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Abstract

Embryo implantation is a major prerequisite for the successful establishment of pregnancy. Ectopic implantation
outside the intrauterine cavity and the development of ectopic pregnancy (EP) is a major cause of maternal morbidity
and occasionally mortality during the first trimester. EP may be induced by failure of tubal transport and/or increased
tubal receptivity. Activins, their type Il receptors and follistatin have been localised in the human endometrial and tubal
epithelium and they are major regulators of endometrial and tubal physiology during the menstrual cycle. Pathological
expression of activins and their binding protein, follistatin, was observed in tissue and serum samples collected from
EP. Several studies with different designs investigated the diagnostic value of a single measurement of serum activin-A
in the differentiation between normal intrauterine and failing early pregnancy and the results are controversial.
Nevertheless, the diagnostic value of activins in EP, including the other activin isoforms (activin-B and —AB) and follistatin,

merits further research. This review appraises the data to date researching the role of activins in the establishment of
normal pregnancy and, pathogenesis and diagnosis of tubal EP.
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Background

The complex process of implantation and trophoblast
invasion is crucial for the successful establishment of
pregnancy [1-3]. Normally an embryo implants in the
endometrium during the implantation window and uter-
ine receptivity for implantation is maximal during this
period [3]. Endometrial receptivity involves the expres-
sion of molecular factors that govern the feto-maternal
dialogue and initiate decidualisation of the endometrial
stroma [1,2]. Candidate molecules, including cytokines
and growth factors, are secreted by endometrial and
tubal epithelial cells and have been described as major
regulators of blastocyst implantation [4].

Ectopic pregnancy (EP) is a form of abnormal preg-
nancy in which the fertilised ovum implants outside the
intrauterine cavity and the ampullary region of the fallo-
pian tube is the most common site of implantation [5,6].
EP represents 1-2% of all pregnancies in developed
countries and haemorrhage from an EP due to tubal
rupture remains the most common cause of maternal
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mortality in the first trimester of pregnancy in those
countries [7-9].

Little is known about the reasons why embryos in
some pregnancies implant within the fallopian tube
whilst most implant eutopically within the endometrium
of the uterus [4,10]. Ectopic implantation has long been
attributed to failure of the tubal transport mechanism.
Either/or the rhythmic smooth muscle contraction and
ciliary beat activity are believed to fail thereby leading
to an EP. An alternative explanation for EP would be an
increase in tubal epithelial receptivity as a result of
delay in the tubal transport and impaired endometrial
receptivity with ectopic implantation occurring follow-
ing failure of the normal biological interactions between
endometrium, fallopian tube and embryo [4,10].

Quantitative measurement of human chorionic gonado-
tropin (hCG) in combination with transvaginal ultrasound
is the currently accepted paradigm for clinical diagnosis
and management of EP, with hCG monitoring being used
to follow patients until complete resolution of the EP
[7,8,11,12]. EP can be treated surgically by laparotomy or
laparoscopy, medically by methotrexate (MTX) injection
and occasionally by observation alone [8]. MTX is the
most cost effective and has similar effect as laparoscopic
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management on prospective fertility and recurrence of
EP. However, it requires early detection of EP as it is only
suitable in haemodynamically stable patients, with min-
imal or no symptoms, initial serum hCG <3000 IU/L, EP
size <4 cm and absence of foetal cardiac activity [13-15].

It is believed that almost 50% of EP cases are initially
misdiagnosed despite the use of high-resolution transvagi-
nal sonography and sensitive assays for f-hCG [7,8,16,17].
The delay in the diagnosis of EP eliminates the option of
conservative management, could lead to tubal rupture,
maternal morbidity and/or mortality. Hence, there is a
compelling need to develop new markers and algorithms
that provide a more sensitive and specific tool for the
diagnosis of EP [11,18,19].

Activins and their binding protein, follistatin, are
abundantly expressed in the female reproductive tract
and they have recently been proposed as potential sensi-
tive and specific markers for the diagnosis of ectopic
pregnancy by several research groups [20-22]. The current
review summarises the physiological actions of activins
and follistatin in the endometrium, fallopian tube, embryo
implantation and their clinical value in the diagnosis of
normal and abnormal early pregnancies.

