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Chapter 1

General Introduction






1.1 Ovarian follicular development

Morphology

The differentiation of primordial germ cells into oogonia and subsequently oocytes is important for
the survival of a species. In rodents, primordial germ cells migrate from the epiblast (embryonic
ectoderm) at the base of the allantois to the genital ridge, the site of origin of the somatic cells of the
developing gonad [1-3]. When incorporated in the future ovary, the indifferent primordial germ cells
develop into oogonia which undergo multiple mitotic divisions with incomplete cytokinesis resulting
in numerous interconnected germ cells [1, 2]. When mitotic divisions cease, the oogonia enter the
prophase of the first meiotic division and are now named primary oocytes [1]. These oocytes arrest
in the diplotene stage of the meiotic prophase | and in rodents remain localized in clusters, so called
germ-line cysts (Figure 1) [2]. Around the time of birth, these cysts begin to break down, during
which time most oocytes are lost through apoptosis [2, 4], while the remaining oocytes, which now
become surrounded by a single layer of flat somatic pre-granulosa cells, constitute the primordial
follicle pool. This pool of follicles forms the ovarian reserve [1]. Throughout reproductive life,
dormant primordial follicles are continuously recruited from this resting pool to the growing pool of
follicles.

Mouse
E10.5 E13.5 PND 1

s Y s W
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Germ cell cyst Meiotic Cyst breakdown/
formation onset primordial follicle
formation

Figure 1 Timeline of primordial follicle formation in the mouse. Primordial germ cells colonize the somatic gonad at about
E10.5. These cells undergo mitotic divisions, form cysts, and then cease mitosis and enter meiosis around E13.5. Finally,
around the time of birth these cysts break down to form the primordial follicle pool. Abbreviations: E, embryonic day; PND,
post-natal day (Adapted from [1]).

Following recruitment of primordial follicles, changes occur in the primary oocyte and surrounding
pre-granulosa cells leading to the formation of a primary follicle (Figure 2). The primary follicle
contains an enlarged primary oocyte and a layer of cuboidal cells, called granulosa cell layer. Gap
junctions connect the oocyte and the immediately surrounding granulosa cells, facilitating the
transport of, for instance, nutrients, amino acids, nucleotides, and lipid precursors from the
granulosa cells to the oocyte [5].

Ongoing proliferation of the granulosa cells leads to the formation of multiple granulosa cell layers

surrounding the oocyte. The follicles at this stage are now named preantral follicles. During this
developmental process the granulosa cell layer becomes surrounded by somatic cells recruited from
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the ovarian stroma, forming the theca layer. The theca cells have the morphological features of
steroid-producing cells and in contrast to the granulosa layer, this layer is highly vascularised. The
granulosa cells are separated from the theca cells and the ovarian blood supply by a distinct
basement membrane. In order to reach the granulosa cells and oocyte, nutrients from the circulation
have to pass this barrier [5].

At a certain stage of preantral follicle growth granulosa cells start to release fluid in the intercellular
space resulting in fluid-filled cavities between the granulosa cells. These cavities merge to form a
single fluid-filled chamber, the antrum. From this stage onward the oocyte stops growing, the follicle
increases further in size due to the enlargement of the antrum and proliferation of granulosa and
theca cells [6]. The oocyte becomes located on a stalk surrounded by specialized granulosa cells, the
cumulus granulosa cells. The cumulus cells nourish the oocyte and participate in oocyte maturation.

r "
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Primordial primary Preantral
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Figure 2 Schematic overview of ovarian follicular development. Adapted from Physiology of Reproduction [7].

Initial recruitment and preantral follicle growth

The pool of primordial follicles serves as the ovarian reserve. From this pool, follicles are
continuously recruited, leading to a gradual depletion of this follicle pool. The rate at which this
recruitment of primordial follicles occurs, also named initial recruitment, determines female fertile
life span (Figure 3) [8]. Initial recruitment is believed to be a continuous process that starts just after
the establishment of the primordial follicle pool. Up to puberty these growing follicles degenerate
long before reaching the large antral stage [6].

The process of initial recruitment is thought to be tightly regulated by different growth factors,
hormones and cytokines (summarized in table 1). Resting primordial follicles are known to be under
constant pressure by several inhibitory factors to remain dormant. One of the factors that has been
shown to be involved in the regulation of recruitment of primordial follicles is anti-Mdillerian
hormone (AMH). AMH, a protein hormone with a molecular weight of 140 kDa, is a member of the
transforming growth factor B super family of growth and differentiation factors [9]. AMH becomes
firstly apparent in the granulosa cells of recruited primordial follicles [10] and continues to be
secreted by the granulosa cells of preantral and early antral follicles [11]. As soon as small antral
follicles are selected for ovulation, AMH production ceases [12]. Studies in AMH null mice have
revealed that AMH plays an inhibitory role in the recruitment of primordial follicles, as at the age of 4
months the number growing follicles was nearly threefold higher in the knockout mice than in wild
type mice while the number of primordial follicles had significantly decreased [10, 13]. In line with
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these observations in vitro studies employing mouse and rat ovaries showed that addition of AMH
significantly inhibited the recruitment of primordial follicles [10, 14, 15]. Therefore, it has been
hypothesized that AMH may play a role in preventing premature exhaustion of the ovarian follicular
reserve [16].

Besides AMH, several other factors have been demonstrated to be involved in the transition of
primordial follicles to primary follicles. | will focus here on three well-defined factors, growth
differentiation factor 9 (GDF9), basic fibroblast growth factor (bFGF, also known as FGF2) and insulin-
like growth factor 1 (IGF1), since these factors have been known to play an important role in ovarian
follicle development and their functions are relatively clearly defined. GDF9 is a protein hormone
with a molecular weight of 51 kDa and a member of the transforming growth factor B super family,
like AMH. Depending on the species it is first expressed in oocytes of either primordial or of primary
follicles [17, 18]. The observations on the role of GDF9 in primordial follicle recruitment are
somewhat contradictory. Although in vitro studies of neonatal rat ovaries suggest that GDF9 does not
affect the recruitment of primordial follicles [19], intraperitoneal injection of GDF9 in neonatal rats
led to enhanced primordial follicle recruitment, supporting an activating role of GDF9 in the initial
recruitment process [17]. In line with this, GDF9 has been shown to facilitate the recruitment of
primordial follicles in cultured human ovarian tissue slices [20]. In addition, GDF9 has been shown to
promote primordial follicular activation in in vitro cultures of goat and hamster ovaries [21, 22].

bFGF, a protein with a molecular weight of 31 kDa, is expressed in oocytes of primordial follicles. In
cultured neonatal rat ovaries, bFGF can promote primordial follicle activation [23]. In line with these
observations, blocking endogenous bFGF with bFGF neutralizing antibodies results in the
accumulation of primordial follicles [23]. Additionally, the expression of kit ligand (KL) appears to be
elevated in ovaries cultured in the presence of bFGF [24], suggesting that bFGF may mediate
primordial follicle recruitment through enhanced expression of KL. KL has been reported to promote
the primordial to primary follicle transition possibly by binding to its receptor present on oocytes
[24]. Moreover, bFGF-stimulated follicular activation in cultured rat ovaries is inhibited by an anti-Kit
antibody that blocks KL signalling [24]. These results suggest that oocyte-derived bFGF may be
required for the optimal promotion of primordial to primary follicle transition, presumably by
increased expression of KL by the granulosa cells.

IGF1, a peptide hormone with a molecular weight of 7.5 kDa, is produced peripherally by the liver as
well as locally in the ovary by the granulosa cells. Although contradictory observations have been
reported, this growth factor is thought to play an important role in primordial follicle recruitment as
well as in later stages of ovarian follicle development. Slot et al. [25] have shown in mice that had
severely reduced IGF1 levels due to a complete inactivation of the growth hormone receptor, that
accumulation of primordial follicles occurred, suggestive of reduced primordial follicle recruitment.
Subsequent administration of IGF1 led to a rapid reduction in the size of the primordial follicle pool,
implicating a role for IGF1 in primordial follicle recruitment. In contrast, under in vitro conditions
using a rat ovarian culture system, it appeared that IGF-1 was unable to influence the recruitment of
primordial follicles [26]. This discrepancy may be due to the difference in experimental conditions.

Follicle stimulating hormone (FSH) plays a very important role in late preantral and antral follicle
development, but is presumably not involved in primordial follicle recruitment. This assumption is
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based on two studies. Gosden et al. have shown that primordial follicles do not express FSH
receptors [27]. Second, Dierich et al. have shown that disruption of the functioning of the FSH
receptor does not block the process of initial recruitment of primordial follicles, but that the
development of these recruited follicles is blocked at the late preantral stage [27].

In light of the above, it may be clear that initial recruitment is a complex process in which numerous
factors interact in concert. If one of these factors becomes dysfunctional, other factor(s) may
compensate for this loss, thereby ensuring ongoing recruitment of primordial follicles, preserving
fertility.

Table 1. Overview of the relatively well-characterized factors involved in primordial follicle recruitment. Key references are
listed.

Factors Localization of Primordial Functions Reference
follicles
PTEN Oocyte Inhibiting Reddy et al. [28]
FOXO03a Oocyte Inhibiting John et al. [29], Castrillon et al. [30]
P27 Oocyte and pregranulosa cells Inhibiting Rajareddy et al. [31]
FOXL2 Pregranulosa cells Inhibiting Schmidt et al. [32], Uda et al. [33]
SDF1 and its Oocyte and pregranulosa cells Inhibiting Holt et al. [34]
receptor CXCR4
GDNF Oocyte Activating Dole et al. [35]
Insulin Receptor in the oocyte Activating Yu et al. [36], Kezele et al [26]., Samoto et al.[37]
bFGF Oocyte Activating Nilsson et al. [23, 24]
KGF Precursor theca and stromal cells  Activating Kezele et al. [38]
PDGF Oocyte Activating Nilsson et al.[39], Hutt et al.[40]
BMP7 Precursor theca and stromal cells  Activating Lee et al. [41, 42]
BMP4 Precursor theca and stromal cells  Activating Nilsson et al. [43]
SMAD3 Oocytes Activating Xu et al. [44], Tomic et al. [45]
LIF Pregranulosa cells Activating Nilsson et al. [46]
NOBOX Oocyte Activating Rajkovic et al. [47], Suzumori et al. [48], Choi et
al. [49]
SOHLH1 Oocyte Activating Pangas et al. [50], Choi et al. [51]
SOHLH2 Oocyte Activating Choi et al. [52], Toyoda et al. [53]

PTEN, phosphatase and tensin homolog deleted on chromosome 10; FOX03a, forkhead box 0O3a; P27, p27kipl; FOXL2,
forkhead box protein L2; SDF1, stromal-derived factor 1; CXCR4, chemokine receptor 4; GDNF, glial-derived neurotrophic
factor; KGF, keratinocyte growth facto; PDGF, platelet-derived growth factor; BMP7, bone morphogenic protein 7; BMP4,
bone morphogenic protein 4; SMAD3, SMAD family member 3; LIF, leukemia inhibitory factor; NOBOX, newborn ovary
homeobox-encoding gene; SOHLH1, spermatogenesis and oogenesis-specific basic helix-loop-helix 1; SOHLH2,
spermatogenesis and oogenesis-specific basic helix-loop-helix 2.

Once recruited, the primordial follicles start to grow. Compared with the regulation of initial
recruitment of primordial follicles, substantially more is known about the regulation of the growth of
preantral and antral follicles. At the preantral stage of development communication between
granulosa cells and the oocyte becomes more and more important. For instance, follicular growth in
mice is inhibited when the expression of connexin 37, a gap junction protein expressed at the oocyte-
granulosa cells junction is knocked out [54]. Moreover, maturation of oocytes isolated from preantral
follicles is possible in vitro as long as the oocytes are surrounded by granulosa cells, presumably
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because factors secreted by these granulosa cells play an important role in oocyte growth and
maturation [55].

Some factors not only play a role in the process of initial recruitment but are also important for
further follicle growth and development. Although many factors have been identified, | shall focus
here on GDF9, AMH and FSH. Studies using GDF9 null mice have demonstrated that follicle growth is
arrested at the primary stage, suggestive of a role for GDF9 in the growth of follicles beyond the
primary stage [18]. In vitro studies further indicate that GDF9 treatment enhances growth and
differentiation of preantral follicles in culture [56] and promotes theca cell steroid production [57]
and proliferation [58]. The role of AMH in preantral follicular growth is species dependent. In mice
AMH is shown to inhibit FSH-driven growth of late preantral follicles in vitro [59], while in primates
AMH has been shown to promote preantral follicle growth in vitro [60]. In accordance with these
observations, the highest level of AMH expression in mice and primates is observed in granulosa cells
of preantral and small antral follicles [61]. These findings suggest a role for AMH in preantral follicle
development beyond the primordial-primary transition.

Ovulation

CYCLIC
RECRUITMENT

Preovulatory

"Okd
OO

@ @ / Atretic
Early Antral

_______________________ DD ...
INITIAL @@/ \Atretic

RECRUITMENT @

Primordial Continuing initial recruitment Depletion

Figure 3 Life history of follicles in rodents. Selective primordial follicles are continuously recruited to grow (initial
recruitment) throughout life whereas most of primordial follicles remain dormant. Once started to grow, primordial follicles
develop through primary and preantral stages before obtaining an antral cavity. Cyclic recruitment of small antral follicles
starts at the onset of the follicular phase of the oestrous cycle. These follicles will grow further and ovulate or degenerate
by a process named atresia. During reproductive life, continuous recruitment of primordial into the pool of growing follicles
results in depletion of the follicle pool (adapted from [6, 62]).

Many studies have reported on the growth-promoting and anti-atretic effects of FSH in relation to
antral follicle development, however, the possible effects of FSH in preantral follicle development
has received less attention. FSH receptors expression becomes first apparent in granulosa cells of
small preantral follicles [63]. These receptors are also functional, as treatment with FSH can stimulate
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the growth of these follicles [64]. Studies in which FSH is depleted by either hypophysectomy or
GnRH antagonist treatment, show a decreased ovarian weight that is associated with a reduced
number of developing preantral follicles [64]. Not surprisingly, treatment of hypophysectomized, or
GnRH antagonist-treated mice with FSH results in increased ovarian weight and preantral follicle
numbers [65]. Several in vitro studies using preantral follicles from different species have confirmed
the role of FSH in the promotion of preantral follicle growth [66-69]. Despite these observations, FSH
receptor null mice do show growth of follicles up to the late preantral stage, though no formation of
antral follicles is observed [65]. Taken together, it can be concluded that preantral follicles are
responsive to FSH, but not FSH dependent, in order to grow up to the late preantral stage. Other
factors as discussed above can apparently compensate for the absence of FSH up to the late
preantral stage.

