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Abstract

Leukaemia inhibitory factor (LIF), a cytokine in the interleukin 6 family, is considered a pleiotropic molecule with diverse functions and is expressed in
different tissues and cell types. The role of LIF in the reproductive system during the implantation process has been described; however, to date, there
is little available information about the effect of LIF on the function and development of the female gonad. The focus of this review is to analyse the
structure of LIF, the signalling pathway involved, and the expression of LIF and its receptor in different ovarian cell types. In addition, the participation
of LIF and its receptor in ovarian function, follicular development, steroidogenesis and ovulation is discussed.

Introduction

Leukaemia inhibitory factor (LIF) is a cytokine that belongs
to the interleukin 6 (IL-6) family and is considered a pleiotropic
molecule since it is expressed in different tissues and cell types and
has diverse functions. The first observed effect of LIF was its ability
to function as a differentiation inducer and proliferation inhibitor
of the myeloid leukemic cell line (M1) to macrophages in an in vitro
model [18]. Other specific functions of LIF have been reported, such
as its participation in bone resorption [36,37] neonatal neuronal
transdifferentiation [40,41] and its involvement in cardiac remodelling

[19-21], folliculogenesis and spermatogenesis [14]

Currently, the study of this cytokine in the female reproductive
system has attracted interest since it is found in different tissues of
the female reproductive system [22]. LIF was initially discovered to
be necessary for the uterine implantation process [10], and in recent
decades, it has been found to be present in the oviduct [23] and ovary,
but its functions at these levels have not been fully understood. In the
ovaries of different species and from different study models, both in
vitro and in vivo, LIF has been shown to fulfil important functions
depending on folliculogenesis stage, mainly during the neonatal and
fertile periods of female reproductive life; however, the role of LIF
during the female subfertile period is unclear. Therefore, in the present
review, we discuss the available data on the role of LIF in ovarian
folliculogenesis during female reproductive life.

Lif and Its Receptor

LIF is a protein with an approximate molecular weight of 20 kDa,
but its molecular weight can range from 38-67 kDa due to differences
in posttranslational modifications [38,39]. Among the modifications
that mature proteins present are glycosylations, which are mainly
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associated with asparagine residues. Although glycosylations explain,
to some extent, the variations in the molecular weight of LIF (38-67
kDa) [3], we still cannot determine how the glycosylation pattern
affects the function and stability of the protein. LIF is described as long-
chain cytokine with four a-helices in an up-down-up configuration, as
has also been shown for other IL-6 family members such as ciliary
neurotrophic factor (CNTF), growth hormone (GH), granulocyte
colony-stimulating factor [42,45] Although a low degree of homology
is observed between the primary structures of these cytokines, they
show a high degree of homology in their tertiary structures and in
the functional epitopes of their receptors, as demonstrated by X-ray
crystallography resonance imaging [43].

Lif Receptors as a Heterodimer and Associated Signalling
Pathways

For LIF to carry out its action, it must interact with a heterodimeric
plasmatic membrane receptor formed by two proteins, gp130 and
LIFRP. The LIFRP subunit which can also interact with other cytokines
of the IL-6 family, such as CNTF and oncostatin M and the gp130
is a subunit common for all IL-6 family cytokines [46]. LIF interacts
specifically and directly with the LIFRP subunit but with a relatively
low affinity (Kd=1*10-9). When the gp130 subunit interacts with
the LIF-LIFRB complex, a high-affinity trimeric LIF-LIFRB-gp130
complex is formed (Kd=1*10A-10), which is necessary for receptor
activation and therefore intracellular signalling [24]. The interaction
between LIF and LIFRp is 80-fold greater than that between LIF and
gp130, which is not surprising given that gp130 also interacts with
other cytokines [25].

IL-6 family cytokine-associated receptors do not exhibit kinase
activity. The binding of LIF to its heteroreceptor causes conformational
changes in the subunits that allow cytoplasmic activation of Janus
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kinase (JAK), tyrosine phosphorylation of the heteroreceptor and is a signalling pathway shared by several cytokine receptors [47]. In
phosphorylation of signal transducer and activator of transcription addition to activating the JAK/STAT pathway, the interaction between
(STAT). It has been observed that LIF can activate the JAK1/STAT3 LIF and LIFR can activate other signalling pathways, such as the
pathway, which is considered to be the canonical signalling pathway mitogen-activated protein kinase (MAPK) and phosphoinositide
involved (Figure 1), but importantly, the JAK/STAT signalling cascade 3-kinase (PI3K) pathways; however, the effects vary and may even be
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Figure 1: Canonical LIF signaling pathway in the ovarian follicle. LIF is expressed in the ovaries of various animal models, such as mice, rats, nonhuman primates, and humans. Specifically,
it has been observed that LIF is expressed in different ovarian cells such as theca cells, granulosa cells and oocyte. In the scheme, granulosa cells of antral follicles are used as an example of
localization of the signaling cascade associated with LIE. The LIF molecule is shown in green. The LIF receptor as a heterodimer consists of the LIFRp subunit in blue and the gp130 subunit in
red. Upon interaction of LIF with the LIFR subunit of the LIF receptor, the gp130 subunit is recruited to form the heterotrimer. When this occurs the signaling cascade is triggered where JAK1
phosphorylation is induced to be activated. JAK1 upon activation subsequently phosphorylates STAT3 so that it can homodimerize and translocate to the nucleus to act as a transcription factor
in the regulation of gene expression.
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opposite depending on the cell type involved, having been observed
to either induce or inhibit cell differentiation in a variety of cases [48].

