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Summary

Objective Follistatin (FST) is a regulator of the biological activity
of activin A (Act A), binding and blocking it, which could contrib-
ute to the modulation of its pro-inflammatory activity during
pregnancy. We sought to investigate, in this nested case—control
study, FST serum levels during normal pregnancy and correlate it
with the FST profile in preeclamptic pregnant women, normal
pregnant women followed 3 months postpartum and eumenorr-
heic nonpregnant women throughout the menstrual cycle.
Subjects and Methods Follistatin serum levels determined by
ELISA, biochemical and anthropometric variables were measured
in normal pregnant (n = 28) and preeclamptic (n = 20) women
during three periods of gestation. In addition, FST serum levels
were measured in a subset of normal pregnant women (n = 13)
followed 3 months postpartum and in eumenorrheic nonpreg-
nant women (n = 20) during the follicular and luteal phases of
the menstrual cycle.

Results Follistatin serum levels in the eumenorrheic nonpreg-
nant and postpartum group were significantly lower when com-
pared to levels throughout gestation (P < 0-01). Serum FST
levels increased in each period of pregnancy analysed, being sig-
nificantly higher towards the end of gestation (P < 0-01). FST
levels were lower in late pregnancy in preeclamptic women
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compared to normal pregnant women (P < 0-05). Finally, FST
levels were higher in the luteal phase when compared with the
follicular phase of the menstrual cycle (P < 0-05).

Conclusions These analyses would permit the consideration
that changes in FST levels during pregnancy contribute to the
control of the Act A system.

(Received 13 November 2014; returned for revision 30 November
2014; finally revised 30 December 2014; accepted 31 December
2014)

Introduction

The transforming growth factor (TGF-f) superfamily consists of
over 40 members, which have related structural and functional
characteristics, grouped into the subfamilies of TGF-f, activins,
inhibins, anti-Miillerian hormone (AMH), bone morphogenetic
proteins (BMPs), nodal and growth—differentiation factors
(GDFs).! Additionally, members of the TGE-B superfamily are
involved in regulating a wide range of biological processes such
as extracellular matrix production, cell growth, apoptosis, cellular
differentiation and immunity." The regulation of gene expression
mediated by the members of this superfamily is conducted
through the canonical signalling pathway, cell-surface serine/thre-
onine kinase receptors to the intracellular Smad family proteins.”

Furthermore, activin (Act) was initially described as a positive
regulatory factor of follicle-stimulating hormone (FSH) secre-
tion, but recently new roles have been identified in processes
such as angiogenesis, inflammation, immunity, fibrosis and can-
cer.” There are three Act isoforms formed by disulphide linked
dimers of BB and PA inhibin subunits: Act A (BA-BA), Act B
(BB-BB) and Act AB (BA-PB).> The binding of Act to type II
receptor (ActRII) leads to the binding and phosphorylation of
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the type I receptor (ActRI) and subsequent activation of
Smad-2, 3 and 4, which forms complexes that translocate to the
nucleus and act as the intracellular mediators of gene transcrip-
tion.”> It has been shown that Act inhibits cell division in
different types of cancer, but on the other hand, participates in
the activation of cell division in the ovary, testis and adrenal
and pituitary glands.’” Act also plays an important role in
programmed cell death by caspase activation and cell cycle
arrest.*” Furthermore, it has been shown that Act modulates
dendritic spine morphogenesis by modulating actin dynamics in
spines.®

Follistatin (FST) is a single-chain glycosylated protein that
binds with high affinity to Act A, blocking its biological activity,
by shielding the type II and I receptor binding sites.” Besides,
FST is able to inhibit the activity of various ligands from the
TGF-B superfamily containing signalling pathways similar to
those of Act A heteromeric receptors.® Act A is stimulated in
conditions of early inflammation, via the Toll-like receptor
(TLR) 4 signalling pathway, and treatment with FST reduces
inflammation and mortality in different models of disease.” Act
A and FST serum levels have been determined in cross-sectional
studies throughout gestation, finding that circulating levels of
these two factors rise towards the end of the gestational per-
iod.'? Additionally, previous studies have shown that Act A
serum levels were significantly elevated while FST did not change
at the end of pregnancy in women with preeclampsia.'!