Cyclic recruitment

Following initial recruitment, most follicles develop up to the early antral stage after which they stop
growing. During every estrous cycle a cohort of these small antral follicles is recruited to resume
growth, a process named cyclic recruitment. FSH plays an important role in the decision which
follicles will be recruited [6]. The number of antral follicles in this recruited cohort is, however, larger
than the number of follicles that will eventually ovulate, implicating that further selection is taking
place. The selection of these dominant follicles has been well investigated in mono-ovulatory species,
like primates and cattle [6]. The underlying mechanisms behind the selection of small antral follicles
in the rodents are broadly similar to the process in mono-ovulatory species with the major exception
that multiple antral follicles become dominant during each estrous cycle [6].

From the group of cyclic recruited small antral follicles selection of the dominant follicles takes place.
Although the exact factors determining the selection of dominant follicles is still unclear, the selected
follicles are assumed to indirectly inhibit growth and development of subordinate follicles by
increasing local levels of estrogens and inhibin, which in turn exert a negative feedback upon the
release of FSH by the anterior pituitary. Dominant follicles are thought to be more sensitive to FSH.
Less-developed, subordinate follicles do not survive such a decline in FSH concentrations and
undergo atresia [6]. In addition, it has been suggested that dominant follicles may also produce
atretogenic factors, which directly affect neighboring subordinate follicles, resulting in their
degeneration. The continued growth of dominant follicles is partly a consequence of increased
exposure to locally produced factors. Increased production of bFGF, for instance, leads to an
enhanced vascularization of the theca layer allowing a higher uptake of luteinizing hormone (LH) and
FSH from the circulation [70]. Moreover, an enhanced bioactivity of IGF1 further augments
responsiveness of dominant follicles to FSH [71, 72]. Such increased responsiveness of dominant
follicles to FSH in turn stimulates the expression of both FSH and at a later stage LH receptors on
granulosa cells [73]. In cohort with FSH, IGF1 enhances estrogen secretion by granulosa cells,
presumably further contributing to the growth of the dominant follicles [74]. Additional information
on the function of IGF1 on ovarian follicle development will be presented in Chapter 5.

AMH is another factor that may play a role in the process of cyclic recruitment, since more growing
follicles are observed in AMH knockout mice despite lower FSH levels [13]. As indicated above, in
rodents, AMH expression levels are highest in preantral and small antral follicles. AMH expression
decreases in the FSH-dependent larger antral follicles, and therefore it has been suggested that AMH
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may be involved in the FSH-dependent cyclic selection in addition to primordial follicle recruitment
[75]. Indeed, an in vivo study in which FSH levels were modulated has shown that, in the presence of
both high and low serum FSH concentrations, more growing follicles are found in AMH knockout
mice than in wild-type mice [59]. Therefore, the decrease in AMH expression as observed in antral
follicles, may contribute to the process of selection for dominance.

It may be clear from the above that ovarian follicle development is an extremely complex process
which is regulated by multiple endocrine, paracrine and autocrine factors that act in accordance to
select the proper follicles for ovulation. One has to keep in mind, however, that the majority of
ovarian follicles never reach this stage as they undergo preliminary degeneration by a process named
atresia.

Ovarian follicular atresia

Throughout reproductive life in mammals, primordial follicles are continuously recruited, entering
the pool of growing follicles. Depending on the species, only 0.1 to 10% of all the recruited follicles
will reach the preovulatory stage and ovulate. All the other follicles will degenerate before reaching
the preovulatory stage [76-78]. This degeneration process, named atresia, can occur at all stages of
follicular development and ensures that only the healthiest follicles, containing oocytes of optimal
quality will have the opportunity to become fertilized during reproductive life [62]. In the following
part of this chapter, | will provide a global overview of the process of ovarian follicular atresia, with
specific emphasis of the role of apoptosis and autophagy as well as oxidative stress/disturbed redox
balance in this process.

Although follicular atresia can occur at all stages of follicular development, the highest incidence of
atresia is found during the transition from the preantral to the antral stage [6]. Apoptotic cell death
has been recognized as a hallmark of follicular atresia, especially in antral follicular degeneration
[77]. Apoptosis is a cell-intrinsic programmed cell death pathway used by multicellular organisms to
eliminate unneeded or potentially dangerous cells [79]. The morphological characteristics of
apoptosis are cell shrinkage, distorted contact with neighboring cells, chromatin condensation and
bleb formation of the plasma membrane [80]. At the final stage, the cell becomes fragmented into
compact membrane-enveloped structures, called apoptotic bodies, which contain cytosol,
condensed chromatin and cell organelles. The apoptotic bodies are subsequently phagocytosed by
macrophages and removed from the tissue without causing an inflammatory response [80]. These
morphological changes in apoptotic cells are the consequence of intracellular events, which are
controlled by two major pathways: the intrinsic and the extrinsic apoptotic signaling pathway [79].
Activation of either of these two pathways can lead to activation of different initiator caspases which
converge at the level of the effector caspase (Figure 4), i.e., the activation of caspase-3 and
subsequent internucleosomal DNA fragmentation [81]. Initiation of apoptosis can thus be triggered
by extrinsic factors, such as cytokines, and intrinsic factors, such as oxidative stress, a pathological
state when pro-oxidants are not neutralized adequately by antioxidant defense mechanisms [82].
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Figure 4. Overview of the intrinsic and extrinsic apoptotic signalling pathways. The extrinsic pathway is activated upon
binding of a death ligand to the death receptor, resulting in activation of the death-inducing signalling complex. Caspase-8
then either directly activates the downstream caspase 7 and 6 or cleaves Bid as an amplification step. The intrinsic pathway
is activated in response to physiological signals or cellular stresses such as DNA damage. Upon activation, the balance
between antiapoptotic and proapoptotic Bcl-2 members on the mitochondrial membrane becomes disrupted, resulting in
outer mitochondrial membrane permeabilization and cytochrome c release. The released cytosolic cytochrome c binds to
the apoptotic caspase activating factor (Apafl), recruiting procaspase-9 to form the apoptosome. Activated caspase-9
within the apotosome can then promote efficient activation of downstream caspases 3 and 7 that are responsible for the
execution phase of apoptosis (adapted from [79]).

Nowadays, it is generally accepted that atresia is the default fate of follicles, a process that is
initiated when cells fail to receive sufficient signals to suppress the apoptotic pathway and/or when
atretogenic factors are released promoting follicular cell death [77]. Examples of anti-apoptotic
factors include FSH, estrogens, IGF1 and GH, while androgens can act as atretogenic factors [83].
Suppression of FSH levels due to, for instance, hypophysectomy results in massive apoptosis of
granulosa cells in growing follicles [64]. In line with this, small antral and preovulatory rat follicles
immediately undergo apoptosis when cultured in the absence of FSH, while FSH supplementation to
the medium of these cultures prevents the spontaneous onset of granulosa cell death and thus
atresia [84, 85]. It has been hypothesized that FSH may exert its anti-atretogenic effect by
modulation of oxidative stress. Support for this assumption comes from several studies. The absence
of FSH in the culture medium increases the production of reactive oxygen species (ROS) prior to any
morphological or physiological indications of apoptosis, while FSH supplementation suppresses ROS
production in the cultured large antral follicles [82, 86]. Furthermore, FSH treatment of female rats
has been shown to enhance the expression of antioxidant genes, such as superoxide dismutase 2
[87]. In vitro exposure of goat granulosa cells to FSH has been shown to lead to increased activity of
the antioxidant enzyme catalase [88], while FSH treatment in rats results in enhanced ovarian
synthesis of the antioxidant glutathione (GSH) [89]. In another series of experiments, it has been
shown that FSH protects pre-ovulatory follicles from undergoing apoptosis via increased GSH and
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decreased ROS production, while depletion of GSH significantly inhibits the antiapoptotic effect of
FSH on granulosa cells [82, 86]. Glutamate cysteine ligase, an enzyme essential for the de novo
synthesis of GSH, is specifically expressed in granulosa cells of healthy follicles [90]. Overexpression
of glutamate cysteine ligase in human granulosa tumor cells enhances GSH production and protects
these cells from oxidative stress-induced cell death [91]. Taken together, these studies suggest that
the effects of FSH on granulosa cells apoptosis, and thus follicular atresia, is associated with
inhibition of oxidative stress.

Recently, it has become increasingly clear that apoptosis may not be the only process involved in
follicular atresia, but that autophagy may participate in this process as well. Hulas-Stasiak and
Gawron [92] have shown that in the neonatal period when primordial and primary follicles undergo
massive degeneration, autophagy is the dominant form of follicular atresia. Furthermore, human
granulosa cells exposed in vitro to oxidized low-density lipoprotein, show morphological signs of
autophagy [93]. Choi et al. [94] have demonstrated the presence of microtubule-associated light-
chain protein 3 (LC3), a marker for autophagy in the rat ovary. Further evidence supporting a role for
autophagy in ovarian follicle attrition stems from smoke exposure studies in mice [95-97]. Smoke
exposure has been shown to cause ovarian follicle loss by activation of autophagy. Together these
studies suggest that autophagy may be play a role in ovarian follicular attrition under both normal
physiological conditions and /or toxicant-induced ovarian follicular degeneration.

Autophagy is an evolutionary conserved intracellular mechanism whereby damaged organelles and
proteins are degraded and recycled to be reused by the cell. Three types of autophagy have been
described in mammalian cells: micro-autophagy, chaperone-mediated autophagy and macro-
autophagy [98]. Macro-autophagy (further referred to as autophagy) is the most extensively studied
type of autophagy. It functions mainly as a cell protective mechanism by ensuring cell survival via the
removal of damaged subcellular components under stressful conditions such as cytotoxicity, nutrient
depletion, accumulation of reactive oxygen species or infection [95, 99-101]. Dysregulated autophagy
can lead to a number of pathologies, including neurodegeneration, cancer and metabolic diseases
[102]. Recently, autophagy has been increasingly recognized as an alternative pathway for the
induction of cell death [99, 103, 104]. A number of studies has shown that autophagy can act
independently of apoptosis to induce cells death under physiological conditions [105, 106].

LC3, as indicated above, is widely used as a marker for autophagy. LC3 determines the size of the
autophagosome and participates in cargo recognition [107]. LC3 is synthesized in an inactive form,
pro-LC3, that immediately after synthesis is processed to generate soluble LC3-I which can be
converted into an active autophagosome membrane-bound form, LC3-1I (Figure 5) [107]. Ubiquitin-
binding protein QSQTM1/p62 plays an important role in the clearance of ubiquitinated protein
aggregates by functioning as an adapter protein that interacts with LC3-1l to target aggregates for
autophagy-specific degradation [107]. Inhibition of autophagy is correlated with increased
intracellular levels of p62 in mammals, suggesting that steady-state levels of this protein reflect the
autophagic status of a cell. Similarly, decreased p62 levels are associated with autophagy activation
[108]. Beside these observations it has been reported that the expression levels of p62 can also
change independent of autophagy and thus analysis of the presence of p62 alone may not be
sufficient to obtain insight in the relation between autophagy and cell death [109]. By analysing both
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LC3 and p62 protein levels a better indication can be obtained about the role of autophagy in cellular
function.
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Fig. 5. Simplified schematic overview of the process of autophagy. Autophagy is initiated by the formation of an isolation
membrane. The concerted action of the autophagy core machinery proteins at the phagophore assembly site is thought to
lead to the expansion of the isolation membrane into an autophagosome (vesicle elongation). Ubiquitinylated damaged
organelles or proteins may be directly targeted for degradation via the autophagic pathway. The p62 protein interacts with
ubiquitinylated damaged organelles or proteins in cells. This complex is then selectively tied to the autophagosome through
the interaction between p62 and light chain 3-I (LC3-Il). When the outer membrane of the autophagosome fuses with a
lysosome, it forms an autophagolysosome. Finally, the sequestered material is degraded inside the autophagolyosome and
recycled (adapted from [110]).

1.2 Energy status and female reproduction

Successful reproduction is related to the energy status of the organism. Obesity and/or overweight
as well as underweight are negatively associated with female fertility [111, 112]. A decreased success
in spontaneous conception, an increased rate of anovulation, and increased risks of miscarriage have
been reported in obese women at reproductive age [113]. Furthermore, there are indications that
maternal obesity may affect the reproductive capacity in their children [114]. It is therefore not
surprising that the effects of overweight and obesity on female fertility are widely studied.

Underweight due to limited energy intake, such as caloric restriction (CR) or anorexia nervosa, has
also a negative effect on female fertility, including ovarian folliculogenesis. For example, CR in adult
mice leads to a reduced recruitment of primordial follicles and a lower number of atretic follicles,
suggestive of a halt in ovarian follicular development. After return to ad libitum food intake the CR
mice appeared to have an expanded reproductive lifespan [115]. Anorexia can lead to a decrease in
plasma gonadotropin levels and in severe cases even lead to complete absence of menstruation
[116-119]. Furthermore, an increase in miscarriage incidence has been reported in women suffering
from anorexia [120]. Despite this knowledge it is not clear whether these reproductive problems are
due to alterations in body fat mass as such or are the result of altered availability of metabolic fuels
i.e., glucose, amino acids, short-chain and long-chain fatty acids, for reproduction. From an
evolutionary perspective, a driving role for metabolic fuel availability would make sense, since even a
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temporary shortage in fuel availability could indicate that the body is not optimally equipped to
successfully complete a pregnancy [121].

In this thesis, the effect of metabolic status on female reproduction is examined using two animal
models in which an altered metabolic flux, resulting in altered metabolic fuel availability, was
imposed; a diet-induced thyroid hormone deficiency model and a genetic model of skeletal muscle
semi-starvation. Thyroid hormone plays an important role in regulating energy expenditure, mainly
via regulation of the activity, or expression, of uncoupling proteins in peripheral tissues [122].
Thyroid hormone deficiency limits energy dissipation and thus alters metabolic fuel availability.
Metabolic fuel availability is also altered by ectopic expression of uncoupling protein 1 (UCP1) in
skeletal muscle, which causes an energy drain towards this tissue [123] by inducing semi-energy
starvation in this tissue, potentially impacting other tissues such as the ovary [124]. To better
understand the role of metabolic fuel availability on female reproduction, | therefore examined the
effects of these two contrasting metabolic models, on female reproduction, focusing on ovarian
follicular development.