Role of Lif in the Female Reproductive System

Function of Lif In Utero

Ithasbeen widely reported that LIF participates in the implantation
process in the uterus of several mammals [50,51]. An increase in LIF
levels in utero has been observed at 2 crucial moments of pregnancy:
the first is in the oestrus stage, coinciding with the ovulation process
[57], and the second is on the 4th and 5th days of pregnancy. In situ
hybridization has shown that LIF expression in pregnant mice is
confined to the endometrial glands [39]. After the 5th day of pregnancy,
once implantation and decidualization occur, the glands begin to
degenerate, and LIF secretion ceases. This observation suggests that
the peak LIF signal produced during pregnancy could be decisive at
the time of implantation; this was corroborated in female LIF-deficient
(LIF-/-) homozygous mice whose ova fertilized by either LIF-/- or
wild-type (WT) males reached the blastocyst stage without problems.
However, these mice could not reach the implantation stage [49] when
these embryos were transferred to a pseudopregnant WT female, the
pregnancy reached full term, suggesting that the implantation failure
was due to a maternal defect, which was essentially attributed to the
lack of LIF. Based on these studies, LIF was found to be a fundamental
factor in the implantation process. However, the action of LIF in this
process is subject to regulation by other factors, including kisspeptin
(KP).

KP is a key neuropeptide involved in the regulation of reproductive
function through the hypothalamic-pituitary-gonadal (HPG) axis
[52]. Despite the important role of the KP at the central level, it also
regulates gonadotrophins secretion [26,27]. Calder et al. confirmed
that KP (Kissl-/-) deficient female mice mated with WT males are
unable to achieve pregnancy due to implantation defects [11]. This
finding led us to consider whether Kissl-/- females lacked some
determinant signals for the implantation process. In this regard, as
mentioned above, studies have shown that LIF is an essential factor
for the implantation process in mice. Indeed, a therapy based on the
exogenous administration of recombinant LIF was able to partially
rescue the implantation process in Kissl-/- females. Based on these
findings, it was hypothesized that LIF expression was reduced in female
Kiss1-/- mice, which was subsequently confirmed by the marked
reduction in LIF expression at the level of the uterine glandular lumen
in Kissl-/- females compared to WT female mice. This is the first
study to demonstrate that uterine KP signalling regulates glandular
levels of LIF.

Function of Lif in Ovary

LIF is expressed not only in endometrial tissue in the female
reproductive system but also in the ovary (Senturk & Arici 1998). LIF
is expressed in the ovaries of various animal models, such as mice, rats,
nonhuman primates, and humans [5,6,31,32]. During the fertile stage
in human and nonhuman primates, LIF has been shown to be present
in the follicular fluid of preovulatory follicles [30]. In rats, ovarian
LIF levels change during the oestrous cycle, with the highest levels
being observed at the night of proestrus, corresponding to oestrus
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and metaestrus/diestrous [28,29]. We have seen in a rat model that
the ovarian expression of LIF, in addition to being different during
the oestrous cycle, is different during the reproductive life of the rat,
as indicated by a greater expression of this cytokine in the fertile stage
and a markedly lower expression during lactation. In neonatal rats,
LIF is localized to granulosa cells in primordial and primary follicles
and in oocytes [53]. In mouse ovaries, LIF is localized to cumulus cells
and oocytes from antral follicles. In these cells, the intensity of the
LIF marker increases in growing and mature follicles [54]. According
to the ITHC technique, LIF is localized in theca cells, granulosa cells
and oocytes from healthy antral follicles and mainly in luteal cells of
the corpus luteum in fertile rats in the oestrous stage [58]. These data
suggest a possible autocrine/paracrine role of LIF during the neonatal
and fertile periods in females, as well as a role in the stages of cyclical
recruitment, ovulation, corpora lutea development and steroid
hormone production.