Recently, FST expression has been studied in different tissues
of C57BL/6 mice, showing an elevated gene expression in
BAT, skeletal muscle, inguinal WAT and liver.? Additionally,
Act, inhibins and FST are produced principally by granulose
cells of the ovaries."> Previous studies have observed elevated
FST levels in ovarian follicular fluid and blood during the late
luteal phase, suggesting that follistatin plays a key role in the
development of the new follicle cohort and participates in lu-
teolysis.'* Studies in human placenta have demonstrated both
the presence of inhibin, activin and follistatin messengers and
their respective bioactive proteins in the amnion, chorion and
maternal decidua.'>'® Finally, studies in sheep and humans
have shown that circulating levels of FST do not change
throughout the menstrual cycle.'*'” Thus, both human and
animal model studies suggest that changes in the ovary during
the menstrual cycle have no impact on circulating levels of
FST.

As there is a lack of longitudinal studies assessing the profile
of FST, the objective of this nested case—control study was to
analyse the levels of FST during early, middle and late preg-
nancy, and 3 months postpartum. Furthermore, there are no
cohort studies of pregnant women to adequately assess the rela-
tionship between FST and the development of preeclampsia.
Thus, FST levels were also analysed during the three periods of
gestation in a longitudinal cohort of pregnant women who
developed mild preeclampsia. Finally, FST levels were deter-
mined in eumenorrheic women during the follicular and luteal
phase of the menstrual cycle. Thus, this study can contribute to
the understanding of the physiological conditions and pathologi-
cal role of FST throughout gestation.

Subjects and methods

Ethics statement

Ethics approval for this study was obtained from the Ethics
Committee Board of The School of Medicine — Universidad
Nacional de Colombia, and all participants signed a written
informed consent. The research was conducted in the clinic:
Hospital de Engativa (Bogota, Colombia), and all women were
enrolled in this study by the gynaecology and obstetrics services
attending prenatal care between 2012 and 2014.

Subjects and study design

We conducted a nested case—control study. The cohort consists
of 450 pregnant women recruited early in pregnancy and fol-
lowed until 3 months postpartum. All patients who developed
preeclampsia were included (cases); controls were pregnant
women with normal obstetric and perinatal outcomes selected
randomly from the cohort. The randomly selected subjects were
representative of the larger cohort in terms of demographic data.
This study included: 28 normal pregnant women (control), 20
pregnant women who developed mild preeclampsia (cases), 13
normal pregnant women followed three months postpartum and
20 age-matched nonpregnant eumenorrheic women.

Follow-up of the pregnant women was performed during
three periods of gestation: early
12-15 weeks (range: 11-48-12-5)], middle [mean gestational

[mean gestational age

age 24-4 weeks (range: 24-2-24-6)] and late [mean gestational
age 34-6 weeks (range: 34-2-35-4)], continued until 3 months
postpartum. Gestational age was calculated by an ultrasound
performed between the 11th and 13th week of pregnancy in all
of the women. Additionally, all women were subjected to general
examination and blood pressure measurement.

Diagnosis of mild preeclampsia in this study was based on the
criteria by the International Society for the Study of Hyperten-
sion in Pregnancy (ISSHP) guidelines, as previously described.'®
Mild preeclampsia was defined as the presence of hypertension
(pressure >140/90 mmHg or greater on at least two occasions,
at least 4 h apart), detected for the first time after 20 weeks of
gestation up to 24 h after delivery, combined with proteinuria
(300 mg in a 24-h urine collection).'® The patients were diag-
nosed with mild preeclampsia on average in the 34-9th week of
gestation (range: 34-2-35-52). None of the preeclamptic women
or the controls received any medication before blood sampling.

Additionally, serum FST levels were analysed during the follic-
ular (days 3-5) and luteal phases (days 21-23) of menstrual
cycles in eumenorrheic nonpregnant women (n = 20). The non-
pregnant women who participated in the study were recruited
during the same period.

