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background: Thyroid hormone disorders and thyroid peroxidase autoantibodies (TPO-Ab) in women are associated with subfertility
and early pregnancy loss. Here, we aim to provide a comprehensive overview of the literature on the pathophysiology of these associations.

methods: A review of the literature in the English language was carried out. Relevant studies were identified by searching Medline, EMBASE
and the Cochrane Controlled Trials Register from 1975 until March 2014.

results: From a total of 6108 primary selected articles from the literature search, 105 articles were selected for critical appraisal.
Observational data indicate that altered thyroid hormone levels are associated with disturbed folliculogenesis, spermatogenesis, lower fertiliza-
tion rates and lower embryo quality. Triiodothyronine (T3) in combination with FSH enhances granulosa cell proliferation and inhibits granulosa
cell apoptosis by the PI3K/Akt pathway. T3 is considered a biological amplifier of the stimulatory action of gonadotrophins on granulosa cell
function. T3 increases the expression of matrix metalloproteinases (MMP), MMP-2, MMP-3, fetal fibronectin and integrin a5b1T3 in early
placental extravillous trophoblasts. Thyroid hormone transporters and receptors are expressed in the ovary, early embryo, endometrium,
uterus and placenta. No other data explaining the associations could be retrieved from the literature. The presence of TPO-Ab is negatively
associated with spermatogenesis, fertilization and embryo quality, but no data are available on the potential pathophysiological mechanisms.
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conclusions: Thyroid hormone disorders and TPO-Ab are associated with disturbed folliculogenesis, spermatogenesis, fertilization and
embryogenesis. The pathophysiology of these associations remains largely unknown, as evidence is limited and includes studies using small sample
sizes, and often restricted to animal models. There are no studies on the pathophysiology underlying the association between TPO-Ab and re-
production. The available evidence, although limited, supports a role of thyroid hormone in fertility and early pregnancy. This justifies clinical inter-
vention studies on the effects of thyroid hormone supplementation in women with subclinical hypothyroidism and in women prone to develop
hypothyroidism due to the presence of TPO-Ab. In addition, more research is needed to identify the underlying mechanisms. This would be of
particular interest in women undergoing IVF to pinpoint the effects of thyroid hormone on different parameters of reproduction.
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Introduction

General introduction
Thyroid dysfunction is a common endocrine disorder. In the US National
Health and Nutrition Examination Survey (NHANES III), the prevalence
of hypothyroidism was 4.6% (0.3 overt and 4.3% subclinical) and the
prevalence of hyperthyroidism 1.3% (0.5 overt and 0.7% subclinical) in
people without known thyroid disease or a family history of thyroid
disease (Hollowell et al., 2002). Thyroid dysfunction is usually acquired
and may occur any time in life. In women of reproductive age, the
most prevalent cause of thyroid dysfunction is thyroid autoimmunity.
Thyroid autoantibodies (Ab) that react with key proteins in the
thyroid, such as thyroid peroxidase (TPO) or thyroglobulin (Tg), can
induce a chronic lymphocytic thyroiditis that ultimately results in destruc-
tion and loss of thyroid function. In Graves’ disease, circulating thyroid-
stimulating hormone (TSH) receptor autoantibodies can activate the
TSH receptor resulting in hyperthyroidism.

Both hypothyroidism and hyperthyroidism have been associated with
altered ovarian function, menstrual irregularities, subfertility and higher (re-
current) miscarriage rates (Krassas et al., 2010; van den Boogaard et al.,
2011), suggesting that thyroid hormone affects female reproductive organs.

The prevalence of TPO-Ab is 8–14% in women of reproductive age
(Krassas et al., 2010). Although the presence of TPO-Ab predisposes
to hypothyroidism, the majority of women with TPO-Ab is euthyroid.
Importantly, the presence of TPO-Ab combined with normal thyroid
function is associated with subfertility, recurrent embryo implantation
failure, early pregnancy loss and adverse pregnancy outcomes (Bellver
et al., 2008; van den Boogaard et al., 2011). For women with TPO-Ab,
no effective treatment intervention is available probably due to lack of
knowledge about the underlying pathophysiological mechanisms.
Several mechanisms have been proposed for the association between
TPO-Ab and subfertility and pregnancy loss. The first hypothesis is
that TPO-Ab merely reflects a different level of autoimmunity and that
other autoimmune processes cause subfertility or pregnancy loss. The
second hypothesis is that the association with subfertility or pregnancy
loss is secondary to a subtle deficiency in thyroid hormone. As men-
tioned above, TPO-Ab can induce a chronic, lymphocytic thyroiditis
that results in a lower capacity of the thyroid to adequately adapt to
increased demands during pregnancy (Kaprara and Krassas, 2008).
The third hypothesis is that the association is confounded by age,
because the prevalence of TPO-Ab increases with age and older women
face a higher risk of subfertility and miscarriage. The last hypothesis has
been rejected by two recent meta-analyses showing that the association
between TPO-Ab and subfertility and pregnancy loss is independent of
age (Thangaratinam et al., 2011; van den Boogaard et al., 2011).