Methods

‘Medline’ and ‘EMBASE’ were searched using the
terms ‘endometrium’, ‘fallopian tube’, ‘implantation’,
‘early pregnancy’, ‘ectopic pregnancy’, ‘tubal preg-
nancy’, ‘early pregnancy loss’, ‘failing early pregnancy’,
‘receptivity’, ‘decidualization’, ‘implantation failure’ and
‘trophoblast’ in combination with ‘activin’ or ‘follista-
tin’ for studies published between 1987 and 2014.
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Publications in the past 6 years were mostly selected,
but commonly referenced and important older pub-
lications were not excluded. The reference lists of
articles identified by this search strategy were also
searched and those judged as relevant were included.
For a study to be included, it needed to be primarily
focused on the expression of activins and their related
molecules by the endometrial and tubal tissues, their roles
in the establishment of normal and abnormal pregnancies
and their serological diagnostic values in failing early preg-
nancies. Studies that were solely epidemiological in nature
were excluded.

Structure, cell signalling and regulation of activins
bioactivities

Activins are members of the transforming growth factor-
B family and they were originally isolated from porcine
follicular fluid in 1986. They were termed after their
stimulatory effect on the secretion of follicle stimulating
hormone from the pituitary gland. Activins were later
found to be secreted by all organs of the female repro-
ductive system where they function as paracrine and
autocrine factors to regulate a variety of reproductive
functions [21,23,24].

Activins are homodimers or heterodimers of two [-
subunits (BA and BB), and the different dimerization of
subunits by a disulphide bond gives rise to three mature
proteins named activin-A (BA-BA), activin-B (BB-pB) and
activin-AB (BA-PB) (Figure 1) [23]. The human activin
BA-subunit and pB-subunit genes are located on chromo-
some?7 locus7pl4-pl5 and chromosome 2qcen-ql3, re-
spectively [25]. The mRNA of both subunits encodes a
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Figure 1 Structure of activin mature dimer proteins. The 3-subunits are produced as larger precursor proteins, prepro-3A and -8B, that include a
signal peptide and pro-region, both of which are cleaved to form the mature B-subunit. Activins are dimers consisting of two 3-subunits joined
by disulphide bridges.
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pre-proprotein, their mature regions illustrate about 70%
sequence homology and both of them lack recognized
glycosylation sites [26].

Activins mediate their actions by binding to a complex
of transmembrane serine and threonine kinase receptors.
These activin receptors are classified into type I and type
IT receptor groups, comprising the activin type IIA and
type IIB receptors (ActRIIA and ActRIIB) [23]. Activins
can bind their individual receptor type II when expressed
alone, but fail to bind to type I receptor in the absence of
type II receptor [27]. However, both type I and II recep-
tors are necessary to generate a high-affinity complex with
the ligand, as well as for signalling (Figure 2) [28].

The coordinated synthesis of follistatin with activin is
the main regulator of the local bioactivity of activin since
binding of activin to follistatin is almost irreversible [23].
The activin-follistatin complex generally consists of one
activin dimer and two follistatin molecules [29]. In gen-
eral, activin-A, —AB, and -B bind to follistatin with simi-
lar affinity (Figure 3) [30].

Both activin subunits, activin type II receptors and follis-
tatin were previously localised within the human fallopian
tube [23,31], endometrium [32-34] and placental [35]
tissues suggesting a role for these proteins in the regula-
tion the physiological functions of these tissues. Therefore
these proteins have been proposed as potential sensitive
and specific markers to monitor the progress and out-
come of pregnancy [36,37].