Briefly, the exclusion criteria consisted of chronic hyperten-
sion, vascular disease, renal disease, history of diabetes mell-
itus, gestational diabetes mellitus, polycystic ovary syndrome,
or use of corticosteroids, beta-blockers, beta-adrenergic recep-
tor agonists and other drugs that may have direct effects on
metabolism.
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Laboratory assays

Maternal blood samples were collected with BD Vacutain-
er® Serum Tubes, after overnight fasting. Eumenorrheic blood
samples were drawn after an overnight fast during the follicu-
lar and luteal phase of the menstrual cycle. Serum samples
were separated after centrifugation at 1000xg for 5 min and
divided into aliquots and frozen at —80 °C until assays were
performed. Serum glucose, triacylglycerol, total cholesterol and
HDL cholesterol levels were measured by enzymatic methods
(LIAISON® Analyzer, 129 Saluggia, Italy). Additionally, serum
insulin levels (pU/ml) were analysed by chemiluminescence
assay (Elecsys 2010, Roche Diagnostics. Mannheim, Germany).
The homeostasis model assessment of insulin resistance score
(HOMA-IR) was calculated using the formula proposed by
Matthews (fasting blood insulin concentration in pU/ml x
fasting blood glucose in mmol/1/22-5)."" Serum levels of pro-
gesterone were measured in eumenorrheic women as described
elsewhere (Roche Elecsys 1010 Inmmunoanalyzer, Boulder, CO,
USA).

Serum concentrations of FST were quantified with an
enzyme-linked immunosorbent assay kit, according to manu-
facturer’s protocols (Reference No. ab113319. Abcam®, Cam-
bridge, MA, USA). Average intra- and interassay coefficients
of variation for FST immunoassays were <10% and <12%,
respectively. Sensitivity was <0-5 ng/ml. Circulating concentra-
tions of FST (ng/ml) were measured in duplicate for each
participant. According to information provided by the manu-
facturer, this FST ELISA kit shows no cross-reactivity with a
broad list of cytokines tested.

Statistical analysis

Statistical tests were conducted using r software (version 3-1-1).
Data with normal distribution were reported as mean + stan-
dard deviation (SD), while data with non-normal distribution
were reported as median and interquartile range (IQR). Statisti-
cal differences between groups were tested on the anthropomet-
ric and metabolic variables using the Friedman’s test followed by
the Wilcoxon signed rank test for repeated measurements. The
Wilcoxon—-Mann—Whitney test was used to compare unpaired
groups. The correlation between the FST serum levels and the
variables through pregnancy was studied as well. Univariate cor-
relations were assessed on the groups by partial Spearman’s cor-
relation coefficient with adjustment of gestational age. P-values
were adjusted using the Bonferroni correction. Statistical values
are presented as *P < 0-05, **P <0-01 and ***P < 0-001.
Significance was assumed at P < 0-05.

Results

Demographic and clinical characteristics

Table 1 and Table S1 show the demographic and clinical charac-
teristics of healthy eumenorrheic nonpregnant women, normal
pregnant women, preeclamptic women and healthy postpartum
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women. In Table 1, it was observed that serum progesterone lev-
els are significantly elevated in the luteal phase of the menstrual
cycle when compared to circulating levels in the follicular phase
(P < 0-001). Additionally, no correlation was found between the
levels of FST and progesterone during the follicular and luteal
phase of the menstrual cycle. The Spearman’s correlations
between these variables were 0-05 (P =0-84) and 0-43
(P = 0-06), respectively (Figures S1 A,B).

Serum Follistatin levels in normal and preeclamptic
pregnant women

In eumenorrheic women, FST serum levels are significantly
higher in the luteal phase compared to the follicular phase of
the menstrual cycle (P < 0-05) (Fig. 1) (Table 1). In addition,
EST serum levels in the eumenorrheic group (in both phases)
are significantly lower when compared to the levels of FST in
each of the three gestational periods studied in normal women
(P <0-001) (Fig. 1). Furthermore, in normotensive pregnant
women, serum FST levels are significantly elevated throughout
gestation, with a peak at the end of this period (P < 0-001)
(Fig. 1 and Table 1). Serum FST levels determined 3 months
postpartum were significantly decreased when compared to the
third trimester of gestation and reached similar levels to those
observed in eumenorrheic nonpregnant women (P > 0-05)
(Fig. 1 and Table 1).

Serum FST levels in preeclamptic pregnant women were simi-
lar to the ones observed in normal pregnant women in early
and middle pregnancy (Fig. 2). However, in late pregnancy,
serum FST levels were notably lower in preeclamptic women
compared to normotensive pregnant women (P < 0-05) (Fig. 2
and Table 1 and Table S2).

