These species differences in the cell-type expression of
SHBG genes in the testis force us to reconsider the role of
SHBG/ABP in relation to sperm development. Clearly, much
of the information related to the control and function of the

testicular SHBG/ABP in subprimate species [13] may not
apply to the human situation.

SHBG IN REPRODUCTIVE TISSUES

The liver is the major source of plasma SHBG in mammals,
but genes encoding SHBG are expressed at lower levels in
numerous other tissues, including the brain, kidney, uterus, and
prostate [86, 104–107]. However, studies relying on methods
that amplify partial transcripts, which have not been fully
characterized, or alternatively are spliced in ways that disrupt
the open reading frame for the SHBG precursor, are difficult to
interpret. Most importantly, many human SHBG transcripts
contain alternative exon 1 sequences [14, 86], which lack the
signal polypeptide sequences for secretion, and evidence that
they are translated into a functional steroid-binding protein is
tenuous. Another limitation to these types of studies is that
tissue samples are invariably contaminated by plasma SHBG in
their capillary beds, and there is no guarantee that SHBG from
plasma sources does not nonspecifically associate with isolated
cell types. Studies in transgenic mice that overexpress human
SHBG transgenes circumvent these issues, because antibodies
against human SHBG do not cross-react with murine proteins
in immunohistochemical experiments—in other words, the

FIG. 3. Positions of key regulatory elements that control human SHBG transcription in different cell types in the testis. In Sertoli cells, the binding site of
USF1/2 to the SHBG proximal promoter (see Fig. 2) blocks its transcription in Sertoli cells. Removal of this USF1/2-binding site from the human SHBG
proximal promoter restores its activity in Sertoli cells in vivo in transgenic mice and in mouse Sertoli cells in culture. This modified human SHBG promoter
also responds to hormones in the same way as the rat Shbg in Sertoli cells, producing a transcript encoding the SHBG precursor that can be secreted. A
conserved SP1-binding site in the corresponding rat Shbg promoter plays a key role in its expression in Sertoli cells, and it probably acts in the same way in
the human SHBG promoter that lacks the USF1/2-binding site. In round spermatids and spermatocytes, the SHBG promoter sequence that is active in
hepatocytes is silent. Instead, a promoter sequence flanking an alternative exon 1 sequence located approximately 2 kbp upstream is active and under the
control of at least two cis-elements for key transcription factors (SPZ1 and CREB/CREM) that influence the expression of genes in these cells.
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tissues of wild-type mice are completely negative when studied
in this way [85]. However, these transgenic mice lack the
additional alternative exon 1 sequences recently identified [86],
and it is possible that SHBG transcripts containing novel
alternative exon 1 sequences encode functional proteins that
are not secreted, as in human testicular germ cells and the
acrosome [102, 103].

One of the remarkable observations made during studies of
mice expressing human SHBG transgenes was the substantial
accumulations of SHBG in the stromal tissues of some
reproductive tissues, such as the uterus and epididymis, in
which human SHBG mRNA was undetectable [31, 105].
Moreover, this mechanism appears to involve a highly specific,
ligand-dependent interaction between plasma SHBG and the
carboxy-terminal domains of two members of the fibulin
family of extracellular matrix (ECM)-associated proteins—
namely, fibulin 1D and fibulin 2 [31]. The physiological
significance of the accumulation of plasma SHBG within the
stromal ECM remains to be determined, but in the mouse
uterus, it fluctuates during the estrous cycle and is accentuated
when plasma estradiol levels are at their peak [31], suggesting
that it may somehow modulate the actions of estrogens in a
more direct manner.

In other tissues of transgenic mice that express human
SHBG transgenes, immunoreactive human SHBG was also
seen to accumulate inside specific epithelial cell types, and this
was most apparent in specific segments of the proximal
convoluted tubules of the kidney [85]. Recent studies have
shown that a substantial proportion of the SHBG produced by
these cells is retained within them and that this markedly
accentuates the androgen-dependent regulation of genes,
especially under conditions of androgen withdrawal [108].