This paracrine or autocrine action of LIF is suggested by the fact
that ovarian cells express LIF receptors. The LIF receptor has been
found to localize to different ovarian follicular cells in different species
[44]. In the ovaries of fertile female monkeys, LIFRp and gp130 (also
known as IL6ST) are localized by THQ in theca cells and granulosa
cells of antral follicles [33]. In humans, LIFRB and gp130 have been
identified by RT-qPCR and IHQ in granulosa cells and oocytes from
primordial follicles of foetal ovaries and in granulosa cells from
primary and secondary follicles in adult ovaries [1]. The activation
of the LIF receptor in ovarian follicular cells of monkeys in the
fertile stage and in the human granulosa cell line COV434 is related
to the signalling pathway corresponding to JAK1/STAT3 (Figure 1)
and phosphorylated STAT3 after an ovulatory stimulus [35]. On the
other hand, in vitro studies in pig ovaries revealed an increase in the
phosphorylated form of STAT3 associated with the cumulus-oocyte
complex [34]. We recently reported that, in rat ovaries incubated with
LIF for 30 minutes, STAT3 phosphorylation increases [37]. LIF and
its receptors can activate other signalling pathways [23] in a paracrine
or autocrine manner. It must be determined whether these signalling
pathways can also be activated in the ovary, for which further studies
are needed.

Participation of LIF in Follicular Recruitment

LIF has been shown to promote the transition from primordial to
preantral follicle in a neonatal rat and goat in vitro study [58,59] and
it has been proposed that this effect in rats is indirect and mediated
by an increase in the expression of kit ligand (KL), a known factor
that promotes the passage from primordial to primary follicles.
We recently published results that support the idea that chronic
treatment with LIF for 28 days in vivo decreases the total number
of small primary and secondary follicles in the ovaries of fertile rats.
In contrast, the number of primordial follicles does not change with
LIF treatment and therefore does not explain the decrease found in
primary and secondary follicles. LIF has been shown to decrease the
growth of developing follicles both in vitro in prepubertal mice [55]
and in vivo in fertile rats [56] Specifically, it has been observed in
vitro that both secondary and antral follicles are small in size when
ovaries are incubated with LIF [60]. This decrease in the development



Alfonso Paredes (2024) Participation of the Leukemia Inhibitory Factor on Ovarian Function

of preantral follicles disagrees with the results of Nilsson et al. and may
be due to the chronic in vivo treatment of LIE. However, the effects
of LIF on apoptosis are still controversial [16]. To determine whether
LIF induces apoptosis in vivo, it is necessary to carry out studies with
shorter treatment durations because at 28 days, no pyknotic nuclei
were observed during the morphology analysis. LIF regulates the
recruitment of primordial follicles, which is relevant for maintaining
the cohort of reserve follicles in the ovary. Its effect could be associated
with the maintenance and avoidance of a massive loss of the ovarian
follicular reserve during reproductive life. Studies focused on the
subfertility stage are also necessary.

Follicular atresia corresponds to the degeneration or death of the
ovarian follicle so that healthy follicles can develop normally, while
defective follicles degenerate and die by apoptosis or autophagy,
depending on the stage of follicular development [12,51]. Autophagic
atresia has been documented to occur mainly in preantral follicles,
whereas apoptosis-induced atresia occurs mainly at the antral follicle
stage during cyclical recruitment. It has been observed that atresia in
antral follicles is due to the lack of FSH signalling [53] and that this
process is associated with the activation of the LIF-STAT3 pathway in
the granulosa cells of bovine ovarian follicles [24]. FSH is important
for the selection and development of antral follicles, mainly through
cyclical recruitment [66]. However, treatment with LIF in rat ovaries
for 28 days does not induce follicular atresia, and serum FSH levels
do not change with respect to those of the control at the end of
treatment. These results suggest that LIF alone does not have an effect
on follicular atresia, and it is probable that atresia due to lack of FSH is
due to another mechanism and not through LIE

Participation of LIF in Ovulation and Corpus Lutea

The effect of LIF on ovulation has been evaluated by Murphy et al.,
2016. In this work, LIF concentrations were determined in the follicular
fluid of preovulatory follicles of fertile female rhesus macaques, and
an increase in LIF was observed after hCG administration as an
ovulatory stimulus and prior to ovulation. A similar phenomenon
has been observed in follicular fluid from preovulatory follicles in
humans after hCG has been administered [13]. These results support
the premise that LIF is produced in granulosa cells, cumulus cells, and
oocytes, as has been observed in rodents [65]. LIF is produced during
all stages of follicular development, apparently regulating the growth
and maturation of follicles and oocytes and ultimately contributing
to ovulation. In summary, the data suggest that LH can stimulate
the production and secretion of LIF in granulosa cells, specifically
in preovulatory follicles, which express the LH receptor (LHR), to
promote ovulation. For example, the administration of hCG (500 IU/
ml) provoked a significant increase in intrauterine LIE, VEGF and
MMP-9 (Licht et al., 2007).