Roles of activins in normal early pregnancy events
Activins are potential factors for maternal-embryo inter-
actions, due to their roles in regulating cell proliferation,
differentiation and apoptosis, and their abundant expres-
sion and actions in remodelling tissues, embryogenesis
and organogenesis in a variety of species [34,38].
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Activins in tubal physiology

Fertilisation and pre-implantation embryo development
occur in the fallopian tube following ovulation and, the
tubal epithelium is biologically active providing secretions
to support these processes [23,38]. The fertilised ovum
travels through the fallopian tube under the control of
tubal ciliary beat frequency and tubal smooth muscle
contraction to reach to the intrauterine cavity for implant-
ation within 48-72 h after fertilisation [39]. Impaired tubal
transportation and secretory functions can occur after ex-
ternal or internal inflammation, leading to tubal damage,
ectopic pregnancy and infertility [40].

Early reports on the expression of activin subunits in
the fallopian tube were generated from different animal
species. Originally, only BA-subunit expression was de-
tected at the protein and gene levels in rat [41] and bovine
[42] tubal tissues. Follistatin expression was not included
in either study [41,42]. Consistently, the expression of acti-
vins and follistatin by the human endosalpinx in pre- and
postmenopausal women has been demonstrated [23,31].
In all tissues studied, the PA- and pB-subunits were co-
expressed with their type II receptors and binding protein,
suggesting that the activin dimer has a local paracrine or
autocrine role within the tube [23,31].

Another study has later reported that the expression
of both activin subunits mRNA and protein vary in a
cycle-dependent manner in the oviduct of non-pregnant
cycling mice [34]. The predominant source of activin -
subunits during the estrous cycle and pre-implantation
phase were the epithelial cells lining the oviduct and
endometrium [34]. A similar pattern of expression by
the tubal epithelium during the menstrual cycle has also
been reported in human fallopian tube and the expres-
sion of activin PA- and PB-subunits, activin type II re-
ceptors, and follistatin was highest in the luteal phase at
the gene and protein levels. These results suggest that
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Figure 2 The signalling mechanism of activin. (1) Activin dimer binds to the activin type Il receptors, (2) which in turn recruit and (3) phosphorylate
the type | receptors. (4) The activin type | receptors transduce the activin signal to the nucleus.
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Figure 3 The regulation of activin signalling by follistatin. The activin-follistatin complex generally consists of one activin dimer and two follistatin
molecules, which bind activin with high affinity and prevents binding of activin to its receptors.
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activins and their related molecules play a role in tubal
physiology and early embryonic development [38].

The mouse and human oocyte is capable of receiving
an activin signal produced by surrounding cumulus cells,
but not of transmitting one [43]. This is further sup-
ported by the findings that early mouse and human em-
bryos, from the four-cell stage to the morula stage, are
unable to synthesise activins as no mRNA for these pro-
teins has been identified at these stages of development
[41,44]. However, the expression of these molecules in-
creased noticeably at the blastocyst stage, suggesting that
the expression of the BA-subunit, activin type I receptor
and follistatin is dependent on embryonic developmental
stage and activation of the embryonic genome in mouse
and human [44]. Therefore it has been postulated that
activins, which bind to the activin type I and type II re-
ceptors on the oocyte and preimplantation embryo, may
be derived from the surrounding tissue such as the tubal
epithelium [34,44].

At the present time, there is no evidence about a role
for activins in the regulation of tubal ciliary beat fre-
quency and smooth muscle contraction [6,38]. However,
several studies have shown that activin-A induces the
production of nitric oxide, a potent inhibitor of tubal
peristalsis, in a concentration-dependent manner in a
variety of tissues and cells [45-47]. Furthermore, it has
shown that activin-A decreased the expression of oxyto-
cin and HoxA-10 mRNA by human myometrial cells
in vitro and it decreased oxytocin and thromboxaneA2
induced accumulation of intracellular Ca*? [48]. There-
fore, activin-A could have a relaxing effect on human
fallopian tube smooth muscle by stimulating the produc-
tion of nitric oxide and/or by decreasing accumulation
of intracellular Ca*? [6].