In this review, we provide a comprehensive overview on the described
pathways by which thyroid hormone, and possibly TPO-Ab, influence
reproductive biology with special focus on the elements essential to
fertilization and early pregnancy.

Regulation of thyroid hormone action
Both thyroid hormone synthesis and thyroid hormone release to the
circulation are driven by the pituitary-gland-derived TSH in a classical
negative feedback loop. This explains why hypothyroidism in the pres-
ence of a functional hypothalamic–pituitary axis results in increased
TSH levels while the reverse occurs in hyperthyroidism (Chiamolera
and Wondisford, 2009). The human thyroid predominantly produces
the biologically inactive prohormone thyroxine (tetraiodotyrosine, T4)
and only a small amount of the bioactive hormone triiodothyronine
(T3). Less than 0.1% of the total amount of circulating thyroid
hormone (T4 and T3) is in the free or unbound form that can be trans-
ferred across the plasma membrane into a target cell. It was long
thought that thyroid hormones diffuse passively across plasma mem-
branes (Weber et al., 1992; Tagawa et al., 1994; Tagawa and Brown,
2001; Raine and Leatherland, 2003). Currently, we know that thyroid
hormone enters the cell by virtue of thyroid hormone transporters, in-
cluding the monocarboxylate transporters (MCT) 8 and 10 and the
solute carrier organic anion transporter family member 1C1 or
OATP1C1 (Visser et al., 2008). The intracellular availability of the bio-
logically active thyroid hormone T3 is the net result of a finely tuned
system of three distinct iodothyronine deiodinases (DIO1, DIO2,
DIO3) with tissue-specific expression that are responsible for thyroid
hormone outer ring (type I and II) and inner ring (type I and III) deiodina-
tion (Dentice et al., 2013). DIO1 and DIO2 can convert inactive T4 to
biologically active T3, whereas both DIO1 and DIO3 are able to inacti-
vate T3. Biologically active T3 finally enters the nucleus and exerts its
function through the nuclear thyroid hormone receptors (THR),
thyroid hormone receptor alpha (THRA) and beta (THRB) that are
expressed in a tissue-specific manner. Since their initial identification,
THRs have evolved into central players in a complex system of
co-activators and co-repressors (Lazar and Chin, 1990; Oppenheimer,
1999; Brent, 2012).

TPO and TPO-Ab
TPO
TPO is essential for thyroid hormone synthesis in vivo. TPO is a glycosy-
lated membrane-bound protein that belongs to the family of mammalian
haem peroxidases that have as common denominator a haem prosthetic
group acting as an electron acceptor. Other members of this family are
dual oxidase 1 (DUOX1), dual oxidase 2 (DUOX2), eosinophil
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peroxidase (EPX), lactoperoxidase, myeloperoxidase (MPO), peroxida-
sin homolog (PXDN), peroxidasin-like protein (PXDNL), prostaglandin
G/H synthase 1 (PTGS1) and prostaglandin G/H synthase 2 (PTGS2;
Zamocky et al., 2008; Gu et al., 2012). Mammalian haem peroxidases
are involved in the catalysis of oxidative reactions, antibacterial processes
and inflammation. TPO is highly expressed in the thyroid gland where the
protein is located on the apical membrane of thyrocytes. TPO oxidizes
iodide to active iodine and links iodinated tyrosine residues to form
thyroid hormones, in majority the prohormone T4, but also limited
amounts of the biologically active T3 (Miot et al., 2012).

Human TPO-Ab recognizes an immunodominant region comprising
overlapping A and B domains on conformationally intact TPO. The
amino acids recognized by TPO-Ab are located in the regions with
homology to MPO and the complement control protein (McLachlan
and Rapoport, 2007). The apical membrane, where TPO is functional,
is located on the inner side of the thyroid follicle and is generally not
exposed to the human immune system. The generation of TPO-Ab is
most likely due to TPO protein or peptides expressed on the basal mem-
brane or a previous phase of destructive thyroid gland damage, exposing
the TPO protein localized on the apical membrane to the host-immune
system. It is tempting to speculate that although these autoantibodies
recognize the TPO protein, they have in fact been raised against one of
the other highly homologous members of the MPO family. Indeed, for
some patients, cross-reaction of serum TPO-Ab with MPO has been
demonstrated. Amino acid sequences recognized by TPO-Ab are also
located in regions with homology to MPO (McLachlan and Rapoport,
2007; Davies et al., 2008). This implies that TPO-Ab, as measured
with the conventional assay, could have intrinsic affinity to other
members of the MPO family that are being expressed in cells involved
in reproduction and pregnancy.