1.3 Thyroid hormone deficiency and ovarian follicular development

Thyroid hormone synthesis

An adequate functioning of the thyroid critically depends on sufficient availability of the essential
trace element iodine. The production of thyroid hormone (TH) is controlled by a well-defined
negative feedback system, including thyrotropin-releasing hormone (TRH) synthesis and release by
the hypothalamus to stimulate thyroid-stimulating hormone (TSH) synthesis and release by the
pituitary, which then stimulates the synthesis and release of the THs thyroxin (T,) and tri-
iodothyronine (Ts) by the thyroid gland (Figure 6). Due to the negative feedback system, plasma TH
concentrations are normally kept at a relatively stable level in both humans and animals. Alterations
in peripheral TH concentrations due to, for instance, a severe reduction in plasma iodine content, will
lead to a compensatory increase in TRH synthesis by the hypothalamus in order to maintain a strict
control over T, and T; concentrations [125].

Figure 6 Schematic overview of thyroid hormone (TH) synthesis.
Hypothalamus TH production is controlled by the thyrotropin-releasing hormone
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Thyroid hormone and metabolism

TH is involved in the regulation of metabolic processes and is essential for normal growth and
development. For example, TH regulates the expression of peroxisome proliferator-activated
receptor and liver X receptor, genes involved in the regulation of metabolic processes. TH plays an
important role in energy expenditure via both central and peripheral actions. TH maintains basal
metabolic rate (BMR), facilitates non-shivering thermogenesis, and modulates appetite and food
intake [126]. TH stimulates BMR by increasing adenosine-tri-phosphate [127] production for
metabolic processes. In addition, TH maintains BMR via uncoupling oxidative phosphorylation
(OXPHOS) in mitochondria by regulating the expression of uncoupling proteins [126, 128]. Besides
these functions, TH also plays a distinct role in carbohydrate and lipid metabolism. For example, TH
modulates hepatic insulin sensitivity, which is especially important for the suppression of hepatic
gluconeogenesis [126, 129].

Hypothyroidism and ovarian follicular development

The effect of TH deficiency on ovarian follicular development is not fully understood. The prevalence
of severe hypothyroidism in women of reproductive age ranges from 2 to 4%. The main causes of
hypothyroidism in women are autoimmune thyroid disease and iodine insufficiency [130]. Although
it is not possible in women to precisely analyse the size of the ovarian follicle pool, as well as monitor
the development of follicles from the primordial to the preovulatory stage, it has been shown that
ovarian folliculogenesis as well as ovulation is disturbed under chronic hypothyroid conditions. In
general, however, these clinical studies are retrospective and lack proper controls [131]. In animal
models like the rat, it is possible to determine the effects of chronic hypothyroidism on follicular
development in more detail. In one of these studies it has been shown that neonatal induced
hypothyroidism leads to a delayed vaginal opening, smaller ovaries, a reduced number of antral
follicles and more atretic follicles [132]. Nevertheless, the number of animal studies investigating the
effect of hypothyroidism on ovarian follicular development in adulthood is limited and the
observations contradictory. Some studies in rats report that hypothyroidism induced in adulthood
causes irregular estrous cycles and ovarian atrophy [133, 134], while Hapon et al. have shown that
virgin adult hypothyroid rats show prolonged periods of vaginal dioestrus. In adult female mice,
hypothyroidism results in infertility, probably due to impaired ovarian follicular development [135].
None of these studies provides a detailed analysis of ovarian follicle reserve. Furthermore, no direct
comparison has been made on the effects of neonatally induced hypothyroidism and hypothyroidism
induced in adulthood on follicular development and ovarian reserve. Furthermore, there is no clear
evidence concerning the pathways involved in how decreased TH levels can influence follicular
development. It is, for instance, unclear whether TH directly affects follicular development or
whether these effects are indirect via effects of TH on metabolism and thus energy flux in the body.

1.4 Muscle starvation-like model and ovarian follicular development

In order for an organism to function properly, it needs to have access to sufficient energy supply.
Energy substrates such as carbohydrates, lipids and proteins are transported into cells after which
they are metabolized in the cytosolic and mitochondrial compartments to be transformed into the
metabolic intermediates reduced Nicotinamide Adenine Dinucleotide (NADH) and reduced Flavin
Adenine Dinucleotide (FADH2), which feed OXPHOS to produce ATP [136]. Briefly, NADH and FADH2
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supply electrons to the electron transport chain which leads to the reduction of molecular oxygen to
water. Electron transfer through the electron transport chain controls pumping of protons (H*) from
the mitochondrial matrix to the intermitochondrial membrane space, thus creating a proton motive
force, whose energy is used by ATP synthase (FoF1ATPase) for the phosphorylation of adenosine
diphosphate (Figure 7). The end product, ATP, is an energy-rich intermediate that can be directly
used by cells for biochemical reactions. Despite the high efficiency of OXPHQOS, not all of the
generated energy is converted into ATP. Part of the energy produced is lost as heat due to the re-
entry of H' into the mitochondrial matrix independent of ATP synthase, by a process named proton-
leak. In brown adipose tissue (BAT), proton leak is mediated by uncoupling protein 1 (UCP1), which is
one of members of the mitochondrial anion carrier family.

UCP1 is located in the inner mitochondrial membrane and predominantly expressed in BAT. Recent
evidence indicates that UCP1 is also present in beige/brite adipocytes in subcutaneous white adipose
tissue [137]. When active, UCP1 uncouples the mitochondrial respiratory chain from ATP production
to dissipate energy as heat, a process known as non-shivering thermogenesis. UCP1 can be activated
under several conditions, such as cold stress, activation of the sympathetic nervous system, as well as
by humeral input via thyroid hormone [138]. When chronically activated by cold exposure, UCP1
mediated BAT-dependent thermogenesis enhances the oxidation of metabolic substrates necessary
for enhancing thermogenesis. Under these conditions, not only lipids stored in BAT but also glucose
and free fatty acids from the circulation are used as energy sources [136]. The importance of energy
dissipation by UCP1 is well established; overexpression of UCP1 prevents the development of obesity
[139], while UCP1 ablation can induce obesity [140].
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Figure 7, Schematic representation of inducible-UCP1 mediated proton leak (adapted from [136])

The uncoupling, energy dissipatory function of UCP1 has been used to create a mouse model with
increased energy expenditure specifically in skeletal muscle (UCP1-TG), the UCP1-TG mouse model
[141]. In this mouse model, UCP1 is expressed under control of the human skeletal actin (HSA)
promotor that is specifically expressed in skeletal muscle [141]. While the homogeneous ectopic
expression of UCP1 results in embryonic lethality, the hemizygous UCP1-TG mice show increased
whole body energy expenditure [141]. The UCP1-TG mice are smaller and have smaller muscles, but
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the muscles are structurally and functionally intact: morphology is maintained and no effect is seen
on voluntary activity and running wheel activity [142]. The muscles of the UCP1-TG mice show a
more oxidative phenotype [124], probably as a compensatory reaction. Indeed, it has been shown
that the skeletal muscle mitochondria of UCP1-TG mice are markedly less efficient; a higher oxygen
consumption rate is needed to generate the same membrane potential (Figure 8) [143]. The
phenotype resulting from the uncoupling of muscle mitochondria can be considered as skeletal-
muscle semi-starvation. Indeed, in the UCP1-TG mice there is an energy drain towards skeletal
muscle tissue to provide this tissue with sufficient energy [124, 144]. The increased energy
expenditure, the increased food intake and the maintenance of adiposity, support the assumption
that nutrient flux is altered in these mice. The UCP1-TG mouse model, where increased energy drain
towards the muscle is genetically imposed, thus provides us with a unique model to study ovarian
follicle development under the condition of increased nutrient flux. It eliminates several of the
confounding factors, such as excessive exercise, long term dietary energy restriction or altered fat
mass, of other models. Ovaries and in particular ovarian follicular reserve have not been analyzed in
UCP1-TG mice model until now.
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Figure 8. The figure shows that UCP1-TG mice (open symbols) consume more oxygen to generate the same membrane
potential as wild type littermate controls (black symbols), indicative of an decreased mitochondrial energy efficiency (taken
from [138]).

1.5 Aims and outline of this thesis

Aims

The overall goal of this thesis was to investigate the effects of an altered metabolism, and particularly
an altered energy status, on ovarian follicular development. This was assessed by
histological/immunohistological techniques. Histology/immunohistology is one of the few techniques
available that facilitate separate analysis of the different cell types in the ovary simultaneously. While
histology and immunohistochemistry were the primary techniques that were used, analysis was
supported by general (molecular) biological techniques, such as western blotting and real time
reverse transcription polymerase chain reaction (gRT-PCR). In addition, laser capture micro-
dissection of specific cell types, followed by gqRT-PCR, was employed, a novel technique to address
the study of follicular development in the ovary. This facilitated the analysis of changes in mRNA
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expression in specific cell types complementary to immunohistochemistry. The research described in
this thesis can be divided in 3 specific aims:

The first aim was to establish the role of autophagy in follicular degeneration under normal
physiological conditions, with focus on preantral and antral follicles;

The second aim was to elucidate the effects of a diet-induced reduction in thyroid hormone
concentrations, affecting whole body metabolism, on ovarian follicular development;

The third aim was to investigate the effect of increased nutrient flux on ovarian follicular
development and the possible underlying mechanism.

Outline of this thesis

In chapter 2, the role of autophagy in ovarian follicle development and degeneration under normal
physiological conditions is investigated. Autophagy was assessed by immunohistochemical analysis of
two classic autophagy markers, LC3 and P62. In addition, laser capture microdissection followed by g-
PCR was employed. The focus is on preantral and antral follicular atresia.

To investigate the effects of dietary induced chronic hypothyroidism initiated in adulthood on the rat
ovarian follicular development, ovarian follicular reserve was determined by counting follicle
numbers. A biomarker for growing follicle numbers, plasma AMH concentrations, was measured to
confirm the follicle counting. The results obtained are described in chapter 3.

Next, the effects of foetal/postnatal dietary induced chronic hypothyroidism on follicular
development was investigated. The onset of puberty was evaluated and ovarian follicle numbers
were scored at pre-puberty, young adult and adult time points. The role of oxidative stress was
specifically investigated. The results are described in chapter 4.

In chapter 5, the effects of muscle semi-starvation on ovarian follicular development and the
underlying mechanisms were investigated, using a hypothesis driven approach. A unique mouse
model with ectopic expression of UCP-1 in skeletal muscle was employed as the primary study
model. As this transgene has extremely high levels of FGF21, the possible role of this growth factor
was addressed by combining the UCP1 transgene with a FGF21 knockout model.

Finally, in chapter 6, the general discussion, the outcomes of this thesis are discussed and
recommendations for future research are presented.
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Abstract

There exists some controversy as to whether preantral and antral follicular atresia is caused by the
induction of the same cell death pathway. There is general agreement that granulosa cell apoptosis is
the cause of antral follicle attrition. Less clear is whether this cell death pathway is also activated in
case of preatral follicle degeneration, as several reports mentioned that the incidence of granulosa
cell apoptosis in preantral follicles was negligible. The objective of the present study is therefore to
determine which cell death pathways are involved in (pre)antral follicular degeneration. Atretic
preantal and antral follicles were investigated using immunohistochemistry as well as laser capture
micro-dissection followed by gRT-PCR. Microtubule-associated light-chain protein 3 (LC3) and
sequestosome 1 (SQSTM1/P62) were used as markers for autophagy; and cleaved caspase 3 (cCASP3)
as marker for apoptosis. P62 immunostaining was less intense in granulosa cells of atretic preantral
follicles compared to healthy preantral follicles, while no difference in LC3 immunostaining intensity
was observed. This difference in p62 immunostaining was not observed in atretic antral follicles.
mMRNA levels of LC3 and p62 were not different between healthy and atretic (pre)antral follicles. The
number of cCASP3 positive cells was negligible in preantral atretic follicles, while numerous in atretic
antral follicles. Immunostaining and mRNA levels of the antioxidant enzyme superoxide dismutase 2
(SOD2) were reduced in both preantral and antral atretic follicles, suggesting that a disturbed
antioxidant capacity may be involved in the initiation of follicular attrition. Taken together, preantral
and antral follicular atresia are indeed due to activation of different cell death pathways as antral
follicular degeneration is initiated by massive granulosa cell apoptosis, while preantral follicles
atresia occurs mainly via enhanced granulosa cell autophagy.
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2.1 Introduction

The most important functions of the female gonad are the formation and release of mature oocytes
and the production of steroids necessary for the development of female secondary sexual
characteristics. From the pool of dormant primordial follicles, follicles are continuously recruited into
the pool of growing follicles, a process that takes place independent of gonadotropic hormones.
These follicles grow until the early antral stage; estrous cyclic dependent increases in circulating
follicle-stimulating hormone (FSH) concentrations are responsible for the cyclic recruitment of a
cohort of small antral follicles, from which the dominant follicles are selected [1]. Follicular
development is not a very efficient process as over 99% of ovarian follicles degenerate before
ovulation by a process named atresia. In the adult female, atresia ensures that only healthy follicles,
containing oocytes of optimal quality, will ovulate [1, 2]. Although follicular atresia affects all stages of
follicular development, the majority of follicles will undergo atresia in the penultimate stage of follicle
growth during the transition from the preantral to antral stage [3].

It has long been assumed that granulosa cell death by apoptosis is the main cause of follicular atresia
[4]. Recently, it has become increasingly apparent that apoptosis may not be the only process
involved in follicular degeneration, but that other forms of cell death, such as autophagy, may also
participate in this process. Hulas-Stasiak and Gawron [5] have shown that in the neonatal period
when primordial and primary follicles undergo massive degeneration, autophagy is the dominant
form of follicular atresia. Another study reported that human granulosa cells exposed in vitro to
oxidized low-density lipoprotein show morphological signs of autophagy [6], while Choi et al. [7]
demonstrated the presence of microtubule-associated light-chain protein 3 (LC3), a marker for
autophagy, in the rat ovary.

Autophagy is an evolutionary conserved intracellular mechanism whereby damaged organelles and
proteins are degraded and recycled to be reused by the cell. Three types of autophagy can be
distinguished in mammalian cells: chaperone-mediated autophagy, micro-autophagy and macro-
autophagy. Macro-autophagy (herein referred to as autophagy), the mostly intensively studied type
of autophagy, constitutively occurs at a low level in cells and can be further induced by stressful
conditions such as nutrient or energy starvation, accumulation of reactive oxygen species (ROS) or
infection [8]. Autophagy functions primarily as a cytoprotective mechanism. However, autophagic
dysfunction due to excessive self-degradation can lead to a number of pathologies, including
neurodegeneration, cancer and metabolic diseases [9]. Autophagy is a multistep process that involves
the activation of a complex molecular machinery. LC3 is an important protein involved in autophagy
as it determines the size of the autophagosome, participates in cargo recognition and is therefore
widely used as marker to monitor autophagy [10]. LC3 is synthesized in an inactive form, pro-LC3 that
immediately after synthesis is processed to generate soluble LC3-I which can be converted into an
active autophagosome membrane-bound form, LC3-1I [10] .