Activins in endometrial physiology

The endometrium performs morphological and secretory
adjustments during the menstrual cycle to form a recep-
tive soil for the arriving blastocyst in the late luteal phase
[1,2,4]. These alterations include the appearance of
pinopodes in the epithelial layer, decidualization of the
endometrial stroma and vascular proliferation, which are
absolute requirements for successful implantation and es-
tablishment of communications with the embryo [1,2,4].
These modifications occur under the regulation of ovarian
hormones to provide a microenvironment rich in cell
adhesion molecules, cytokines, chemokines and growth
factors [1,4,49,50].

Activins have been described as important regulators
of decidualisation and endometrial receptivity following
the identification of their expression in the endometrium
of several species at the gene and protein levels. Activin
subunits are expressed in the endometrium luminal and
glandular epithelium of several species including human
[21,34,51,52]. The co-expression of activin subunits, re-
ceptors and binding protein indicates that endometrial
epithelial and stromal cells are capable of generating and
responding to activin, and that there is a tight local regu-
lation of activin actions within the endometrium [53].

The expression of activin and its related molecules
varies during the menstrual cycle in the human endo-
metrium as the uterus remodels and differentiates to
form the decidua [54,55]. Activin fA- and BB-subunits
mRNA and protein are expressed by glandular and
surface epithelium in non-pregnant endometrium [55]
and, dimeric activin-A is present in uterine fluid [53]
and menstrual blood [56] of cycling women. The expres-
sion of activin subunits is localised in the cytoplasm of
endometrial epithelium and it significantly increases in
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the luminal and glandular epithelial cells during the
secretory phase and remains relatively constant over the
rest of the cycle [53,55]. Furthermore, activin-A measured
in endometrial washes collected from cycling women
correlated significantly with menstrual cycle days and the
thickness of endometrium [53].

A similar pattern of expression has also been observed
in the stromal cells during the cycle and the expression
was strongest in the late secretory phase where decidua-
lisation and embryo implantation occur [54,55]. Further
evidence for the up-regulation of activin subunits syn-
thesis with decidualisation was obtained from studies
where the endometrium was extensively decidualised by
intrauterine delivery of progestin [57] and in gene array
studies examining decidualisation-related genes [58]. Newly
decidualised cells are the main source of maternally derived
activin-A during pregnancy to facilitate the spread of decid-
ualisation throughout the endometrium by promoting the
decidualisation of neighbouring cells [32-34,57,59].

During pregnancy, the placenta is a major source of
serum activin-A, which increases as the pregnancy pro-
gresses [21,24,60,61]. However, the expression of activins
by the cytotrophoblast is low during early pregnancy
suggesting that trophoblast invasion is induced by mater-
nally derived activins [32]. Activin-A regulates trophoblastic
cell adhesive properties by modulating the expression of
E- and N-cadherin [62,63] and integrins [35]. activin-A
also promotes invasion of first-trimester cytotrophoblasts
until 10 weeks gestation by increasing the expression of
matrix metalloproteinases-2, 7 and 9 and its actions are
inhibited by follistatin [33].
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Activins in the pathogenesis and diagnosis of EP

Studies on the expression pattern of activins, their type
II receptors and follistatin by fallopian tubes bearing an
ectopic pregnancy have shown a significant increase in
BA-subunit, type IIA and IIB receptors and follistatin
compared to normal control [6,10]. Coherently, an in-
crease in the expression of those molecules was also ob-
served in tubal samples collected from patients with EP
and who were positive for Chlamydia trachomatis anti-
bodies when compared to tubal samples collected from
EP patients and who had negative reaction for the anti-
bodies [5]. Nevertheless, a recent study did not detect
significant difference in the expression pattern of these
molecules between implantation and remote sites col-
lected from archived tubal pregnancy specimens. Hence, it
has been postulated that the pathologic expression of acti-
vins and their related molecules by the tubal epithelium
may play an important role in the pathogenesis of EP but
not in the determination of implantation site [10].

Serum levels of activin-A and follistatin increase sig-
nificantly throughout pregnancy and several studies have
proposed a feto-placental origin for these proteins. Serum
levels of activin-A also decrease in the presence of non-
viable trophoblast [21,64,65]. Consequently, activin-A
has been investigated as a potential marker for the diag-
nosis and differentiation between normal intrauterine
pregnancy (IUP), miscarriage and ectopic pregnancy
[37]. However, the reported results about the diagnostic
value of activin-A are still debatable (Table 1).