Methods
In order to present an up-to-date overview of the effects of thyroid hormone
disorders and TPO-Ab on fertility, embryogenesis, implantation and placen-
tation, we searched in Medline, EMBASE and the Cochrane Controlled Trials

Register, for relevant studies published from 1975 until March 2014. Relevant
research articles published in the English language were obtained and
reviewed. Medical subject heading terms used were thyroid hormone,
liothyronine, thyroxine, Tg, TPO, thyroid antibody, TPO antibody, Tg anti-
body, endometrium, placenta, embryo, infertility, fertility, menstrual cycle
and spontaneous abortion in relation to thyroid hormones and TPO-Ab.
A data limit was specified for the availability of reliable free T4 assays,
which precluded articles published before 1975 (Ball et al., 1989). The com-
plete literature search is shown in Supplementary data.

From the publically available RNA microarray studies within the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus,
we performed an in silico analysis. Data from the in silico analysis were used
to determine expression of genes related to thyroid hormone metabolism
in tissue/cells involved in reproduction (Su et al., 2004; Talbi et al., 2006;
Xie et al., 2010).

Results
From a total of 6108 primary selected articles from the literature search,
105 articles were selected for critical appraisal. The results were
extracted from studies and were divided in the different target tissues
involved in reproduction, namely oocytes, sperm, embryo, endomet-
rium and the placenta. These results are described below.

The results are also summarized in Tables I and II and illustrated in
Figs 1 and 2.

Oocytes and ovulation
Thyroid hormone disorders
Ovarian follicles either continue to grow from pre-antral to antral follicles
due to survival signals, such as gonadotrophins and growth factors, or
undergo atresia. The destiny of the ovarian follicle depends on a subtle
balance of expression of hormones and growth factors. In humans, dis-
turbances in thyroid hormone production are responsible for a dysregu-
lation of the hypothalamus–pituitary–gonadal axis, and hypothyroidism
is associated with oligomenorrhea (Krassas et al., 2010). In rats, hypothy-
roidism does not influence the classical pre-ovulatory patterns of LH and

.............................................................................................................................................................................................

Table I Summary of the available evidence on thyroid hormones and the effect on reproduction.

Thyroid hormones

Oocytes and ovulation Thyroid hormone disorders are associated with disturbed folliculogenesis.
T3 in combination with FSH enhances granulosa cell proliferation and inhibits granulosa cell apoptosis by the PI3K/Akt pathway.
Thyroid hormone transporters and receptors are expressed in the ovary.

Sperm Hypothyroidism has an adverse effect on human spermatogenesis and negatively affects sperm count and motility as well as
morphology.
Hyperthyroidism is associated with abnormalities in sperm motility and DNA damage.
No studies are available on the mechanisms by which thyroid hormone affects spermatogenesis.

Fertilization and
embryogenesis

Hypothyroidism is associated with lower fertilization rates and disturbed embryogenesis.
No studies on the pathophysiology have been reported.

Endometrium Deiodinases, THRA and THRB are expressed in the endometrium
Evidence for a direct effect of thyroid hormone on endometrial receptivity or function is lacking.

Implantation Thyroid hormone stimulates the production of progesterone in granulosa cells and up-regulates LIF.
There are no studies on the effect of thyroid hormone on implantation.

Placentation T3 increases the expression of MMP-2, MMP-3, fetal fibronectin and integrin a5b1T3 in early placental extravillous trophoblasts.

T3, triiodothyronine; THRA, thyroid hormone receptor alpha; THRB, thyroid hormone receptor beta; LIF, leukaemia inhibiting factor; MMP-2,3, matrix metalloproteinase 2,3.
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FSH secretion (Hapon et al., 2010), suggesting that in contrast to humans,
hypothyroidism in rats does not have an effect on pituitary gonadotrophin
secretion. In domestic cats, no beneficial effect of T4 on in vitro antral fol-
licle growth, diameter gain, morphologic development or the amount of
viable follicles was found (Wongbandue et al., 2013).

The composition of follicular fluid might be important for developing
oocytes and may play a substantial role in oocyte quality. Both T3 and
T4 are present in follicular fluid of humans. Both isoforms of THR
mRNA are expressed in the human oocyte, and hence thyroid
hormone may directly affect the oocyte (Zhang et al., 1997). Conflicting
results have been reported on the correlation between serum thyroid
hormone levels and follicular fluid levels. One study showed a positive
correlation between serum T4 and follicular fluid T4 values (Wakim
et al., 1993). In addition, an animal study showed that in follicular fluid
T4 levels are generally lower than in blood serum, whereas T3 concen-
tration in follicular fluid is comparable with blood serum levels.