Ubiquitin-binding protein SQSTM1/p62 plays an important role in the clearance of ubiquitinated
protein aggregates by functioning as an adaptor protein that interacts with LC3-Il to target aggregates
for autophagy-specific degradation [10]. Inhibition of autophagy correlates with increased levels of
p62 in mammals, suggesting that steady-state levels of this protein reflect the autophagic status of a
cell. Similarly, decreased p62 levels are associated with autophagy activation [11, 12]. However, the
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expression levels of p62 can also change independent of autophagy and thus determining the
presence of p62 alone may not be sufficient to obtain insight in the autophagic flux [13]. By analysing
LC3 and p62 protein levels a better indication can be obtained about the role of autophagy in cell
survival or cell death.

Although in general no difference is made between attrition of preantral and antral follicles.
Nevertheless, histological observations suggest that there may be differences between the regulation
of preantral and antral follicular degeneration. Spanel-Borowski [14] reported in the bitch two types
of atretic patterns in ovarian follicles namely type A in which the oocyte degenerates while granulosa
cells remain intact, and type B in which the granulosa cells show signs of extensive degeneration
while the oocyte is initially unaffected. Spanel-Borowski suggests based on histological analysis that
type A is the predominant form of atresia in preantral follicles, while in antral follicles only type B is
observed. In line with these observations, Teerds and Dorrington [15] reported histological
differences in atresia of preantral and antral follicles, with oocyte fragmentation, disordered
granulosa layer and hypertrophied theca layer being the characteristics of atresia in preantral follicles
and massive apoptosis of granulosa cells in the presence of a more or less intact oocyte being
characteristic of atresia in antral follicles.

In line with the reports on roles for both autophagy and apoptosis in follicular atresia, the present
study addresses the question whether the observed histological differences in preantral and antral
follicular atresia are representative of different cell death pathways. For this purpose, LC3 and p62
are used as markers of autophagy and active, cleaved caspase 3 (cCASP3) is used as a marker of
apoptosis in combination with immunohistochemistry and laser capture microdissection (LCM)
followed by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR).

2.2 Material and Methods

Animals

The animal experiment described in this study was approved by the Animal Welfare Committee of
Wageningen University & Research. Wistar WU (HsdCpbWU) female rats were bred in the animal
facility of Wageningen University & Research. The female rats were weaned at the age of 28 days and
group housed (3 animals per cage). Animals had free access to water and Teklad rat chow (Harlan).
The room temperature (20.5-21.5 °C), humidity (55-65%) and light regime (60-80 lux, lights on from
03:00 to 17:00 local daylight saving time) were controlled. Cage enrichment was provided in the form
of 10 cm sisal rope. Six female rats were sacrificed at the pro-estrous stage of the estrous cycle at the
age of 11 to 14 weeks. Rats were anesthetized using carbon dioxide and oxygen (flow: 1:2) and killed
by decapitation after which ovaries were collected, fixed in either 4% phosphate buffered
paraformaldehyde (for immunohistochemical purposes) or in methacarn (for LCM) and stored at 4 °C
for 24 hours. After fixation, the paraformaldehyde fixed ovaries were washed in phosphate buffer and
embedded in paraffin. The methacarn fixed ovaries were immediate transferred to ethanol 100% and
embedded in paraffin. Five um thick paraffin sections were cut and mounted on super frost plus
slides (Menzel, Braunschweig, Germany).
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Immunohistochemistry

To determine the presence of proteins (LC3, p62, cCASP3, superoxide dismutase 2 (SOD2)) in rat
ovaries, immunohistochemistry was performed according to Hoevenaars et al. [16, 17] with
modifications. For each antibody, staining of the ovarian sections of the different animals was
performed simultaneously in a single session. Briefly, sections were deparaffinized and rehydrated,
after which epitope antigen retrieval in a microwave oven was performed at 96°C (Table 1). Slides
were cooled down to room temperature, rinsed with phosphate buffered saline (PBS) 0.01 M, pH7.4
and subsequently endogenous peroxidase activity was blocked with 3% (v/v) hydrogen peroxide in
methanol. After rinsing in PBS, sections were incubated with 10% (wt/v) normal goat serum in PBS.
After removal of the goat serum, sections were incubated overnight at 4°C in a humid chamber with
the primary antibodies (for details see Table 1) diluted in PBS + 0.05% BSAc (Aurion, Wageningen, The
Netherlands). Sections were rinsed again and treated with the corresponding secondary biotin-
labelled antibody diluted in PBS-BSAc at room temperature (for details see Table 1). The avidin-biotin
complex (ABC, Vector Laboratories, Burlingame, CA) was diluted 1:1500 (v/v) in PBS-BSAc. Bound
antibodies were visualized using 3-3’ diaminobenzidine (Immpact DAB, Vector Laboratories) diluted
1:400 (v/v). Sections were counterstained with Mayer’s haematoxylin. Control sections were
incubated with isotype 1gG (Vector Laboratories), instead of the respective primary antibodies,
according to the manufactures instructions. The background staining in the controls was negligible.

Follicular nomenclature

Follicles were classified according to Flaws et al. [18] and Slot et al. [19] with minor modifications.
Briefly, preantral and antral follicles were identified as healthy when they contained an intact oocyte
and an organized granulosa layer with proliferating (mitotic) cells, while the surrounding theca layer
had a healthy appearance and did not show any signs of hypertrophy. Atretic preantral follicles were
recognized by the presence of a degenerating oocyte, disorganized granulosa cell layer, while the
surrounding theca cells showed signs of hypertrophy. Antral follicles were considered to be atretic
when more than 5% of the granulosa cells showed morphological signs of apoptosis; the oocyte was
either intact and completely surrounded by cumulus granulosa cells, or was no longer or only
partially surrounded by cumulus granulosa cells and showed signs of resumption of meiosis such as
breakdown of the nuclear membrane with or without formation of a pseudo-maturation spindle [20].

Western blotting

Western blotting was performed as described by Kus et al. [21] and Meng et al. [17] with minor
modifications. Briefly, ovaries were homogenized in RIPA lysis buffer (50 mM Tris Cl, pH 7.4 / 150 mM
NaCl / 1% Nonidet P-40 / 1% sodium deoxycholate / 0.1% SDS) with protease inhibitors (complete
Mini-EDTA free, cat no 04693159001, Roche, Mannheim, Germany). The sample was sonicated using
the Sonifier Cell Disruptor (Model SLPe, Branson, Eemnes, The Netherlands) and centrifuged for 10
min at 14000 rpm at 4°C. Protein concentrations were determined using the RC DC Protein Assay Kit II
(Bio-Rad, Veenendaal, The Netherlands). SDS-PAGE gels were run using the Mini-Protean Tetra cell
system (Bio-Rad). Proteins from the SDS-PAGE gels were transferred onto a 0.20 um PVDF membrane
(Millipore, Amsterdam, The Netherlands). The blot was incubated overnight at 4°C with the primary
antibodies (LC3, diluted 1:200; p62, diluted 1:1000; SOD2, diluted 1:5000; for antibody product
information see Table 1), rinsed with PBS-Tween20.(0.1%) followed by incubation for 1 h with
IRDye680-conjugated donkey anti-mouse for LC3 and p62 (LI-COR Biosciences, Leusden, The
Netherlands) or IRDye800-conjugated donkey anti-rabbit for SOD2 (LI-COR Biosciences) diluted
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1:5000 in odyssey blocking buffer (LI-COR Biosciences) at room temperature. Images of the
membranes were obtained using the Odyssey infrared imaging system (LI-COR Biosciences).

LCmM

To prevent RNA degradation, all the following procedures were conducted under RNase-free
conditions. A quick haematoxylin staining protocol followed by LCM was done according to Janz et al
[22]. Next, sections were dehydrated and air-dried for 5 min. A drop of mineral oil was added onto
the sections prior to LCM. The granulosa cells of healthy and atretic antral follicles were captured
under 40x magnification (PALM Laser MicroBeam System, P.A.L.M. GmbH, Bernried, Germany in
combination with a Zeiss Axioscope microscope, Carl Zeiss, Jena, Germany). Around 1x10* granulosa
cells per follicle were collected into silicon coated adhesive cap500 caps (Zeiss, Gottingen, Germany).
After microdissection, the caps were treated with 20 pl of extraction buffer (Picopure RNA Isolation
kit, Arcturus, San Diego, CA) and incubated for 30 min at 42°C. The resulting cell lysates were stored
at -80°C until further use.

RNA isolation and amplification

Total RNA from the cell lysates was extracted using the Picopure RNA Isolation kit (Arcturus)
according to the manufacturer’s instructions, including on-column DNase treatment (Qiagen, Venlo,
The Netherlands). To generate sufficient cDNA samples for qPCR, LCM-derived RNA samples were
subjected to RNA amplification using the Ovation® PicoSL WTA System V2 (Nugen, Leek, the
Netherlands) in accordance with the manufacturer’s instructions. The cDNA yield was measured by
Qubit (ThermoFisher Scientific, Breda, The Netherlands).

qRT-PCR

gRT-PCR was used to investigate the mRNA expression of the genes LC3, p62 and Sod2 in granulosa
cells of both healthy and atretic follicles. gRT-PCR reactions were performed with iQ SYBR Green
Supermix (Bio-Rad) using the MyIQ single-colour real-time PCR detection system (Bio-Rad). Individual
samples were measured in duplicate. A standard curve using serial dilutions of pooled cDNA samples
was prepared. A negative control without cDNA template, and a negative control without reverse
transcriptase (RT) were included in every assay. Only standard curves with efficiency between 90 and
110% and a correlation coefficient above 0.99 were accepted. Data were normalized against the
reference gene ribosomal protein S18 (Rps18). Primers were designed using the NCBI Primer-Blast
(NCBI Web site). Sequences of the used primers were as follows:

LC3; 5’-CGGGTTGAGGAGACACACAA-3’ and 5’-TCTTTGTTCGAAGCTCCGGC-3/,

p62; 5’-GCTCATCTTTCCCAACCCCT-3’ and 5’-CTGATGGAGCAGAAGCCGAC-3/,

Sod2; 5’-GGTGGAGAACCCAAAGGAGAG-3’ and 5'-TGATTAGAGCAGGCGGCAAT-3,

Rps18; 5’- TTCAGCACATCCTGCGAGTA-3’ and 5’- TTGGTGAGGTCAATGTCTGC-3'.

PCR annealing temperatures of these primers was 60°C.

Statistical analysis

GraphPad Prism version 5.03 (Graphpad Software, San Diego, USA) was used for statistical analysis of
the gRT-PCR data, with the Student’s t test being used to compare mRNA expression in healthy and
atretic follicles. P-values < 0.05 were considered statistically significant.
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Table 1 - Antibodies used for immunohistochemistry.

Pri Antigen retrieval Primary Secondary
rimar
. y buffer (10 mM) antibody antibody Source Lot Number
antibody I I
dilution dilution
. . Nano Tools (0231-
Tris/EDTA Goat anti-mouse,
LC3 . 1:100 100/LC3-5F10), 023150302
pH 9 (15 min) 1:200 .
Teningen, Germany
. . . Abcam plc
SQSTM1/ Sodium citrate Goat anti-mouse,
. 1:500 (ab56416), GR108093-1
p62 pH 6 (10 min) 1:400 .
Cambridge, UK
cCASP3 . .
. . . Cell signalling
(Cleaved Tris/EDTA Goat anti-rabbit, .
c 3) H 9 (10 min) 1:3000 1:400 (CST9661S), Bioke, 42
aspase min :
P P The Netherlands
. . . . Abcam plc
Sodium Citrate Goat anti-rabbit,
SOD2 . 1:1000 (ab13533) GR67500-4
pH 6 (10 min) 1:400

Cambridge, UK

All secondary antibodies were obtained from Vector Laboratories (Vector, Burlingame, CA, USA).

2.3 Results

Autophagy and apoptosis in follicular atresia

Preantral follicles

Strong LC3 staining was observed in the granulosa cells of healthy (Figure 1A) and atretic (Figure 1B)
preantral follicles in approximately the same stage of development, while staining was faint to absent
in theca cells. Clear p62 staining was found in granulosa cells of healthy preantral follicles (Figure 2A),
while in granulosa cells of atretic preantal follicles p62 staining was faint to absent (Figure 2B). Also
p62 immunostaining was absent in theca cells. Immunostaining for active, cleaved form of Caspase 3
(cCASP3) was negligible in granulosa and theca cells of healthy (Figure 3A) and atretic preantral
follicles (Figure 3B).

These data implicate that not apoptosis but autophagy plays a role in attrition of preantral follicles.