There are no data in humans that evaluate the effect of LIF on
ovulation itself, but when determining the concentration of LIF
in the follicular fluid and in the serum of women suffering from
polycystic ovarian syndrome (PCOS), a condition characterized by
oligo- or anovulation, women with PCOS have decreased levels of LIF
compared to what is observed in control women [64]. A study carried
out in a rat model revealed that local LIF administration to the ovary
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for 28 days can increase the number of large corpora lutea and the
serum progesterone concentration at the end of 28 days of treatment
with LIF. Large corpora lutea are associated with recent ovulation of
preovulatory follicles and increased progesterone production [15]. This
is because the luteal cells of newly formed corpora lutea express higher
levels of 3B-hydroxysteroid dehydrogenase (3p-HSD) than do those of
involuting corpora lutea (from previous ovulations), suggesting that
LIF could be important for the ovulatory process. In addition, luteal
cells present positive immunoreactivity for LIF in the ovaries of fertile
rats, and the highest levels of the messenger RNA that codes for LIF
are detected in oestrous and metaestrus/diestrus [63], stages of the
oestrous cycle, where the greatest amount of progesterone is produced
and newly formed corpora lutea are observed. It is possible that LIF
may also influence the survival of the corpora lutea, but this possibility
requires further study. LIF not only locally regulates the ovulatory
process but also participates at the central nervous system level. LIF
induces an increase in GnRH at the hypothalamic level, regulating
reproductive function locally in the gonad and in the central nervous
system [17].

LIF Involvement in Ovarian Steroidogenesis

However, studies regarding the effect of LIF on steroidogenesis
are rare. The first observations of the possible effect of LIF on this
process were obtained from experiments carried out in the adrenal
cortex and in the human adrenocortical cell line NCI-H295R, where
the results indicated that LIF could increase the secretion of cortisol
and aldosterone through a mechanism mediated by ACTH [4,8].
On the basis of these findings, LIF can increase the expression of the
regulatory protein of acute steroidogenesis (StAR) [62], and in vitro
studies of Leydig cells from immature rats incubated with different
concentrations of LIF revealed that at low concentrations, this
cytokine could increase androgen production, apparently increasing
the expression of StAR and 17-hydroxysteroid dehydrogenase 3
(Hsd17b3) [61]. In both cases, LIF can increase the expression of
the StAR protein in vitro, which suggests, on the one hand, that the
increase in steroid hormone levels in vitro is due to this effect and,
on the other hand, that this phenomenon could be replicated in cells
of other steroidogenic tissues, such as the ovary. However, until now,
there has been no published evidence supporting the involvement of
LIF in enzymes or transporters involved in ovarian steroidogenesis.

Conclusions and Perspectives

LIF is a pleiotropic cytokine that has various functions and
activates various intracellular signalling pathways, depending on the
cell type and tissue in which it participates. The LIF-LIFR system has
been studied in the immune system and cancer, and its therapeutic
role has been studied in various pathologies; its participation in the
implantation process and therapeutic use in the reproductive system
have been described. Recently, publications on the role of the male
gonad in development and spermatogenesis have emerged. In this
review, we analysed the participation of LIF in the ovary and discussed
its possible signalling pathways and localization in different cell types
in the female gonad. LIF is expressed at different levels during the
oestrous cycle stage, and during ovary development, it participates
in follicular development, ovulation (Figure 2) and steroidogenesis.
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Figure 2: Summary scheme of the effects of LIF on ovarian folliculogenesis. As discussed in the review, LIF can modulate the different stages of ovarian folliculogenesis in vitro and in vivo.
During initial recruitment (passage from primordial follicle to preantal follicle), LIF promotes recruitment by increasing the number of developing follicles (primary and secondary follicles) in
an in vitro neonatal ovary model [43]. In the fertile stage, LIF produces a decrease in the number of preantral follicles, in an in vivo model [48]. In studies carried out in the prepubertal stage
[27] and in the fertile stage, it is observed that LIF decreases the size and number of antral follicles. It has also been observed that LIF is necessary for ovulation to occur [41], which could be
closely related to the increase in the number of large corpora lutea following chronic treatment with this cytokine.

We cannot exclude our analysis because, in the context of infertility
pathology caused by ovarian dysfunction, LIF could also play a key
role in considering future therapy or therapeutic use, but further
studies are needed.
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