In vitro studies have shown that the growth of rat pre-antral follicles and
the levels of ovulated oocytes is stimulated by thyroid hormone. T3 alone
is ineffective, but in combination with FSH, it enhances granulosa cell pro-
liferation and inhibits granulosa cell apoptosis by the PI3K/Akt pathway
(Jiang et al., 1999, 2000; Zhang et al., 2013). Hypothyroid rats showed
similar amounts of corpora lutea, and slightly (although not statistically
significant) lower ovulation rates compared with control rats. Hypothy-
roid rats have higher levels of estrogens, estrogen receptor B (ERb) and
cyp19A1 aromatase expression after ovulation compared with control
rats, favouring survival of the corpus luteum (Hapon et al., 2010).

T3 is considered a biological amplifier of the stimulatory action of
gonadotrophins on granulosa cell function (Maruo et al., 1991) and all
data indicate that thyroid hormone levels seem to play a positive role
in follicle development in vitro and are important during folliculogenesis
and ovulation in vivo. Therefore, altered thyroid hormone levels may
lead to cyclic irregularities and ovulation disturbances lowering the
chance of a successful pregnancy.

In humans, increased expression of THRs was found during follicular
growth (Wakim et al., 1995; Zhang et al., 1997). From the publically avail-
able RNA microarray studies within the NCBI Gene Expression
Omnibus, it appears that thyroid hormone transporters and receptors

are expressed—at least to some level—in the ovary (Supplementary
data, Fig. S1).

TPO-Ab TPO-Ab were measurable in all samples of follicular fluid
obtained from women with thyroid autoimmunity, while they were
absent in women without thyroid autoimmunity (Monteleone et al.,
2011). The relevance of this observation remains to be elucidated,
because it only demonstrates that plasma TPO-Ab can enter follicular
fluid. It can however be speculated that thyroid autoantibodies cause a
cytotoxic reaction in the follicle fluid leading to damage to the oocyte,
which may decrease its quality and development potential. In women
with unexplained subfertility and thyroid autoantibodies (TPO-Ab
and/or Tg-Ab), the number of oocytes retrieved after ovarian hypersti-
mulation was not statistically different compared with women without
thyroid autoantibodies (Geva et al., 1996; Kilic and Tasdemir, 2008).

In conclusion, thyroid hormone disorders are associated with dis-
turbed folliculogenesis. This is supported by the fact that thyroid
hormone transporters and receptors are expressed in the ovary. T3 in
combination with FSH enhances granulosa cell proliferation and inhibits
granulosa cell apoptosis by the PI3K/Akt pathway. Therefore, altered
thyroid hormone levels may lead to cyclic irregularities and ovulation
disturbances, thereby lowering the chance of a successful pregnancy.

Although TPO-Ab can be found in follicular fluid, there is no evidence
available that it disturbs folliculogenesis.

Sperm
Thyroid hormone disorders
In thyroidectomized prepubertal rats, testosterone levels, number of
spermatozoa and sperm motility are decreased (Kumar et al., 1994).
In congenitally hypothyroid mice, seminiferous tubules are smaller and
contain fewer spermatogonia, spermatocytes, spermatids and sperm-
atozoa compared with controls (Matsushima et al., 1986). Together,
these studies indicate that physiological thyroid hormone concentrations
are required for normal spermatogenesis in rodents. Male Pax8 null mice
are hypothyroid due to thyroid agenesis and have complete azoosper-
mia. However, the azoospermia is the result of a direct morphogenic
role of Pax8 in the development of the epididymides and the efferent
ducts and not due to congenital hypothyroidism (Wistuba et al., 2007).

.............................................................................................................................................................................................

Table II Summary of the available evidence on thyroid peroxidase autoantibodies (TPO-Ab) and the effect on
reproduction.

TPO-Antibodies

Oocytes and ovulation TPO-Ab are present in follicular fluid.
TPO-Ab do not influence the number of retrieved oocytes during controlled ovarian stimulation.
There are no studies on a direct effect of TPO-Ab on folliculogenesis.

Sperm TPO-Ab are more often found in subfertile men compared with a control group.
No studies are available that showing a direct effect of TPO-Ab on spermatogenesis

Fertilization and embryogenesis TPO-Ab are associated with lower fertilization rates and disturbed embryogenesis
No literature is available on the pathophysiology.

Endometrium TPO-Ab do not influence endometrial volume.
No studies have been published on direct effects of TPO-Ab on endometrial receptivity or endometrial function.

Implantation There are no studies on direct effects of TPO-Ab on implantation.