Antral follicles

In antral follicles, strong LC3 staining was observed in granulosa cells of healthy (Figure 1C) and atretic
antral follicles (Figure 1D). LC3 staining was faint to absent in the oocytes and theca cells, like in
preantral follicles. Strong p62 staining was observed in the granulosa cells of healthy antral follicles
(Figure 2C), while in granulosa cells of atretic antral follicles p62 immunostaining was moderate to
strong (Figure 2D). In theca cells p62 Immunostaining was faint to absent. cCASP3 staining was absent
in the granulosa and theca cells of healthy antral follicles (Figure 3C), however, many apoptotic cells
with cCASP3 positive staining were present in the granulosa layer of atretic antral follicles (Figure 3D).
These results suggest that in contrast to preantral follicular atresia, apoptosis is the major regulator of
antral follicular atresia.
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Figure 1 — Representative LC3 staining (brown) of the adult rat ovary. (A) Healthy preantral follicle with strong LC3 staining
in granulosa cells; (B) Atretic preantral follicle with strong LC3 staining in granulosa cell, the disorganized granulosa layer is
indicated by a surrounding dashed line and hypertrophied theca cells are indicated by a dotted two sided arrow; (C) Healthy
early antral follicle with strong LC3 staining in granulosa cells; (D) Atretic early antral follicle with strong LC3 staining in
granulosa cells. Granulosa cells are indicated by asterisks, theca cells by arrowheads and oocytes by arrows. Scale bars

represent 50 um.
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Figure 2 — Representative SQSTM1/P62 immunostaining (brown) of an adult rat ovary. (A) Healthy preantral follicle with
strong p62 staining in granulosa cells; (B) Atretic preantral follicle with faint to absent p62 staining in granulosa cells, the
disorganized granulosa layer is indicated by a surrounding dashed line and hypertrophied theca cells are indicated by a
dotted two sided arrow; (C) Healthy early antral follicle with strong p62 staining in granulosa cells; (D) Atretic early antral
follicle with moderate to strong p62 staining in granulosa cells. Granulosa cells are indicated by asterisks, theca cells
barrowheads and oocytes by arrows. Scale bars represent 50 um.
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Autophagy and follicular atresia

Figure 3 — Representative cCASP3 immunostaining. (A) Healthy preantral follicle with no positive cCASP3 staining in
granulosa cells; (B) Atretic preantral follicles with no positive cCASP3 staining in granulosa cells, the disorganized granulosa
cells is indicated by a surrounding dashed line and hypertrophied theca cells are indicated by a dotted two sided arrow; (C)
Healthy large antral follicle, the absence of cCASP3 staining in granulosa cells; (D) Atretic large antral follicles with
numerous granulosa cell derived apoptotic bodies adjacent to and within the antrum that stain positively for the presence
of cCASP3. Granulosa cells are indicated by asterisks, theca cells by arrowheads and oocytes by arrows. Scale bars represent
50 pm.
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Figure 4 — Representative SOD2 immunostaining (brown) in an adult rat ovary. (A) Healthy preantral follicle with moderate
to strong SOD2 staining in granulosa cells; (B) Atretic preantral follicle with faint to absent staining SOD2 in granulosa cells,
the disorganized granulosa cells are indicated by a surrounding dashed line and hypertrophied theca cells are indicated by a
dotted two sided arrow; (C) Healthy antral follicle with strong SOD2 staining in the granulosa cells; (D) Atretic antral follicle
with faint to absent SOD2 staining in the granulosa cells. Granulosa cells are indicated by asterisks, theca cells by
arrowheads and oocytes by arrows. Scale bars represent 50 um
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SOD2 and ovarian follicular atresia

By determining the presence of antioxidant enzyme SOD?2, it was investigated whether mitochondrial
accumulation of ROS could play a role in follicular attrition. Moderate to strong SOD2 immunostaining
was observed in granulosa cells of healthy preantral (Figure 4A) and antral follicles (Figure 4C). SOD2
staining was faint to absent in granulosa cells of both atretic preantral (Figure 4B) and antral follicles
(Figure 4D). The staining in theca cells of prenatral and antral follicles was faint to moderate and did
not undergo changes when follicles underwent atresia (Figure 4). These results suggest that the
presence of SOD2 in granulosa cells differed between healthy and atretic follicles.

Western blotting

To confirm that the antibodies (LC3, p62, SOD2) used in the present study indeed identified the
correct proteins in the rat ovary, western blotting was performed (supplemental Figure 1). The blot
for LC3 showed two clear bands representing LC3 | and LC3 Il. The blots for p62 and SOD2 showed a
single band at the expected size of 62 kDa and 25 kDa, respectively. The validity of the antibody
against cCASP3 was tested previously [23, 24].

qRT-PCR

In order to investigate the gene expression of Lc3, p62 and Sod2 in granulosa cells of healthy and
atretic preantral and antral follicles LCM in combination with qRT-PCR was performed. Independent
of the stage of follicular development, no difference in Lc3 and p62 gene expression was observed
between healthy and atretic follicles (Figure 5A,B). In contrast, Sod2 mRNA expression was
significantly reduced in granulosa cells of atretic preantral and antral follicles compared to healthy
follicles at the same stage of development.
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Figure 5 — Gene expression in granulosa cells of healthy (open circles, n=6) and atretic follicles (filled squares, n=6) as
measured by qRT-PCR. Differences in gene expression are expressed as ratio of mRNA levels in atretic follicles over healthy
follicles, with no change indicated as 1/-1 or -1. (A) Healthy and atretic preantral follicles; (B) Healthy and atretic antral
follicles; Lc3, microtubule-associated protein 1 light chain 3; p62, Sqstm1, sequestosome 1; Sod2, superoxide dismutase 2;
**** p<0.0001

2.4 Discussion
The present study is to our knowledge the first study that provides evidence that granulosa cell death

in preantral and antral follicular atresia are executed by different cell death pathways.
Immunohistochemical analysis shows the absence of p62 and cCASP3 staining in preantral atretic
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follicles in combination with the presence LC3 staining, indicative of autophagy. In contrast, in atretic
antral follicles LC3, p62 and cCASP3 immunostaining is observed, suggesting that granulosa cell death
in these follicles is due to apoptosis and that autophagy is not likely to play an important role here.
SOD2 immunostaining and mRNA levels are reduced in preantral and antral atretic follicles,
suggesting that reduced ROS clearance may play a role in follicular atresia.

In the canine ovary, Spanel-Borowski [14, 25] was one of the first to describe the presence of a
morphological difference between preantral and antral follicular atresia. More recently, it was shown
in the prepubertal rat ovary, using in situ 3’- end labelling of DNA with digoxigenin-deoxy-UTP to
detect apoptotic cells, that apoptosis is minimal in preantral follicles [26]. These observations are fully
in line with the negligible cCASP3 immunolabelling in preantral follicles in the present study. At the
same time, this does not mean that granulosa cells of preantral follicles do not have the capacity to
undergo apoptosis. Withdrawal of diethylstilbestrol stimulation in immature rats resulted in a
significant increase in in situ oligoxigenin-dideoxy-UTP labelling of DNA in large preantral follicles [27].
This pathway of preantral granulosa cell death, however, does not seem to be favoured as cell death
pathway under normal in vivo conditions.

Choi and colleagues [7] were the first to report on a possible role of autophagy in follicular
development and atresia. These authors showed moderate to strong LC3 immunostaining in
granulosa cells of healthy primordial up to late antral follicles in immature rats treated with equine
chorionic gonadotropin. In line with our results, significant LC3 staining was observed in atretic antral
follicles, while co-localization of LC3 and cCASP3 immunostaining was observed in atretic antral
follicles but not in preantral follicles [7]. It was suggested that granulosa cell autophagy might be
directly involved in ovarian follicular atresia at all stages of follicular development. The present study
is an extension of the work by Choi and colleagues, as we show that autophagy especially plays a role
in preantral follicular atresia, while antral follicular attrition is triggered by granulosa cell apoptosis.

Additional evidence for the assumption that apoptosis is not the only death pathway active in the
ovary comes from studies in which mice are exposed to cigarette smoke. Exposure for 8 weeks
resulted in a decrease in follicle numbers without leading to a change in cCASP3 expression [28]. The
levels of the autophagy related proteins BECLIN1 and LC3 were significantly increased under these
conditions [29]. One of the processes that is suggested to play a role in smoke induced follicular
autophagy is oxidative stress. Cigarette smoke exposure leads to an increase in the ovarian expression
of HSP25, a small heath shock protein that is up-regulated under conditions of oxidative stress, while
SOD2 expression is decreased, suggestive of loss of antioxidant activity [28]. In the present study we
observe a strong reduction in both SOD2 immunostaining and granulosa cell Sod2 mRNA levels in
antral atretic follicles, implicating that autophagy and subsequent preantral follicular attrition may be
initiated by a mitochondrial loss of antioxidant capacity. Whether a disturbance in antioxidant
capacity is also the trigger of granulosa cell apoptosis in antral follicle or whether this is a
consequence of activation of the apoptotic cascade warrants further investigation.

The next question that arises is, which pathway is involved in activation of granulosa cell autophagy. It
has been shown that cigarette smoke exposure of rats leads to activation of AMPK-a1 and AMPK-012
in the ovary, while at the same time inhibition of the anti-autophagic factors AKT and mTORC1 is
observed [30]. AMPK is an important regulator of metabolism and inhibitor of the mTORC1 complex
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and is a direct activator of autophagy [31, 32]. Its activity is sensitive to ROS [33]. The data from
Furlong et al. [30] suggest that cigarette smoke induced oxidative stress activates AMPK, leading to
activation of autophagy and inhibition of mTORC1. Support for this hypothesis comes from a study by
Choi et al, who demonstrated that AKT-mediated activation of mTORC1 suppresses granulosa cell
autophagy during follicular development in vivo as well as in vitro [34]. The reduced SOD2 mRNA
expression in granulosa cells of preantral follicles suggests that this pathway is also involved in
preantral follicular atresia under physiological conditions, although this will need confirmation by
additional experiments.

To our surprise, we did not observe a difference in p62 mRNA expression in granulosa cells from
healthy and atretic preantral follicles, despite the obvious differences in immunostaining. Furlong et
al were also unable to detect any differences in p62 mRNA expression between healthy and
autophagic granulosa cells [30]. These authors hypothesised that the absence of a decrease in p62
gene expression may be due to the large variability between control and treated groups. This is
however not the case in our analysis. A change in p62 protein levels, without a difference p62 mRNA
was also seen in other studies (e.g. [35, 36]) and suggests a role for post transcriptional regulation.

In contrast to preantral follicular atresia, it is generally thought that antral follicular atresia and thus
granulosa cell apoptosis is triggered by insufficient FSH levels [37]. FSH is thought to rescue granulosa
cells of antral follicles from apoptosis via activation of the phosphatidylinositol 3-kinase (PI3K)-AKT
signal transduction pathway. Activation of PI3K-AKT via binding of FSH to its receptor leads to
phosphorylation of the forkhead box O (FOXO) subfamily of forkhead transcription factors which
impacts among other processes survival of granulosa cells. In the presence of reduced FSH levels or
insufficient FSH receptor numbers, FOXOs are dephosphorylated and translocate to the nucleus,
resulting in enhanced transcription of pro-apoptotic factors (reviewed in [37]). These observations
implicate a role for the AKT signalling pathway in both autophagy and apoptosis induced granulosa
cell death. By influencing AKT though different pathways granulosa cells will either undergo
autophagy (in FSH-independent preantral follicles) or apoptosis (in FSH-dependent antral follicles).
The results of the present study open the way to further investigate the signal transduction pathways
that lead to granulosa cell degradation.

In conclusion, the results suggest of the present study show that antral follicular attrition is initiated

by massive granulosa cell apoptosis, while preantral follicles atresia occurs mainly via enhanced
granulosa cell autophagy.
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Supplemental Figure 1 — Western blot representing the presence of LC3, p62 and SOD2 in homogenates of rat ovaries after
separation by SDS-polyacrylamide gel electrophoresis. The specific band at the expected size is indicated by an arrow.
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Abstract

Objective: To investigate the consequences of prolonged hypothyroidism induced in adulthood for
the size of the ovarian follicle pool.

Design: Female rats were given a control or an iodide deficient diet in combination with perchlorate
supplementation to inhibit iodide uptake by the thyroid, resulting in mild chronic hypothyroidism. At
the age of 26 weeks animals were sacrificed. Ovaries were histologically evaluated.

Settings: Centre for small animal experimentation, Wageningen University & Research.

Animals: Adult female rats.

Interventions: Dietary intervention.

Main Outcome Measures: Ovarian follicle numbers (primordial, primary, pre-antral, antral and
atretic follicles) as well as corpora lutea numbers were counted. Concentrations of relevant
hormones (thyroid-stimulating hormone (TSH), tri-iodothyronine (T3), thyroxine (T,), follicle-
stimulating hormone (FSH), luteinizing hormone (LH) and anti-Mdillerian hormone (AMH) in plasma
were determined.

Results: Primordial, primary and preantral follicle numbers were significantly lower in the
hypothyroid ovaries compared to the euthyroid controls (p < 0.05), while a downward trend in antral
follicle numbers and corpora lutea was observed. The percentage of atretic follicles was not different
between the groups. Plasma AMH showed a significant correlation with the growing follicle
population represented by the total ovarian number of primary, preantral and antral follicles.

Conclusions: Prolonged mild hypothyroidism negatively affects ovarian follicular reserve as well as
the size of the growing follicle population, which may impact fertility. AMH can serve, also under mild
hypothyroid conditions, as a surrogate marker to assess the growing ovarian follicle population,
offering a non-invasive way to evaluate the correlation between female reproductive health and
thyroid status.
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3.1 Introduction

Thyroid hormone (TH) synthesis and release is controlled by hypothalamic thyrotropin releasing
hormone (TRH) and pituitary thyroid-stimulating hormone (TSH) via a classical feedback loop
mechanism ([1]. A disturbed thyroid status and concomitant alterations in TH production are known
to affect key functions in growth, development and metabolism, such as basal metabolic rate, energy
production, and carbohydrate and lipid metabolism [2,3]. Besides, there is substantial evidence that
a prolonged reduction in plasma TH concentration leads to a broad spectrum of reproductive
problems, including disturbed folliculogenesis, impaired ovulation and fertilization rate, miscarriage
and late pregnancy complications [4]. In severe cases hypothyroidism may even lead to complete
ovarian failure [5-7].

The majority of cases of hypothyroidism find their origin either in thyroid autoimmune disease, or
insufficient iodine intake [8-10]. Thyroid autoimmune disease is characterized by the presence of
anti-thyroglobulin and/or anti-thyroid peroxidase antibodies and affects 5-20% of women of
childbearing age. Although thyroid autoimmune disease is considered to be one of the main causes
of hypothyroidism, thyroid autoantibodies can be present without any clinical signs of thyroid
dysfunction or subfertility [11]. The term subclinical hypothyroidism is used to describe the condition
of elevated serum TSH concentrations in the presence of normal free thyroxine (T,;) concentration
[10]. Most studies investigating the relation between subclinical hypothyroidism and female fertility
are retrospective and uncontrolled with the consequence that the underlying pathogenic
mechanisms associating subclinical hypothyroidism and female fertility remain largely speculative
[7]. This is of relevance, since the incidence of subclinical hypothyroidism in females of reproductive
age is thought to range from 4% to 8.5% [12]. If thyroid antibodies are present, this condition may
progress to overt (clinical) hypothyroidism [7,13].

A condition that further increases the risk of women to develop hypothyroidism is pregnancy and the
period after delivery; the incidence of hypothyroidism in pregnancy being 0.3-0.5% [14]. Postpartum
thyroid dysfunction has a pooled prevalence of 8%, while the chance to develop subclinical
hypothyroidism after parturition is 2-3% [14-16]. The most common cause of this type of thyroid
dysfunction is autoimmune lymphocytic thyroiditis. This disease usually consists of two phases, a
hyperthyroid phase that in general becomes apparent after delivery, followed by a hypothyroid
phase [15]. Until a few years ago it was thought that thyroid hormone levels in women that suffered
from postpartum thyroid dysfunction would normalize within 6 to 12 months after delivery. Stuckey
and colleagues, however, showed that 63% of women that experienced postpartum thyroid
dysfunction 6 months postpartum, still suffered from (sub)clinical hypothyroidism 12 years later,
indicative of long-term thyroid dysfunction [15,17].