Correlations between Follistatin and anthropometric,
clinical and biochemical features

In the partial univariate correlation analysis between FST serum
levels and anthropometric and metabolic parameters, it is worth
noting that a significant correlation was present in early preg-
nancy between serum levels of FST and cholesterol levels for
normal pregnant women (Table S3). In preeclamptic women, a
direct correlation between circulating levels of FST and glyca-
emia is observed during late pregnancy (Table S3).

Discussion

The present study shows, for the first time, that serum levels of
EST are significantly elevated in the three gestational periods
studied when compared to FST serum levels in eumenorrheic
women and 3 months postpartum. Additionally, we show that
serum EST levels significantly increased in each of the gestational
periods analysed, being higher at the end of gestation. Moreover,
we demonstrate that the serum levels of FST in preeclamptic
women are significantly lower when compared to the levels of
the normotensive pregnant women, only towards the end of
pregnancy. In addition, circulating levels of FST varied during
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Fig. 1 Box and whisker plot with follistatin serum levels in a group of
pregnant women during the three periods of pregnancy (EP, early
pregnant; MD, middle pregnant and LP, late pregnant), 3 months
postpartum and a control group of eumenorrheic women during both
the follicular and luteal phase. A significant progressive increase in
serum follistatin was observed throughout pregnancy when compared
with eumenorrheic and 3 months postpartum group. *P < 0.-05,
*#*Pp < 0-001.
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Fig. 2 Box and whisker plot with follistatin serum levels in a cohort of
healthy pregnant women and preeclamptic women throughout gestation
(EP, early pregnant; MD, middle pregnant and LP, late pregnant). A
significant decrease of serum follistatin levels was only observed in
preeclamptic pregnant women compared with normal pregnant women
at the late gestational period *P < 0-05.

the menstrual cycle, being significantly higher at the luteal phase
compared to the follicular phase.

Previous studies demonstrated that the expression of Act A is
significantly increased during the secretory phase of the men-
strual cycle in human endometrium, while FST levels are not
altered.” The present study shows that serum levels of FST sub-
stantially vary during the menstrual cycle in eumenorrheic

© 2015 John Wiley & Sons Ltd
Clinical Endocrinology (2015), 0, 1-7

Follistatin levels in normal pregnancy and preeclampsia 5

women and that these levels are clearly lower than the serum
EST levels measured in pregnant women in each of the three
periods analysed. It is possible that progesterone levels could
contribute to the regulation of serum levels of FST along the
menstrual cycle, similar to the possible regulatory role that it
exerts on the levels of Act A.

In a cross-sectional study, Schneider-Kolsky et al.'® demon-
strated that Act A levels markedly rose towards the end of gesta-
tion and FST levels also increased, despite not reaching
significance. In the present study, it is worth noting that FST
levels are significantly elevated in each of the studied periods,
when these are compared to the serum of eumenorrheic women.
In addition, circulating FST levels are progressively and signifi-
cantly elevated during each period of gestation. Thus, our results
suggest that it is possible that FST plays a relevant immunomod-
ulatory role and could participate in the control of placental cell
death by modulating Act A activity during pregnancy, whereas
in diseases such as preeclampsia, this anti-apoptotic regulatory
role could be significantly reduced by the decrease in circulating
levels of this factor at the end of gestation.

It has been shown that FST binds with high affinity to Act A,
thereby inhibiting its biological activity.”' FST antagonizes the
biological activity of Act A, inhibiting the interaction of this
ligand with the serine/threonine kinase receptors type II (ActRII)
and type I (ActRI), which signal through Smad 2 and 3 mole-
cules.”! Act A is part of the superfamily of TGF-p cytokines, and
its serum levels are elevated in different pro-inflammatory con-
ditions.”* Also, Act A plays a role in the regulation of the levels
of different inflammatory mediators such as tumour necrosis
factor-o. (TNF-a), interleukin-1 (IL-1) and the production of
nitric oxide.”” Studies in the mouse model of endotoxemia
showed that blocking of the biological activity of Act A by
administering FST caused a marked reduction of inflammation
and mortality in this animal-based study.”* Furthermore, it has
been shown that plasma levels of Act A rise as pregnancy pro-
gresses, being these circulating levels significantly higher at the
end of the gestational period.** Additionally, it has been shown
that high doses of Act A increase apoptosis in human tropho-
blast cells.”*2° Moreover, various studies have shown an eleva-
tion of placental expression and plasma levels of Act A in
preeclamptic women as compared to those of normotensive
women.”**”*® The elevation of placental expression and plasma
concentrations of Act A correlates with increased apoptosis in
placental cells of preeclamptic women.**