Placentation TPO-Ab diffuse through the placental barrier
There is no evidence for a direct effect of TPO-Ab on early placentation
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Hypothyroidism has an adverse effect on human spermatogenesis and
negatively affects sperm count and motility (Rajender et al., 2011) as well
as morphology (Corrales Hernandez et al., 1990). Hyperthyroidism is

associated with abnormalities in sperm motility (Krassas et al., 2008)
and DNA damage (Meeker et al., 2008).

TPO-Ab
The presence of thyroid autoantibodies was higher in subfertile men
compared with a control group (Baker et al., 1985).

Altogether, hypothyroidism, hyperthyroidism and presence of
TPO-Ab are associated with an adverse effect on sperm parameters.
No studies are available showing a causal effect of thyroid hormone
and TPO-Ab on sperm parameters. No intervention studies are available
on treating thyroid disorders and the effect on sperm parameters. The
clinical significance remains therefore unclear, especially since some of
the reported abnormalities in sperm parameters do not affect fertility.

Fertilization and embryogenesis
Thyroid hormone disorders
We identified only one study that reports on the effect of thyroid status
on fertilization. This study showed that fertilization rates were significant-
ly lower in cows treated with propylthiouracil and who were hypothy-
roid, compared with control euthyroid cows (Bernal et al., 1999).

In humans, the number of embryos of higher quality was significantly
higher in women with subclinical hypothyroidism who were treated
with T4 supplementation compared with those who were not. In add-
ition, women that were treated with T4 had a higher live birth rate per
initiated cycle, with no difference in the live birth rate in TPO-Ab positive
patients (Kim et al., 2011a).

The thyroid hormone transporters and receptors, as well as deiodi-
nases, are expressed in the human pre-implantation embryo (Supple-
mentary data, Fig. S1).

TPO-Ab
Evidence for the influence of TPO-Ab on embryo quality is limited. One
study showed a decreased percentage of 3–4 cell stage mouse embryos
cultured in serum with TPO-Ab compared with mouse embryos cultured
in normal mouse serum (74 versus 90%, P , 0.05) but the number of
expanded blastocysts (66 versus 73%) and hatching blastocysts (36 versus
37%) did not significantly differ between the two groups (Lee et al., 2009).

In a study of 14 women with TPO-Ab (also in follicular fluid), oocyte
fertilization, grade A embryosand pregnancy rateswere lowercompared
with 17 women without TPO-Ab and this effect was independent of
thyroid hormone status (Monteleone et al., 2011). Another study
found no statistical differences in the number of grade 1 and grade 2
embryos comparing women with unexplained subfertility and positive
thyroid autoantibodies (TPO-Ab and/or Tg-Ab) with unexplained sub-
fertility without thyroid autoantibodies (Kilic and Tasdemir, 2008). This
discrepancy might be due to the fact that this study also included women
positive for Tg-Ab.

In conclusion, both hypothyroidism and the presence of TPO-Ab
seem to negatively affect fertilization rates and embryo quality, but to
date, only associations have been reported and studies exploring the
pathophysiology are lacking.

Endometrium
Thyroid hormone disorders
There is ample evidence that DIO2 and DIO3 are present in human endo-
metrium throughout the menstrual cycle (Kohrle, 1999; Aghajanova et al.,
2009, 2011). The expression in the mid-secretory phase is lower and the

Figure 1 Thyroid hormone physiology. Circulating thyroid hormone
concentrations are regulated via a negative feedback system at the level
of the hypothalamus and the pituitary. The production of thyroid
hormone by the thyroid is regulated by thyroid-stimulating hormone
(TSH) produced by the anterior pituitary, which itself is regulated by
thyrotropin-releasing hormone (TRH) produced by the hypothalamus.
Thyroid hormone circulates as the inactive prohormone thyroxine (T4)
and as the active hormone triiodothyronine (T3). Thyroid hormone can
only enter target cells by virtue of specific transporters (MCT8, MCT10
and Oatp1c1). In target cells, thyroid hormone can be activated (T4 to
T3) or inactivated (T4 to rT3 or T3 to T2) depending on the local activity
of specific deiodinases (D1, D2 and D3). Subsequently, active T3 can bind
to the nuclear thyroid hormone receptors (TR-alpha and TR-beta) and
induce transcription.
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cyclic changes of deiodinase activities show an inverse relationship with
progesterone levels (Catalano et al., 2007; Aghajanova et al., 2011).
THRA and THRB are expressed in the glandular endometrium with a
peak during the mid-secretory phase. The expression of deiodinases,
THRA and THRB in the endometrium indicates a dynamic local regulation
of bioavailable thyroid hormone metabolites.

Evaluation of publically available expression data in the NCBI Gene
Expression Omnibus supports these data and also demonstrates the
presence of thyroid hormone transporters and even relatively high ex-
pression of co-activators and repressors of the THRs in the endomet-
rium and uterus (Supplementary data, Fig. S1).