The incidence of hypothyroidism further depends on dietary iodine intake. There are indications that
not only in underdeveloped countries, but also in 34% of the developed countries, such as USA, UK,
Italy, France and Ireland, iodine intake, especially in pregnant women, is insufficient [9,16]. In the UK,
two thirds of pregnant women are iodine deficient and therefore at risk to develop hypothyroidism.
In general iodine deficiency is mild, but this can nevertheless have impact on pregnancy outcome and
mental development of the child [16].
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It may be apparent from the above that independent of the origin, (sub)clinical hypothyroidism is a
less rare condition in women at reproductive age than anticipated. Although it has been generally
acknowledged that TH disorders are associated with disturbed ovarian folliculogenesis, it is not
known what the precise effects are of mild chronic hypothyroidism on follicular development and the
size of the ovarian follicle pool, a question not easily addressed in humans. The number of animal
studies investigating the effect of hypothyroidism on follicular development in adulthood is limited
and the observations contradictory. Ortega et al. [18] have reported for instance that hypothyroidism
in adult female rats induces a significant suppression in basal LH release, resulting in ovarian atrophy.
Hapon et al. [19] have shown that virgin hypothyroid rats show prolonged periods of vaginal
dioestrus, while Mattheij et al. [20] reported that in hypothyroid rats the oestrous cycle becomes
irregular, but if females present vaginal proestrous, the subsequent LH surge is much higher than in
the euthyroid controls. Other investigators have reported only small changes in LH and FSH release
and the presence of corpora lutea and mature follicles under hypothyroid conditions [21], although
pregnancy incidence and litter size are reduced when compared to euthyroid controls [22]. A
detailed analysis of the size of the ovarian follicle pool under chronic hypothyroid conditions has not
been performed, as far as we are aware.

In recent years, we have developed an animal model of diet-induced hypothyroidism by depleting
the endogenous iodine stores of rats to study the effects of chronic hypothyroidism on ovarian
follicular development [23]. In the present study we aim to use this animal model to investigate
follicular development, and the effects on the size of the ovarian follicle pool under hypothyroid
conditions in adult rats. This will give us insight in the effects of adult chronic hypothyroidism on
ovarian follicular development and thus reproductive potential in rodents. The results of the present
study may contribute to the understanding of the consequences of subclinical and mild
hypothyroidism on the ovarian follicle population in women of reproductive age.

3.2 Material and Methods

Chemicals
All chemicals were purchased from Sigma (Zwijndrecht, the Netherlands) unless indicated otherwise.

Animals and treatment

Twenty 10-week-old female Wistar rats (HsdCpbWU) were obtained from Harlan (Horst, the
Netherlands). The rats were housed individually and kept under controlled conditions (room
temperature 20.5-21.5 °C; humidity 55-65%; light regimen 60-80 lux, lights on from 03:00 to 17:00
local daylight saving time). The animals had free access to food and tap water and were provided with
cage enrichment in the form of a 10 cm sisal rope. Two weeks after arrival the female rats of the
experimental group (n=9) were put on an iodide-poor diet based on AIN 1993 requirements
(Research Diet Services, Wijk bij Duurstede, the Netherlands) [24,25] supplemented with 0.75%
sodium perchlorate in the drinking water to deplete endogenous iodie stores [26]. The control group
(n=11) was at the same time put on normal drinking water without sodium perchlorate and was given
a euthyroid control diet, consisting of the iodide-poor diet, supplemented with 7 ug iodide per 100 g
dry weight of the diet to fulfill the normal iodide requirements of rats. The experimental hypothyroid
diet was continued for 16 weeks, after which the animals were sacrificed. Rats were anesthetized
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using carbon dioxide and oxygen (flow: 1:2). Blood was obtained by heart puncture and collected in
heparin-coated tubes. Rats were killed by decapitation and ovaries were dissected, fixed in Bouin’s
fluid for 24-48 h and stored in ethanol 70% until further processing. Plasma was stored at -20 °C until
further analysis. All animals were killed at the proestrous stage of the estrous cycle between 11.00
and 14.00 h. The stage of the oestrous cycle was determined by daily analysis of vaginal smears,
starting approximately two weeks before sacrifice.

The animal experiment was approved by the Animal Welfare Committee of Wageningen University
(DEC 2004134a).

Histological evaluation of ovarian tissues

The ovaries of 4 to 5 animals were embedded in paraffin and serially sectioned at a thickness of 5
um. Every fifth section of each ovary was mounted on glass slides, stained with periodic acid Schiff’s
reagent (PAS) and Mayer’s haematoxylin (Klinipath, Duiven, the Netherlands), and examined by light
microscopy. From these sections the numbers of healthy primordial, primary, preantral and antral
follicles were counted as described previously [23,27,28]. Briefly, follicles were scored as primordial if
they contained an intact oocyte with a clear nucleus and nucleoli surrounded by a single layer of
squamous pregranulosa cells. Follicles were scored as primary when they contained an intact,
enlarged oocyte with a clear nucleus and nucleolus surrounded by a single layer of granulosa cells of
which 50-100% had a cuboidal appearance. The granulosa layer of preantral follicles consisted of
more than one layer of cuboidal cells, an oocyte with a clear nucleus and nucleolus and a developing
theca layer. Antral follicles consisted of several layers of granulosa cells, an oocyte with a clear
nucleus and nucleolus, an antrum of which the diameter was at least the size of the diameter of the
oocyte, and a theca layer. In order to estimate the total number of follicles within one ovary, the
number of primordial, primary, preantral and antral follicles counted in the mounted sections was
multiplied by five to account for the fact that every fifth section was used in the follicle counting
[23,28].

Atretic preantral follicles were characterized by the presence of a degenerating oocyte, disorganized
granulosa cell layer with the presence of a limited number of apoptotic nuclei, while the surrounding
theca cells showed signs of hypertrophy. Antral follicles were considered to be atretic when more
than 5% of the granulosa cells showed signs of apoptosis, while the theca layer of these follicles
showed signs of hypertrophy. As atresia proceeded, the granulosa cells were lost completely and the
oocyte degenerated, leaving remnants of the zona pellucida and hypertrophied theca cells. In order
to prevent double counting of atretic follicles, we analysed in three sections of each ovary (at a
quarter, half and three-quarters of the ovary) all preantral and antral healthy and atretic follicles,
independently of the presence of an oocyte, as described previously with minor modifications
[28,29]. Since the counted numbers reflect only part of the total follicle population in an ovary, the
mean number of atretic follicles was expressed as percentage of the number of non-atretic plus
atretic follicles. Primordial and primary follicles were excluded from this counting procedure [23,29].
In order to determine the number of corpora lutea (CLs) per ovary, overview pictures were taken of
every 20" ovarian section using a Zeiss Axioscoop Il microscope equipped with an MRc5 camera and
Axiovision 4.8.0.0 software (Zeiss GmbH, Jena, Germany). By following the CLs throughout the ovary
it was possible to determine the total number of CLs per ovary.
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Radio immunoassays

Total thyroxine (T,) (DSL-3200; DSL, Webster, TX, USA) and total triiodothyronine (Ts) (DSL-3100)
concentrations were assayed according to the manufactures protocol. Luteinizing hormone (LH),
follicle stimulating hormone (FSH) and TSH concentrations were determined by validated in-house
double-antibody RIAs for rat serum analysis [20,30,31] using materials supplied by the National
Institute of Diabetes, Digestive and Kidney Diseases (NIDDK; Bethesda, MD, USA). For all in-house
RIAs SACcel (donkey anti-rabbit) was used as the secondary antibody. The levels of the different
hormones were expressed in terms of NIDDK standards. The detection limits for the assays were: 5
ng/ml for total T4, 0.25 ng/ml for total T3, 0.03 ng/ml for LH, 0.1 ng/ml for TSH and 0.4 ng/ml for FSH.
The intra- and inter-assay variation was determined using several pools of rat serum and was less
than 11% for all purchased RIAs and less than 9.5% for all in-house RIAs.

Plasma Anti-Miillerian Hormone ELISA

Plasma anti-Mdllerian hormone (AMH) concentrations were analysed using the AMH Gen |l ELISA
assay according to the manufacturer’s instructions (Beckman Coulter, Sinsheim, Germany). The
detection limit of the assay was 0.16 ng/ml; the intra-assay coefficient of variation was 5.3%.

Statistical analysis

Data were expressed as mean * standard error of the mean (SEM). GraphPad Prism version 5.03
(Graphpad Software, San Diego, USA) was used for statistical analysis. Data were checked for
normality and when normality was confirmed the Student’s t test was used for data analysis. In
normality could not be assumed, data were logl0 transformed. P-values < 0.05 were considered
significantly different.

3.3 Results

Thyroid status

To assess the thyroid status of the rats, plasma TSH, total T, and total T; concentrations were
determined. Within 2 weeks after the start of dietary intervention plasma TSH concentrations had
increased by approximately 15-fold in the hypothyroid rats. By 16 weeks, TSH concentrations were
even further increased to approximately 24-fold the concentrations in the age-matched controls
(Figure 1A). Concomitantly, T, concentrations in the hypothyroid animals had become barely
detectable (Figure 1B), while plasma T; levels were reduced by approximately 30%. (Figure 1C).
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Figure 1 Plasma concentrations of thyroid-stimulating hormone (TSH) (A), thyroxine (T,) (B) and tri-iodothyronine (T3) were
measured in euthyroid control rats (open bars, n=11) and hypothyroid rats (filled bars, n=9). Values represents mean * SEM.
*¥%%1<0.0001; *p<0.05.

Plasma FSH, LH and AMH concentrations

No difference was detected in plasma FSH concentrations between the hypothyroid female rats and
the age-matched control rats (Figure 2A). Plasma LH concentrations, however, were significantly
decreased in the hypothyroid animals compared to the age-matched euthyroid controls (Figure 2B).
Plasma AMH concentrations were significantly lower in the hypothyroid rats compared to the
controls (Figure 2C).
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Figure 2 Plasma follicle-stimulating hormone (FSH) (A), luteinizing hormone (LH) (B) and anti-Mdllerian hormone (AMH)
concentrations (C) in euthyroid control rats (open bars, n=11) and hypothyroid rats (filled bars, n=9). Values represents
mean + SEM. *p<0.05.

Follicular development

In order to obtain further insight in the effects of prolonged mild hypothyroidism on ovarian follicle
reserve in adult rats, the total number of follicles per ovary was determined. After 16 weeks of
hypothyroidism the primordial follicle numbers were approximately 60% lower in the hypothyroid
females compared with the age-matched euthyroid controls (Figure 3A). The number of primary
(Figure 3B) and preantral (Figure 3C) follicles had decreased by about 40% in the hypothyroid rats
compared with the controls, while a downward trend was observed in antral follicle numbers, though
this did not reach the level of significance (Figure 3D).

To determine whether prolonged mild hypothyroidism affected follicular atresia in adult rats, the
percentage of atretic follicles was determined. The results showed that there was no significant
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difference in the percentage of atretic follicles between hypothyroid rats and age-matched controls
(Figure 3E).

In line with these observations the total number of CLs per ovary in the hypothyroid females showed
a downward trend compared to the euthyroid controls, though this did not reach the level of
significance (Figure 3F).
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Figure 3 Effects of mild hypothyroidism on ovarian follicle numbers in euthyroid control rats (open bars) and hypothyroid
rats (filled bars). Total number of ovarian primordial (A), primary (B), preantral (C), antral follicles (D), percentage of atretic
follicles (E) and total ovarian number of corpora lutea (CLs) (F). Values represent mean £ SEM; n=4. *p<0.05; **p<0.01.

There is some dispute about the use of plasma AMH concentrations as marker of ovarian follicular
reserve [32-34]. According to Findlay and colleagues [33] AMH should be related to the growing
follicle population (the ovulatory potential), excluding the primordial follicle pool. We therefore
performed a correlation analysis between plasma AMH concentrations and the growing follicle
population (consisting of primary, preantal and antral follicles) and observed a significant correlation
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between AMH and the growing follicle population (Figure 4). No correlation was observed between
plasma AMH concentrations and primordial follicle numbers (data not shown).
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Figure 4 Effects of mild hypothyroidism on the size of the growing ovarian follicle population (consisting of primary plus
preantral and antral follicle numbers) in euthyroid control (open bar) and hypothyroid rats (filled bar) (A), and the
correlation between the growing ovarian follicle population and plasma AMH concentration in hypothyroid rats (B). Values
represent mean = SEM; n=4

3.4 Discussion

The present study is, to our knowledge, the first that provides a detailed analysis of the follicular
reserve in adult female rats that are exposed to hypothyroid conditions for a prolonged period of
time. Primordial, primary and preantral follicle numbers are significantly lower in the hypothyroid
ovaries compared to the euthyroid controls, while a downward trend in antral follicle numbers and
corpora lutea is observed. Quite surprisingly the percentage of atretic follicles was not different
between the two groups, suggesting that the reduced preantral and antral follicle numbers do not
seem to be due to increased degeneration of these follicle types in the hypothyroid group.

The reduction in the number of primordial follicles in the hypothyroid rats suggests that either
recruitment of primordial follicles into the pool of growing follicles is enhanced or alternatively the
low circulating thyroid hormone concentrations induce increased primordial follicle degeneration.
Assuming that the initial recruitment of primordial follicles is indeed enhanced, this should lead to an
increase in the primary follicle pool size. Our data do not support this assumption; on the contrary,
primary follicle numbers are decreased significantly as are preantral follicle numbers. This implicates
that recruited primordial and/or primary follicles may have degenerated before reaching the
preantral stage. The manifestation of attrition in primordial and primary follicles is thought to be of
short duration [35,36] and therefore difficult to identify by plain histology. We may have simply
missed these atretic follicles during our analysis. Furthermore, we have collected ovarian tissue at
only one time-point, namely 16 weeks after the start of the dietary intervention. We do not know
whether degeneration of these follicles takes place gradually over time, or whether follicles
degenerate massively during the initial period of the dietary intervention when TH concentrations
are decreasing, followed by a new equilibrium between recruitment and degeneration when TH
concentrations have stabilized. Based on the observation that the number of preantral follicles is
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reduced by approximately the same percentage as the primary follicle number, and antral follicle
numbers and CL numbers not being different from euthyroid control values, we favour the first
explanation, i.e. gradual depletion.