The initial study by Florio et al. (2007) [36] demon-
strated that a single measurement of serum activin-A

Table 1 Characteristics of published studies that investigated the diagnostic value of a single measurement of serum
activin-A in the diagnosis of pregnancy of unknown location (PUL), ectopic pregnancy (EP), abortion (AB) and intrauterine

pregnancy (IUP)

Research Publication Study Number of First trimester Cut-off AUC Sensitivity Specificity Reference
group year design patients gestational age value number
Florio et al. 2007 Prospective 536 PUL Not reported 370 pg/mL  1.00 100% 99.6% [36]
Observational
Kirk et al. 2009 Prospective 141 PUL Not reported 370 pg/mL 051 93% 13% [71]
Observational
Florio et al. 2011 Retrospective 30 EP & 30 IUP  Between 6 to 8 weeks 430 pg/mL 099 96.7% 100% [66]
case—control
Rausch et al. 2011 Retrospective 100 EP & 100 IUP EP 45.15+18.95; 376.15 pg/mL  0.78 80% 72% [22]
case—control IUP 488 + 18.34 days
Warrick et al. 2012 Retrospective 89 EP, 100 Median EP 5 weeks < 260 pg/mL  0.62 59.6% 61% [72]
cohort study IUP & 100 AB (1-10 weeks);
AB and IUP 7 weeks
(1-10 weeks)
Roghaei et al. 2012 Prospective 100 EP & 100 IUP  EP 6.32+1.03 weeks; 504 pg/mL  0.981 97% 93.5% [69]
case—control IUP 6.85 £ 1.82 weeks
Daponte et al. 2013 Prospective 30 EP, Between 6 to 8 weeks 504 pg/mL 0979 87.9% 100% [67]
case—control 30 AB & 33 IUP

(AUC = area under the curve by receiver operator characteristics).



Refaat Reproductive Biology and Endocrinology 2014, 12:116
http://www.rbej.com/content/12/1/116

provided a highly sensitive and specific marker in 536
patients with pregnancy of unknown location (PUL) to
discriminate between viable normal IUP, miscarriage and
EP with a sensitivity of 100% and specificity of 99.6% at
a cut-off value of 370 pg/mL. Later, the same research
team has reported that serum concentrations of activin-
A were significantly lower in 30 patients diagnosed with
tubal EP when compared to control and, a sensitivity of
96.7% and a specificity of 100% for the diagnosis of EP
was achieved at the cut-off level of 0.43 ng/mL [66].
These results have also been confirmed by other re-
search groups in the following years but with a different
cut-off value of 504 pg/mL that achieved a sensitivity of
97% and specificity of 93.5% [22,67-70]. Additionally,
Daponte et al. (2013) [67] also measured the sensitivity
and specificity of follistatin in the diagnosis of EP. Their
results have shown that both serum follistatin and
activin-A/follistatin ratio had lower performance com-
pared to serum activin-A in the diagnosis of EP.

Oppositely, another two studies reported that a single
measurement of serum activin-A was neither sensitive
nor specific for the diagnosis of early pregnancy failure
including EP compared to B-hCG [71,72]. Their results
demonstrated that serum activin-A levels gave an area
under the curve (AUC) of 0.61 for failing PUL, 0.64 for
IUP and 0.51 for EP, and the model based on serum
hCG levels gave an AUC of 0.95 for failing PUL, 0.97 for
IUP and 0.67 for EP [71].

The inconsistencies in the reported cut-off values and
the results of the different studies could be due to vari-
ability in trophoblastic activities and inadequate decidu-
lisation during ectopic implantation [67]. It has also
been suggested that some trophoblastic cells may behave
as failing pregnancy during EP while other EPs could
have more activity and behave more like IUPs [71],
which could provide a possible explanation for the re-
ported variations in serum levels of activin-A in women
with EP [67].