TPO-Ab
Endometrial volume is an important parameter to evaluate endometrial
receptivity and therefore a possible predictor for successful implantation
(Coulam et al., 1994; Noyes et al., 1995). In euthyroid women with
unexplained infertility, there was no difference in endometrial volume
between subjects positive or negative for TPO-Ab, whereas the
pregnancy rate after IVF was lower in the TPO-Ab positive group (Kilic
and Tasdemir, 2008).

Analysis of mRNA expression data from the non-pregnant human
uterus (Samborski et al., 2013; Supplementary data, Table SI) shows

that the MPO domain-encoding genes PXDN and PTGS2 have relatively
high expression levels compared with TPO and the other MPO
domain-encoding genes in this tissue. PTGS2-mediated prostaglandin
synthesis in mouse is known to be essential for ovulation, fertilization,
implantation and decidualization (Lim et al., 1997). The function of
PXDN homologue in the endometrium is unknown.

In conclusion, deiodinases, THRA and THRB are expressed in the
endometrium suggesting a functional role for thyroid hormone, but
there are no studies available that demonstrate a direct effect on endo-
metrial receptivity or endometrial function. TPO mRNA is expressed in
the endometrium at a relatively low level and protein expression has
never been demonstrated, which makes a direct pathophysiological
effect of TPO-Ab on TPO in the endometrium unlikely.

Implantation
Thyroid hormone disorders
In this review, implantation is defined as the direct contact between
the maternal and fetal interface prior to the invasion of extravillous tro-
phoblasts into the maternal spiral arteries. One study showed that T4
increases progesterone production in human granulosa cells in vitro
when administered in combination with insulin and gonadotrophins
(Wakim et al., 1995). As progesterone is responsible for building up

Figure 2 Mechanisms of action of thyroid hormones in the reproductive system. Schematic summary of known effects and/or associations of thyroid
hormone and the reproductive system. Solid lines indicate an effect of T4 administration. Dotted lines indicate associations without evidence for causality.
For each tissue/cell-type expression of TR, deiodinases (DIO) and thyroid hormone transporters is indicated. Thyroid peroxidase autoantibody (TPO-Ab)
is not shown because a lack of evidence for a causal relationship between TPO-Ab and function of the reproductive system. MMP, metalloproteinases.
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the endometrial lining for an optimal implantation and for decreasing the
maternal immune response to allow for the acceptance of the pregnancy,
T4 bioavailability may have a mediating role in this process.

Leukaemia inhibitory factor (LIF) is involved in the embryo implant-
ation process and expressed in the mid-secretory endometrium (Koot
et al., 2012). TSH significantly up-regulated LIF expression in endometrial
cell cultures, suggesting a potential role of TSH in the implantation
process (Aghajanova et al., 2011).

TPO-Ab
Analysis of mRNA expression data from non-pregnant human uterus
(Samborski et al., 2013; Supplementary data, Table SI) shows that the
MPO domain-encoding genes PXDN and PTGS2 have relatively high
expression levels in this tissue. In humans, the effect of PTGS2 is less
clear than in mice, but PTGS2 is known to play a role in female fertility
(Cha et al., 2012). Mice where PGTS2 expression was limited were
infertile or produced small litters or no litters. A cohort study of
34 women showed that prostaglandin synthesis appears to be disrupted
in patients with repeated IVF failure compared with fertile controls
(Achache et al., 2010). This suggests that reduced prostaglandin synthesis
in the human endometrium may lead to poor endometrial receptivity.
The function of PXDN homologue in the endometrium is unknown.
The possibility that TPO-Ab might be able to recognize PTGS2 and
that PTGS2 is important for an ongoing pregnancy in human and mice
and makes it tempting to speculate that there might be an effect of
TPO-Ab on PTGS2. No data supporting this speculation are available.

In conclusion, thyroid hormone stimulates the production of progester-
one in granulosa cells and up-regulates LIF expression. Both are important
for the implantation process. No evidence is available on a direct patho-
physiological effect of thyroid hormones or TPO-Ab on implantation.

Placentation
Thyroid hormone disorders
The placenta is responsible for the exchange of oxygen, nutrients, hor-
mones and growth factors and their waste products between mother
and fetus. The migration of extravillous trophoblasts into the maternal
uterine spiral arteries allows increased blood flow to the placenta. Cell
adhesion molecules (Damsky et al., 1993), metalloproteinases (MMP-2
and MMP-3), tissue inhibitors of metalloproteinases, fibronectin and in-
tegrin a5b1 are important for the invasion process (Sato et al., 1994;
Aplin et al., 1999). T3 is known to increase the expression of MMP-2,
MMP-3, fetal fibronectin and integrin a5b1T3 in cultured early (8–12
weeks) placental extravillous trophoblasts, suggesting that thyroid
hormone plays a vital role regulating the invasive potential of extravillous
trophoblasts (Oki, 2004).