Plasma LH concentrations are significantly decreased in chronic adult hypothyroid rats compared
with the euthyroid controls. This observation is in agreement with previous reports by Hatsuta, et al.
[37] and Tohei, et al. [38]. The number of studies reporting on gonadotropin serum concentrations in
hypothyroid women is limited and data are contradictory. Tomasi and colleagues observed that in
women of reproductive age chronic hypothyroidism leads to increased baseline LH and FSH
concentrations [39], while in a more recent study Acharya et al. [40] showed that chronic
hypothyroidism in premenopausal women led to reduced LH concentrations, while FSH
concentrations were within the normal range. The latter observation is in line with what we observed
in our hypothyroid female rats. The reduction in LH concentrations under hypothyroid conditions
may be explained by an elevation in prolactin concentration, a phenomenon observed both in rats
and humans [7,37,41]. Due to the disturbed thyroid function, thyrotropin-releasing hormone (TRH)
release by the hypothalamus is increased, stimulating pituitary prolactin synthesis and release [42].
Elevated prolactin concentrations exert a negative influence on the pituitary response to
gonadotropin releasing hormone (GnRH) [37] and thus reduce LH secretion. Despite these reduced
basal LH concentrations and menstrual/oestrous cycle irregularities, ovulation is not necessarily
completely blocked under mild to moderate hypothyroid conditions [7,20,38]. On the contrary, the
preovulatory LH peak may even be augmented, facilitating ovulation [20].

Studies investigating the incidence of fertility problems in hypothyroid women are scarce, in general
retrospective and uncontrolled. Despite the fact that abnormalities in thyroid function have been
associated with subfertility [7,43], in most developed countries, national guidance does not
recommend routine measurement of thyroid function in women with fertility problems [43,44]. Our
data, however, implicate that prolonged mild hypothyroidism negatively affects reproductive
poptential. A decrease in size of the ovarian follicle pool including non-growing and growing follicles
as observed in the present study, may be correlated with a decline in female fertility, stressing the
importance of knowledge concerning the reproductive potential in women with fertility and thyroid
problems. However, histological analysis by counting of follicles is too invasive to apply to humans.
We therefore used plasma AMH concentrations as biomarker of follicular reserve and correlated this
with our follicle counts. We observe a strong correlation between the number of growing follicles
(primary, preantral and antral follicles) and plasma AMH (Figure 4B). Other studies, in rats and
humans have reported AMH as a surrogate marker for ovarian follicular reserve [32,34,45,46].
Findley et al. [33] recently questioned however, the use of biomarkers such as serum AMH as
indicator of ovarion follicular reserve. According to these authors these biomarkers do not provide
direct measurement of the size of the “resting” pool of primordial follicles, but only reflect the
presence of growing follicles (in fact presumably mostly antral follicles). Our data are in line with
Findlay et al. [33] as plasma AHM concentrations under hypothyroid conditions correlate with the
growing pool of follicles, also named ovulatory portential by these authors, and do not correlate with
the number of primordial follicles, the primordial ovarian reserve [33].

Taken together, although one needs to be careful in extrapolating observations from animal studies
to humans, the observed decrease in ovarian follicle numbers due to prolonged exposure to reduced
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TH concentrations warrants an extensive well controlled prospective evaluation of the correlation
between female reproductive health and thyroid status in women with an unfulfilled child wish.
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Abstract

The long-term effects of chronic hypothyroidism on ovarian follicular development in adulthood is
not well known. Using a rat model of chronic diet induced hypothyroidism initiated in the foetal
period, we investigated the effects of prolonged reduced plasma thyroid hormone concentrations on
the ovarian follicular reserve and ovulation rate in prepubertal (12-day-old) and adult (64-day-old
and 120-day-old) rats. Besides, antioxidant gene expression, mitochondrial density and the
occurrence of oxidative stress were analyzed. Our results show that continuous hypothyroidism
results in lower preantral and antral follicle numbers in adulthood, accompanied by a higher
percentage of atretic follicles, when compared to euthyroid age-matched controls. Not surprisingly,
ovulation rate was lower in the hypothyroid rats. At the age of 120 days the mRNA and protein
content of superoxide dismutase 1 (SOD1) are significantly increased while catalase (CAT) mRNA and
protein content is significantly decreased, suggesting a disturbed antioxidant defense capacity of
ovarian cells in the hypothyroid animals. This is supported by a significant reduction in the expression
of peroxiredoxin 3 (Prdx3), thioredoxin reductase 1 (Txnrd1), and uncoupling protein 2 (Ucp2) and a
downward trend in glutathione peroxidase 3 (Gpx3) and glutathione S-transferase mu 2 (Gstm2)
expression. These changes in gene expression are likely responsible for the increased
immunostaining of the oxidative stress marker 4-hydroxynonenal (4-HNE). Together these results
suggest that chronic hypothyroidism initiated in the foetal/neonatal period results in a decreased
ovulation rate associated with a disturbance of the antioxidant defense system in the ovary.
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4.1 Introduction

Thyroid hormone (TH) is known to be a key factor in the regulation of many biological processes
including growth, differentiation, metabolism, embryo development and female reproduction [1, 2].
Altered TH concentrations are associated with disturbed folliculogenesis, lower fertilization rate and
reduced embryo quality [3], and in severe cases even lead to complete ovarian failure [4-6].

Proper ovarian follicular development is dependent on the subtle balance between pituitary
gonadotropic hormones and locally as well as peripherally produced factors, such as transforming
growth factor beta [7, 8], Insulin-like growth factor 1 [9], leptin [10] and adiponectin [11]. The active
TH 3,3’,5-triiodothyronine (Ts) acts as such a peripheral factor by amplifying the action of the
gonadotropic hormone follicle-stimulating hormone (FSH) on follicle growth [12]. FSH and T; exert
their effect on follicular development via stimulation of granulosa cell proliferation and inhibition of
apoptosis through activation of the PI3K/AKT pathway [13].

Despite the relatively high incidence of hyperthyroidism in women, with a general prevalence of
about 1%, only a few studies have addressed the effects of excessive TH concentrations on neonatal
development of the female reproductive tract [14]. For instance, Soliman and Reineke have shown
that mild thyroidal stimulation in young female mice results in advancement of the age of vaginal
opening and the onset of estrous cycles when compared to euthyroid controls. The ovaries of these
hyperthyroid mice contain multiple growing follicles and corpora lutea [15].

The effects of TH deficiency on ovarian follicular development are commonly studied in animal
models using propyl-2-thiouracyl (PTU) as goitrogen. However, various adverse effects are associated
with prolonged PTU treatment, including agranulocytosis and hepatotoxicity [16]. Administration of
PTU during pregnancy usually results in premature abortion. Consequently treatment is generally
initiated around the time of delivery and stopped before the offspring reaches puberty [17, 18].
These studies show that neonatal hypothyroidism in rats results in a delay or even complete
inhibition in vaginal opening and sexual maturation with smaller ovaries, less antral follicles and
more atretic follicles [17]. The application of a dietary induced (combination of sodium perchlorate
and an iodide-poor diet) hypothyroidism rat model [19], allows us now to study the long-term effects
of chronic hypothyroidism initiated in the foetal/neonatal period on ovarian follicular development.

Reactive oxygen species (ROS) are formed continuously in cells as a result of both biochemical
reactions and external factors. It is increasingly realized that ROS at physiological amounts have an
important signalling function [20]. Indeed, the regulated generation of ROS is necessary for the
primary oocyte to resume the first meiotic division, showing ROS to be an important mediator of the
ovulatory sequence [21]. Down regulation of ROS is necessary for progression through the second
meiotic division [22], showing the need for a balance between ROS production and cellular ROS
defense. A disturbance in the balance between the production of ROS, with mitochondria as an
important source, and the antioxidant defense capacity of cells can lead to oxidative stress and
concomitant pathology [23]. As in other tissues, cellular antioxidant defense in the ovary is
comprised of an array of cytoplasmic and mitochondrial enzymes, including superoxide dismutases
(SODs), catalase (CAT), glutaredoxins (GLRXs), peroxiredoxins (PRDXs), thioredoxins (TXNs) and
glutathione S-transferases Mu (GSTMs) [24-28]. Several studies have shown that reduced TH
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concentrations can influence antioxidant defense. The observed effects are, however, highly variable.
For example, chronic hypothyroidism in adult rats causes a decrease in renal lipid peroxidation, SOD2
and CAT mRNA and protein concentrations, while GPX1 is significantly increased [29]. SODs activity in
the brain is decreased due to persistent hypothyroidism, while under the same conditions in the
testis SODs and CAT activity are increased and GPXs activity decreased [30].

How chronic hypothyroidism affects the expression of genes related to ovarian redox balance is at
present not known. Using our rat model of chronic hypothyroidism [19], we here investigate the
effects of prolonged exposure to reduced serum TH concentration on ovarian follicular reserve and
ovulation rate and relate these observations to mitochondrial and antioxidant gene expression and
occurrence of oxidative stress in prepubertal and adult rats.

4.2 Material and Methods

Chemicals and antibodies

All chemicals were purchased from Sigma (Zwijndrecht, the Netherlands) unless indicated otherwise.
Antibodies against 4-hydroxynonenal (4-HNE, lot no. GR126142-8, cat. no. ab48506), CAT (lot no
GR21101-7, cat. no. ab1877), SOD1 (lot no GR196707-7, cat. no. ab16831), SOD2 (lot no GR67500-4,
cat. no. ab13533), cytochrome c oxidase subunit IV (COX IV, lot no GR85489-1, cat. no. ab16056), [3-
actin (ACTB, cat. no. ab6276), were purchased from Abcam (Cambridge, UK).

Animals and treatment

Wistar WU (HsdCpbWU) rats were obtained from Harlan (Horst, the Netherlands) at the age of 8
weeks (females) or 10 weeks (males) and kept under controlled conditions (room temperature 20.5-
21.5 °C; humidity 55-65%; light regimen 60-80 lux, lights on from 03:00 to 17:00 local daylight saving
time). The female rats were housed individually after arrival and provided with cage enrichment in
the form of a 10 cm sisal rope. Two weeks after arrival the female rats of the experimental group
were put on an iodide-poor diet based on AIN 1993 requirements (Research Diet Services, Wijk bij
Duurstede, the Netherlands) [31, 32], supplemented with 0.75% sodium perchlorate in the drinking
water to deplete endogenous iodide stores [19]. The control group received the same iodide-poor
diet supplemented with 7 pg iodide per 100g dry weight of the diet to fulfill the normal iodide
requirements of rats, and were provided with normal drinking water. At the age of 12 weeks, the
female rats were mated. Pups were weaned on postnatal day 28. The female offspring was group-
housed (3 to 4 animals per cage) up to the age of 73 days postpartum (pp), after which the remaining
animals were housed pair wise.

The experimental hypothyroid diet was continued until sacrifice of the female offspring. Groups of 7-
20 females were sacrificed at the age of 12, 16, 21, 28, 35, 42, 50, 64, 100 and 120 days, respectively.
From the age of 42 days onwards all female rats were sacrificed between 11.00 and 14.00 h at the
proestrous stage of the estrous cycle. The proestrous stage of the cycle was determined by daily
analysis of vaginal smears for a period of at least 10 days before sacrifice (except for the 42-day pp
group where we started to take vaginal smears the day after vaginal opening). Analysis of the vaginal
smears further showed that the length of the estrous cycle length in these female rats was 5 days;
there was no difference in estrous cycle length between the hypothyroid rats and euthyroid controls.
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Rats were anesthetized using carbon dioxide and oxygen (flow: 1:2). Blood was collected by heart
puncture and transferred to heparin-coated tubes. Rats were killed by decapitation, organs were
dissected, snap-frozen and stored at -80 °C, or fixed in either Bouin’s fluid or 4% phosphate buffered
paraformaldehyde and stored in ethanol 70% or phosphate buffer. Plasma was stored at -20 °C until
further analysis.

All animal experiments were approved by the Animal Welfare Committee of Wageningen University
and conducted in accordance with the Society for the Study of Reproduction guidelines.

Histological evaluation of ovarian tissues

The right ovaries of 4 to 5 animals aged 12, 64 or 120 days were fixed in Bouin’s fluid for 24 h and
embedded in paraffin. The ovaries were serial sectioned at a thickness of 5 um per section. Every
fifth section of each ovary was mounted on glass slides, stained with periodic acid Schiff’s reagent
(PAS) and Mayer’s haematoxylin (Klinipath, Duiven, the Netherlands), and examined by light
microscopy. From these sections the numbers of healthy primordial, primary, preantral and antral
follicles were counted as described previously [33, 34]. In order to estimate the total number of
follicles within one ovary, the number of primordial, primary, preantral and antral follicles counted in
the mounted sections was multiplied by five to account for the fact that every fifth section was used
in the follicle counting procedure [33].

Atretic preantral follicles were recognized by the presence of a degenerating oocyte, disorganized
granulosa cell layer with the presence of some apoptotic nuclei, while the surrounding theca cells
showed signs of hypertrophy. Antral follicles were considered to be atretic when more than 5% of
the granulosa cells showed signs of apoptosis. The theca layer of these atretic antral follicles showed
signs of hypertrophy. As atresia proceeded, the granulosa cells were lost completely and the oocyte
degenerated, leaving remnants of the zona pellucida and hypertrophied theca cells. In order to
prevent double counting of atretic follicles, we counted in three sections of each ovary (at a quarter,
half and three-quarters of the ovary) all preantral and antral healthy and atretic follicles,
independently of the presence of an oocyte, as described previously [17, 33]. Since the counted
numbers reflect only part of the total follicle population in an ovary, the mean number of atretic
follicles was expressed as percentage of the number of non-atretic plus atretic follicles. Primordial
and primary follicles were excluded from this counting procedure.

In order to determine the number of corpora lutea (CL) per ovary, pictures were taken of every 10th
section of each ovary under a light microscope at a 5x magnification (Zeiss Axioscope Il, equipped
with a MRc5 digital camera, Zeiss GmbH, Jena, Germany). The pictures were stacked using Adobe
Photoshop CS6; CL’s were followed through the whole ovary and counted.