Interactions between SHBG and sex steroid target cells have
been the subject of numerous studies over the past several
decades, the results of which have been interpreted as
providing evidence that SHBG either participates in targeted
delivery of its steroid ligands through endocytotic mechanisms
[30] or that SHBG itself acts as a ligand for a plasma receptor
with signaling potential [29]. Apart from the fact that a specific
receptor for SHBG has never been identified, studies of SHBG
interactions with the plasma membranes of specific cell types
have been conducted under conditions where other plasma or
extracellular proteins are absent, and the same holds true for
studies of SHBG internalization by the nonspecific endocytotic
receptor, megalin [30]. This is a serious limitation, because the
abundance of SHBG in plasma and other biological fluids is
substantially lower than those of most other proteins.
Moreover, SHBG is structurally related to a number of
relatively abundant secreted proteins that interact with plasma
membrane proteins having signaling potential, as noted above.
Thus, until plasma membrane proteins with high affinity and
specificity for SHBG can be identified, the question of whether
SHBG acts directly on target cells to exert physiologically
important actions will remain contentious.

INSIGHT REGARDING SHBG FUNCTION
FROM OTHER SPECIES

Fish are the most ancient class of vertebrates, and their shbg
coding sequences are poorly conserved, with only approxi-
mately 30% sequence identity at the protein level when
compared to those in mammals. Several genomewide duplica-
tion events occurred during early vertebrate evolution, and fish
species retain duplicated copies of many genes. Zebrafish and
most other teleosts have a single shbg gene that is expressed
predominantly in the liver [109, 110], but the salmonid

genomes have retained a functional shbg paralog (shbgb) that
encodes a protein with only approximately 25% sequence
similarity to the Shbg in salmonids or other fish [16, 17].
Interestingly, the two salmonid Shbg paralogs are distinct both
in terms of their steroid-binding properties and their sites of
production, and this provides an opportunity to examine the
potential functions of SHBG that have been conserved or lost
during the evolution of vertebrates.

As in mammals, the steroid-binding specificity of Shbg in
fish varies between species: For example, in zebrafish [109]
and salmonids [17], it exhibits a preference for androgens over
estrogens, whereas it binds estradiol with higher affinity than
androgens in European sea bass [110]. However, fish Shbg
differs from the mammalian ortholog in one important respect:
It binds the androgen precursor, androstenedione, as strongly as
testosterone, and with greater affinity than 11-ketotestosterone,
which is an important, biologically active androgen in fish
[109, 110]. It also binds several anthropogenic xenobiotics
[111], and Shbg in all fish studied to date is characterized by a
particularly high affinity for the synthetic estrogen, ethinyles-
tradiol [110, 112], which is a potent endocrine disruptor in
aquatic species [113]. These observations suggest that Shbg
has a specialized function in fish that has been preserved
throughout evolution and that its presence in the gills provides
an extraordinarily efficient portal for the uptake of trace
amounts of natural steroids and other ligands, like ethinyles-
tradiol, from the aquatic environment [112]. In addition to
playing an important role in the transport and regulation of
steroid access to target tissues in fish, it therefore appears that
Shbg acts to control the loss of steroids from the gills or to
provide a mechanism for the uptake of trace amounts of
steroids from water. This latter role has not yet been fully
explored, but sex steroids and their precursors and metabolites,
such as androstenedione, act as pheromones in some fish [114].
Therefore, it is possible that the rapid sequestration of
pheromones by Shbg in the gills represents a conserved
function that remains critical for spawning behaviors and
reproductive success in some fish species. If this is correct, this
efficient Shbg-mediated portal to sequester steroid ligands from
the aquatic environment might be breached by anthropogenic
compounds with the capacity to disrupt reproduction or other
important biological processes in fish.

Fish Shbg is expressed in the liver from the embryo stage to
adulthood [109], but little is known about changes in the
expression of shbg genes in fish in relation to reproduction. In
the European sea bass liver, the shbg gene appears to respond
primarily to changes in feeding habits and metabolic state, and
its expression decreases during sexual maturation [115]. By
analogy with what is known about the changes in human
SHBG gene expression during sexual maturation and in
response to changes in metabolic state, these physiologically
important changes appear to be conserved throughout evolu-
tion. In addition to the liver, the shbg gene is expressed in both
the developing [109] and adult gut, and immunoreactive Shbg
appears to accumulate at high levels in specific types of
skeletal muscle, although it is not expressed in this tissue [112].
These observations in fish are interesting, because they provide
additional evidence that the functions of Shbg extend beyond
that of a simple steroid transport protein. In the salmonids for
which the shbgb paralog is highly expressed in several tissues
(ovary, gill, and muscle) other than the liver [16, 17], these
additional functions may be even more complex, and studies of
Shbg in relation to the life cycle of these fish may reveal some
unexpected ways in which SHBG functions to control the
actions of sex steroids during reproduction.
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