One of the effects of thyroid hormone is the stimulation of the placen-
tal secretion of progesterone and human placental lactogen. Progester-
one is essential for the endometrial lining and an optimal nidation, as well
as inducing the local immune tolerance that decreases the maternal
immune response and prevents rejection of the fetal allograft (Maruo
et al., 1991). Human placental lactogen increases the fetal glucose
supply by decreasing maternal fattyacids stores through altering maternal
insulin secretion. T3 through the THRB stimulates the expression and
release of placental lactogen in cultured human trophoblasts (Stephanou
and Handwerger, 1995). T4 both increases vascular endothelial growth
factor in trophoblasts as well as the height of the trophoblast epithelium
in gilts (Souza et al., 2011).

Thyroid hormone metabolism in the placenta seems tightly regulated.
All three types of deiodinase are expressed in placenta (Koopdonk-Kool
et al., 1996), and the relatively high levels of DIO3 expression limit
the transfer of maternal circulating thyroid hormones to the fetus
(Mortimer et al., 1996). The placenta is responsive to T3 and contains
thyroid receptors not only at term, but also during early gestation
(Mukku et al., 1983; Maruo et al., 1992; Laoag-Fernandez et al., 2004).
High affinity-specific T3-binding proteins are present in the trophoblast
membrane and are responsible for uptake of T3 by trophoblast cells
(Nishii et al., 1989; Pontecorvi and Robbins, 1989; Mitchell et al.,
1992). All these in vitro data were confirmed by our in silico analysis.
There is a relatively high placental expression of all factors involved in
thyroid hormone action (Supplementary data, Fig. S1).

TPO-Ab
Although TPO-Ab diffuse through the placental barrier during the third
trimesterof pregnancy (Seroret al., 2014), there is no evidence that this is
also true in early pregnancy. Since the characteristics of the placental
barrier change only slightly after the first trimester, transfer of TPO-Ab
at all stages of pregnancy seems likely. A recent cohort study supported
that the increased risk of TPO-Ab positive women on adverse pregnancy
outcomes was independent of thyroid function (Korevaar et al., 2013).
Possibly, thereare direct targets for TPO-Ab, other than TPO, at the ma-
ternal– fetal interface that affect placentation and ongoing pregnancy.
In particular, expression of the MPO-domain-containing protein per-
oxidasin homologue is very abundant in both trophoblasts and decidua
(www.proteinatlas.org and Supplementary data, Table SI).

It is important to bear in mind that TPO-Ab are also associated with
the presence of other autoantibodies, such as zona pellucida autoanti-
bodies. Zona pellucida and thyroid tissue seem to share some antigens
and might cross react. It has been postulated that the zona pellucida
may be the target of TPO-Ab (Kelkar et al., 2005). MPO is involved in
the catalysis of oxidative reactions, antibacterial processes and
inflammation, which hypothetically may lead to an increased immune
response. It is also hypothesized that TPO-Ab reflect a general
immune response, resulting in subfertility and complications during
early pregnancy. Kim et al. (2011b) showed that tumour necrosis
factor alpha and interleukin-10-expressing CD3/CD4 cell ratios and
non-organ-specific antibodies were significantly increased in women
with thyroid autoantibodies. They additionally concluded that women
suffering from recurrent miscarriage with thyroid autoantibodies have
significantly elevated serum levels of natural killer cells (Kim et al.,
2011b). No correlation could be established between the presence of
TPO-Ab and uterine-natural killer cells in women suffering for recurrent
pregnancy loss after IVF and their levels of TPO-Ab (Mariee et al., 2012).

In conclusion, T3 increases the expression of MMP-2, MMP-3, fetal
fibronectin and integrina5b1in early placental extravillous trophoblasts,
suggesting that thyroid hormone plays a vital role in the regulation of the
invasive potential of extravillous trophoblasts. TPO-Ab diffuse through
the placental barrier but there is no evidence published that TPO-Ab dir-
ectly affect placentation.

Discussion
An association exists between thyroid hormone disturbances and/or
TPO-Ab and subfertility and early pregnancy loss, but the exact patho-
physiology is unknown (van den Boogaard et al., 2011).
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This review shows that altered thyroid hormone levels are associated
with disturbed folliculogenesis and spermatogenesis, lower fertilization
rates and lower embryo quality.