It has been reported that expression of Act A is mediated by
different pro-inflammatory signals, such as TNF-o, several TLR
ligands and IL-1 among other signals.*’ Furthermore, in vitro
studies on monocytes/macrophages have shown that Act A, at
low concentrations, induces the degradation of inhibitor of
kappa B (IkB) and therefore the translocation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF kB) to the
nucleus, thereby stimulating the activation of pro-inflammatory
mediators such as nitric oxide, prostanoids, IL-6, ILIf} and
TNF-0.>° By contrast, in activated macrophages, Act A plays an
inhibitory role in the pro-inflammatory mediators.”> FST is an
activin-binding protein and hence a regulator of the biological
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activity of this molecule. Thus, elevation of serum FST observed
in the present study in each of the periods analysed, could con-
tribute to the modulation of pro-inflammatory activity of Act A
during pregnancy.

During placental development and ageing, programmed tro-
phoblast cell death is a normal process. However, in conditions
such as preeclampsia and intrauterine growth retardation, tro-
phoblast apoptosis is significantly elevated.”>***® Moreover, in
these conditions, the levels of pro-apoptotic factors, such as
TNF-o, are elevated significantly in the maternal-foetal inter-

face 31,32

Furthermore, in a cross-sectional cohort study, Keelan et al®
showed that serum levels of FST are increased in preeclamptic
women compared to normotensive pregnant women. In con-
trast, Casagrandi et al.>* demonstrated that placental FST expres-
differ

normotensive pregnant women. The present longitudinal study

sion does not between preeclamptic women and
demonstrates, for the first time, that serum FST significantly
declines in preeclamptic women compared with normotensive
pregnant women. It has been demonstrated that cell death is sig-
nificantly elevated in different placental cell populations of pre-
eclamptic women when compared to normal placentas of
pregnant women.>” Thus, it is possible that the decrease in cir-
culating levels of FST during late pregnancy in preeclamptic
women, allows apoptosis to be greater in the different cell popu-
lations of placenta, mediated by increased levels of Act A under
this pathological condition.

Recent studies have shown that the Act A—FST system plays
an important role in the control of lipid and glucose metabo-
lism during pregnancy, with consequences on foetal growth.”
In a study from Naf et al.®®, serum Act A and FST levels were
determined in normal pregnant women and in pregnant
women with diabetes mellitus (GDM) during the initial phase
of the third gestational period. It was found that serum FST
levels in patients with GDM are significantly lower than those
of normal pregnant women, while circulating levels of Act A
do not differ between groups. Additionally, this study also
showed that FST serum levels are negatively correlated with the
HOMA index. In the present study, a correlation was observed
between FST levels and cholesterol levels in the first period of
gestation (Table S3). Thus, our results contribute to the deter-
mination of the mechanisms of modulation of the Act A-FST
system, which could participate in the control of the mother
and foetus metabolism.

Previous studies have shown that human placental tropho-
blasts are a source of Act A and FST.*? The immunoreactivity
of these proteins was mainly detected on the cytotrophoblast
and syncytiotrophoblast cells.'> Furthermore, in the same Act
A and FST expression studies in human placenta, it was shown
that these factors rise towards the end of gestation. In keeping
with the results of this study, where serum FST levels rise dur-
ing the three sequential periods of gestation, it could be pro-
posed that expression of FST in human placenta could be
contributing, at least in part, to the serum profile of this fac-
tor, and therefore, to control the pro-apoptotic activity and
metabolism of Act A.

Conclusion

In conclusion, the present study demonstrates for the first time
in a longitudinal cohort study that (i) FST serum levels vary
according to the menstrual cycle, being significantly higher in
the luteal phase as compared to the follicular phase; (ii) circulat-
ing levels of FST are significantly elevated during different peri-
ods of gestation when compared with eumenorrheic women;
(iii) serum FST levels are significantly lower towards the end of
gestation in preeclamptic patients when compared with circulat-
ing levels of FST normotensive pregnant women; (iv) it is possi-
ble that varying levels of FST during pregnancy is partly due to
placental contribution. Finally, it is possible that elevated FST
during pregnancy contributes to the control of the Act A-FST
system.
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