Another explanation for the aforementioned variations
in the results of activin-A could be related to the gesta-
tional age of the enrolled participants in the different stud-
ies. The increase in serum activin-A and follistatin during
normal pregnancy starts at week 6 and reaches its peak at
week 38 of pregnancy. The original study by Florio et al.
(2007) [36]. included patients in the first trimester but the
authors have not reported the gestational age for control,
EP and miscarriage groups. In the following study by
Rausch et al. (2011), the mean gestational age for EP and
IUP was 45.15 +18.95 and 48.8 + 18.34 days, respectively
[22]. The most recent studies that have reported a diag-
nostic value for serum activin-A included only patients
between 6 to 8 [67] and 5 to 6 weeks gestational age [70].

Alternatively, the two studies that showed no value for
serum activin-A in the diagnosis of EP the gestational
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age for each group was not reported by Kirk et al. (2009)
[71] and Warrick et al. (2012) [72] applied a retrospective
design that included pregnant females with <10 weeks ges-
tation. The ectopic pregnancy group in study reported by
Warrick et al. (2012) [72] had a median of 5 weeks (range
1-10 weeks) gestation compared to 7 weeks (range 1-10
weeks) for both IUP and miscarriage. Therefore, future
studies should categorise the patients with failing early
pregnancy according to gestational age (e.g. < and >6 weeks)
and to compare the results with those obtained from gesta-
tional aged matched controls.

The biological activities of activins are tightly regulated
by follistatin as the binding of activin to follistatin is al-
most irreversible [23]. Serum activin is commonly bound
with the long form follistatin (FS-315) [29], while the
short form (FS-288) has high affinity for cell membrane
activins [73]. The currently available ELISA kits for the
detection of activin-A and follistatin cannot distinguish
between the free and bound forms of both proteins. Fur-
thermore, the follistatin kit measures both the long and
short forms. Therefore, the reported results from the dif-
ferent studies are shown at the level of total activin-A
and follistatin and the development of ELISA kits that
measure the free form of both proteins would expose
precisely their values in the diagnosis of early pregnancy
failure.

Additionally, the majority of studies that demonstrated
the localisation of activins in the endometrium and pla-
cental tissues investigated the expression pattern of the
BA- and fB-subunits and not the mature dimeric proteins.
Hence, it could be postulated that the endometrium and
trophoblast are cable of synthesising the different activin
mature dimers (activin-A, -B and -AB). Moreover, gener-
ated results from gene knock-out studies have shown that
each activin subunit has distinct functions and these sub-
units do not functionally overlap in all settings in vivo
[74,75]. Hence, the inclusion of the other activin mature
dimeric proteins (e.g. activin-B and —AB) could add to the
performance of serum activin-A in the diagnosis of abnor-
mal early pregnancy.

Conclusions

Ectopic pregnancy is worldwide health problem and it is
the leading cause of maternal morbidity and/or mortality
during the first trimester. Early diagnosis of EP would
allow more conservative treatment approaches and pres-
ervation of prospective fertility. However, the currently
used diagnostic modalities lack accuracy, reproducibility
and simplicity in the prediction of EP.

Activins and their related proteins play an important
role in the regulation of endometrial receptivity, tropho-
blast activity and embryo implantation. Pathological ex-
pression of these candidate proteins have been associated
with abnormal implantation and failing early pregnancy at
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the tissue and serum levels. Although, the diagnostic value
of a single measurement of serum activin-A in differenti-
ating abnormal from normal pregnancy is controversial, it
merits further research.

Future studies should classify the patients according to
the gestational age and to include other activin mature
dimer proteins. It could also be worthy to combine serum
activins with other serum biomarkers (e.g. inhibins, vascu-
lar endothelial growth factor) for early and accurate diag-
nosis of EP. Additionally, the development of ELISA Kkits
that measure the free form of activins could increase their
diagnostic performances. Further studies are needed to
develop biomarkers and diagnostic modalities for the early
diagnosis of EP and prevention of its associated maternal
complications.
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