Thyroid hormone levels seem to play a positive role for ovulation and
folliculogenesis. T3 in combination with FSH enhances granulosa cell pro-
liferation and inhibits granulosa cell apoptosis by the PI3K/Akt pathway
(Jiang et al., 1999, 2000; Zhang et al., 2013). Hypothyroid rats have higher
levels of estrogens, ERb and cyp19A1 aromatase expression after ovula-
tion compared with control rats, favouring survival of the corpus luteum
(Hapon et al., 2010).

T3 is considered a biological amplifier of the stimulatory action of
gonadotrophins on granulosa cell function (Maruo et al., 1991). Thyroid
hormone levels seem to play a positive role for embryo quality, because
treatment with T4 in women with subclinical hypothyroidism resulted in
a higher embryo quality (Bernal et al., 1999).

T3 is known to increase the expression of MMP-2, MMP-3, fetal fibro-
nectin and integrina5b1 in cultured early (8–12 weeks) placental extra-
villous trophoblasts, suggesting that thyroid hormone plays a vital role
regulating the invasive potential of extravillous trophoblasts (Oki, 2004).

Thyroid hormone transporters, receptors and their associated pro-
teins are expressed in the ovary, the early embryo (Xie et al., 2010),
endometrium (Talbi et al., 2006), uterus and placenta (Su et al., 2004;
Supplementary data, Fig. S1). No other data explaining the associations
could be retrieved from the literature and the underlying mechanism for
these clinical parameters remains unclear.

The available evidence, although limited, supports a role for thyroid
hormone in reproduction and early pregnancy. The fact that almost all
factors essential for thyroid hormone action, such as THRA and
THRB, thyroid hormone transporters and deiodinases, are expressed
in several tissues involved in reproduction, namely ovary, endometrium,
uterus and placenta, indicates a dynamic local regulation of bioavailable
thyroid hormone metabolites. It is important to realize that thyroid
hormone and associated proteins are expressed in multiple tissues,
other than the reproductive organs, but that the expression levels
seems not that high. It is unknown if the relatively low expression
levels also mean that there is a functional effect of these factors. Expres-
sion of these factors per se does not explain a possible direct pathway.

The presence of TPO-Ab negatively influences folliculogenesis,
spermatogenesis, fertilization rates, embryo quality and pregnancy rates,
but no data are available on the potential mechanisms. Low-to-absent
expression of TPO mRNA expression in the endometrium, uterus
and placenta makes a direct effect of TPO-Ab unlikely (Supplementary
data, Table SI).

TPO expression is low or absent in the endometrium and placenta, es-
pecially compared with other peroxidases. It is still very interesting to
speculate that other peroxidases, such as PXDN or PTGS, are the
target for TPO-Ab and cause an increased immunological response.
There is however no evidence showing that TPO-Ab have binding affinity
for these other peroxidases. Studies on a possible increased immuno-
logical response in women with TPO-Ab are very limited.

Summary and clinical relevance
The available evidence, although limited, supports a role of thyroid
hormone in fertility and early pregnancy. The hypothesis that the asso-
ciated subfertility or pregnancy loss is secondary to a subtle deficiency
in thyroid hormone concentrations is therefore more likely than a

direct pathogenic effect of TPO-Ab. Future research should be
focusing on thyroid hormone disturbances and their clinical and patho-
physiological effects. Although understanding the molecular signalling
of thyroid hormone is very interesting, a clinical intervention study is
more pragmatic to investigate whether thyroid hormone supplementa-
tion improves fertility or early pregnancy outcomes in women with sub-
clinical hypothyroidism and in women prone to develop hypothyroidism
due to the presence of TPO-Ab. There is a need for clinical studies given
the worldwide discussion on treating pregnant women with subclinical
thyroid dysfunction. There is a very broad variation in the treatment
and screening of pregnant women for thyroid disorders in pregnancy
(Vaidya et al., 2012). Guidelines provide different advice regarding
when to screen or treat pregnant women with thyroid hormone supple-
mentation (De et al., 2012). Currently, two studies are recruiting women
with TPO-Ab and a history of (recurrent) miscarriage to investigate if
treatment with levothyroxine improves live birth rates, the T4-LIFE
study (NTR 3364) and the TABLET Study (ISRCTN15948785). Rando-
mized studies are needed to study the effect of treating subclinical hypo-
thyroidism in pregnancy. This would also be of particular interest in
women with subclinical hypothyroidism and/or TPO-Ab undergoing
IVF to pinpoint specific effects of thyroid hormone on reproduction.
Valuable data on parameters such as number of follicles, number of
oocytes, fertilization rates, embryo quality, implantation rates, and preg-
nancy outcome could be obtained and may lead to approaches to
improve the fertility and pregnancy outcomes, and at the same time
provide clues on where to start more fundamental studies on the under-
lying pathophysiological mechanisms.

Supplementary data
Supplementary data is available at http://humupd.oxfordjournals.org/
online.
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