Immunohistochemistry

For immunohistochemical purposes, ovaries were fixed in 4% phosphate buffered paraformaldehyde
at 4 °C for 24-48 h. After fixation, the ovaries were washed in phosphate buffer and embedded in
paraffin. Five um thick paraffin sections were cut and mounted on Superfrost plus slides (Menzel,
Braunschweig, Germany). To determine the presence of 4-HNE a immunohistochemistry was
performed according to Hoevenaars et al. [35] with modifications. Staining of sections of at least 3
different animals was carried out simultaneously in a single session at room temperature unless
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stated otherwise. Briefly, sections were deparaffinized, rehydrated after which epitope antigen
retrieval with sodium citrate buffer (pH 6, 10 min) in a microwave oven was performed at 96 °C.
Slides were cooled down to room temperature and subsequently rinsed with 0.01 M phosphate
buffered saline pH 7.4 (PBS). Sections were pre-incubated with 10% (wt/v) normal goat serum in PBS
for 30 min and incubated overnight with the primary 4-HNE antibody ( diluted 1:800in PBS to which
0.05% BSAc (Aurion, Wageningen, The Netherlands) was added). The secondary goat-anti-mouse
biotin labelled antibodies (Vector Laboratories, Burlingame, CA, USA) was diluted 1:400 (v/v), in PBS-
BSAc. The avidin-biotin complex (ABC) was diluted 1:1500 (v/v) Vector Laboratories) in PBS-BSAc.
Bound antibody was visualized using the 3-3’ diaminobenzidine kit (Immpact DAB, Vector
Laboratories) diluted 1:400 (v/v). Sections were counterstained with Mayer’s haematoxylin. Control
sections were incubated with isotype IgG (Vector Laboratories) instead of the primary antibody
according to the manufacturers’ instructions. No background staining was observed in the controls.

Total body fat measurement

The body fat content of the offspring was determined by crude total body fat analysis. Briefly, the
carcasses of the rats were weighed, put in a beaker to which 150 ml water was added and autoclaved
at 130 °C for 10 hours. The samples were cooled down to room temperature, weighed, homogenized
twice and subsequently freeze-dried for 72 h. Fat analysis was performed using the ether-extraction
procedure as described previously [36].

Western blotting

Western blotting was performed as described by Kus et al [37] with minor modifications. Briefly,
ovaries were homogenized in lyses buffer with protease inhibitors (complete Mini-EDTA free, cat no
04693159001, Roche, Mannheim, Germany) and phosphatase inhibitor mix | (cat no 39050, Serva,
Heidelberg, Germany). Subsequently, the sample was sonicated using the Sonifier Cell Disruptor
(Model SLPe, Branson, Eemnes, The Netherlands) and centrifuged for 10 min at 14000 rpm at 4 oc.
Protein concentrations were determined using the RC DC Protein Assay Kit Il (Bio-Rad, Veenendaal,
The Netherlands). SDS-PAGE gels were run using the Mini-Protean Tetra cell system (Bio-Rad).
Proteins from the SDS-PAGE gels were transferred onto a 0.20 um PVDF membrane (Millipore,
Amsterdam, The Netherlands). The blot was incubated overnight at 4 °C with the primary antibodies
(CAT, diluted 1:10000; SOD1, 1:2500; SOD2, 1:5000; COX IV, 1:5000; ACTB, 1:5000), rinsed with TBS-
Tween (0.1%) followed by incubation for 1 h with IRDye680-conjugated Donkey anti-Mouse (LI-COR
Biosciences, Leusden, The Netherlands) or IRDye800-conjugated Donkey anti-Rabbit (LI-COR
Biosciences) antibodies diluted 1:5000. Images of the membranes were obtained using the Odyssey
infrared imaging system (LI-COR Biosciences). Quantification of the blots was performed using the
Image Studio (LI-COR Biosciences) software.

Radio immunoassays

Total thyroxine (T,) (DSL-3200; DSL, Webster, TX, USA), total T; (DSL-3100), free T; (DSL-41100) and
leptin (RL-83K, LINCO Research, St. Charles, MO, USA) levels were assayed according to the protocols
of the respective manufacturers. Luteinizing hormone (LH), FSH and thyroid stimulating hormone
(TSH) levels were determined by validated in-house double-antibody RIAs for rat serum analysis [38-
40], using materials supplied by the National Institute of Diabetes, Digestive and Kidney Diseases
(NIDDK; Bethesda, MD, USA). For all in-house RIAs SACcel (donkey anti-rabbit; Wellcome Diagnostics,
Dartford, UK) was used as secondary antibody. Hormone levels were expressed in terms of NIDDK
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standards. The detection limits of the assays were: 5 ng/ml for total T,, 0.25 ng/ml for total T5, 0.6
pg/ml for free T;, 0.5 ng/ml for leptin, 0.03 ng/ml for LH, 0.1 ng/ml for TSH and 0.4 ng/ml for FSH.
The intra- and interassay variation was determined using several pools of rat serum and was less
than 11% for all purchased RIAs and less than 9.5% for all in-house RIAs.

RNA isolation and quantitative real time reverse transcription polymerase chain reaction (QRT-PCR)
For RNA isolation, ovarian tissues were homogenized in liquid nitrogen and total RNA was isolated,
using RNeasy columns according to the protocol of the manufacturer (Qiagen, Venlo, The
Netherlands). RNA concentration and purity were measured using the Nanodrop spectrophotometer
(IsoGen Life Science, Maarsen, The Netherlands); all RNA samples were of high purity. RNA quality
was additionally checked on the Experion automated electrophoresis system (Bio-Rad, Veenendaal,
The Netherlands).

For gRT-PCR analysis 1 pug RNA of all individual samples was used for cDNA synthesis using the iScript
cDNA synthesis kit (Bio-Rad). gRT-PCR reactions were performed with iQ SYBR Green Supermix (Bio-
Rad) using the MyIQ single-colour real-time PCR detection system (Bio-Rad). Individual samples were
measured in duplicate. A standard curve using serial dilutions of pooled sample (cDNA from all
samples), a negative control without cDNA template, and a negative control without reverse
transcriptase (RT) were included in every assay. Only standard curves with efficiency between 90 and
110% and a correlation coefficient above 0.99 were accepted. Data were normalized against
reference genes ribosomal protein S18 (Rps18) and glyceraldehyde 3-phosphate dehydrogenase
(Gapdh), which were chosen based on stable gene expression levels (geNorm, Ghent University
Hospital, Ghent, Belgium). Primers were designed using the NCBI Primer-Blast (NCBI Web site).
Sequences of the primers used and PCR annealing temperatures for each gene are summarized in
Table 1.

Statistical analysis

Data are expressed as mean * standard error of the mean (SEM). GraphPad Prism version 5.03
(Graphpad Software, San Diego, CA, USA) was used for statistical analysis. Data were tested for
normality using the Shapiro-Wilk test. If normality could be assumed, groups were compared using
the Student’s t test for equality of means (corrected for equal variances); if normality could not be
assumed the Mann-Whitney U test was used. P-values < 0.05 were considered significantly different.
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Table 1 Sequences of the primers used for gRT-PCR. Genes denoted with an asterisk were used as reference genes for

normalization.

Anealing temp

Gene symbol  Forward primer (5'-->3') Reverse primer (5'-->3') °C)
Cat TTTTCACCGACGAGATGGCA CTGACTCTCCAGCGACTGTG 60
Gapdh* TACCAGGGCTGCCTTCTCTTG GGATCTCGCTCCTGGAAGATG 60
Glrx1 CATAGGCGGATGCAGTGATCT TGTCAGTATGGGCCTGCCA 60
Gpx1 CCGGGACTACACCGAAATGA TGCCATTCTCCTGATGTCCG 60
Gpx3 CCATTCGGCCTGGTCATTCT GGAGGGCAGGAGTTCTTCAG 60
Gstm1 GTTTGCAGGGGACAAGGTCA TACTCCATTGGGCCAACTTCG 60
Gstm2 TACTCCGAATTCCTGGGCAAG CTTCAGGCCCTCAAACCGAG 57
Ppargcla GAGAGAGGCAGAAGCAGAAAGC TCCATCATCCCGCAGATTTACG 60
Prdx3 GTGGTTTGGGCCACATGAAC AGAGACCTCTGAGCGCAATG 60
Rps18* TTCAGCACATCCTGCGAGTA TTGGTGAGGTCAATGTCTGC 60
Sod1 AAGAGAGGCATGTTGGAGACC CGGCCAATGATGGAATGCTC 60
Sod2 GGTGGAGAACCCAAAGGAGAG TGATTAGAGCAGGCGGCAAT 58
Sod3 GAGAGCTTGTCAGGTGTGGAA AGTGCGTGTCGCCTATCTTC 60
Txn2 TGCCATTGAGTACGAGGTGT CAAATGGGTTTCCAGCAGGC 60
Txnrd1 AGCTAAGGAGGCAGCCAAAT TCCAGCCATAGTTGCGTGAG 60
Txnrd2 TTTGACCAGCAAATGGCGTC ACCTGCAGTTGGTTAGTCGG 60
Ucp2 TCCAGCCATAGTTGCGTGAG TCTTGACCACATCAACGGGG 60

Abbreviations: Cat, catalase; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Girx1, glutaredoxin 1; Gpx1, glutathione
peroxidase 1; Gpx3, glutathione peroxidase 3; Gstm1, glutathione S-transferase mu 1; Gstm2, glutathione S-transferase mu
2; Ppargcla, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; Prdx3, peroxiredoxin 3; Rpsi8,
ribosomal protein S18; Sod1, superoxide dismutase 1; Sod2, superoxide dismutase 2; Sod3, superoxide dismutase 3; Txn2,
thioredoxin 2; Txnrd1, thioredoxin reductase 1; Txnrd2, thioredoxin reductase 2; Ucp2, uncoupling protein 2.

4.3 Results

TSH, T; and T, hormone concentrations

To assess the thyroid status of the hypothyroid rats, plasma TSH, total T, and T;, and free T;
concentrations were determined. Plasma TSH concentration was significantly increased in the
hypothyroid group from day 12 to day 120 pp compared with the age-matched controls (Figure 1A).
Concomitantly, plasma T, concentration was significantly lower in the hypothyroid rats (Figure 1B),
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while total plasma Ts; concentration was reduced by 30 to 50% in these animals from day 16 pp
onward (Figure 1C). Plasma free T; concentration was reduced by 30-90% in the hypothyroid rats,
depending on the age of the animals (Figure 1D).
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Figure 1. Plasma concentrations of thyroid-stimulating hormone (TSH) (A), thyroxine (T,) (B), total tri-iodothyronine (Ts) (C)
and free T3 (D) were measured in 12- to 120-day-old euthyroid control (open bars) and chronic hypothyroid rats (filled
bars). Values represent means + SEM; a - p<0.001; b - p<0.01; c - p<0.05 (n=7-10 for 12- to 64-days pp, n=15-20 for 100- to
120-days pp. ND, not determined).

Body and organ weights

The offspring were fed the control diet or the hypothyroid diet after weaning for up to 120 days pp.
Body weight of hypothyroid animals was significantly reduced from day 12 to day 120 after birth,
compared with the age-matched control rats (Figure 2A). Wet ovarian weights were significantly
decreased in the hypothyroid animals from day 21 pp onward (Figure 2B).

Dietary induced hypothyroidism did not seem to affect the liver in the way PTU administration does,
as no difference in liver weigh/body weight ratios were observed between ethyroid control animals
and hypothyroid animals at the age of 120 days pp. Histological analysis of the liver tissues also did
not show any abnormalities in the livers of the hypothyroid animals compared to the euthyroid
controls (data not shown).
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Figure 2. Body weight (A) and ovarian weight (B) of euthyroid control (open bars) and chronic hypothyroid rats (filled bars)
aged 12 to 120 days. Values represent means + SEM; a - p<0.001; b - p<0.01; ¢ - p<0.05 (n=7-10 for ages 12- to 64-days pp,
n=15-20 for ages 100- to 120-days pp).

Puberty onset

To assess the effect of hypothyroidism on the onset of puberty, the age of vaginal opening as a
marker of puberty onset was checked. The age of vaginal opening ranged from 31 to 40 days (33.32 +
0.71, n=14) and from 33 to 39 days (34.23 + 0.40, n=13) in control and hypothyroid female rats
respectively.

As leptin plays an important role in the onset of puberty in females and plasma leptin concentrations
are directly related to body fat mass [41], total body fat content and plasma leptin concentration
were determined. Despite the significantly lower body weights of the hypothyroid animals, the
percentage of body fat mass was significantly higher in these animals at the ages of 21, 28 and 42
days (Figure 3A). At the other ages analysed, a trend was visible when compared to the age-matched
controls (Figure 3A). Total body fat mass per animal was not different between the hypothyroid
females and controls up the onset of puberty, despite the lower body weight of the hypothyroid rats
(Figure 2A, 3B). In line with this observation, plasma leptin concentrations were significantly higher in
the hypothyroid animals at the age of 21 and 28 days, the day of weaning, while a trend was
observed at most other ages (Figure 3C).
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Figure 3. Body fat mass expressed as percentage of body weight (A), absolute body fat mass per animal (B), and plasma
leptin concentration (C) in euthyroid control (open bars) and hypothyroid rats (filled bars) from 16- to 64-days pp. Values
represent means + SEM; b - p<0.01; ¢ - p<0.05 (n=7-8).
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Plasma FSH and LH concentrations

No difference could be detected in plasma FSH (Figure 4A) and LH (Figure 4B) concentrations
between the hypothyroid rats and the age-matched control animals, except at the age of 64 days
when LH concentration in the hypothyroid group were significantly higher, while FSH concentration
showed a trend for increase. This implicates that in contrast to the other animals, most of the rats in
this age group were presumably killed around the time of the proestrous LH surge.
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Figure 4. Plasma concentrations of follicle stimulating hormone (FSH) (A) and luteinizing hormone (LH) (B) in euthyroid
control (open bars) and chronic hypothyroid rats (filled bars) aged 12- to 120-days. Values represents means + SEM; b -
p<0.01 (n=7-10 for ages 12- to 64-days pp, n=15-20 for ages 100- to 120-days pp).

Follicular development

To obtain more insight in the role of TH in ovarian follicle development, the total number of follicles
per ovary was determined in 12-day-old (prepubertal), 64-day-old and 120-day-old (adult)
hypothyroid rats and compared to age-matched controls.

In 12-day-old hypothyroid rats the number of primordial follicles was not different from the age-
matched control animals (supplemental Figure 1), suggesting that the presence of a hypothyroid
condition during pregnancy did not affect the formation of the resting pool of primordial follicles in
its offspring. Neither did chronic hypothyroidism affect the recruitment of primordial follicles into the
growing pool as at the age of 120 days there continued to be no difference in the number of
primordial follicles between hypothyroid and control animals (supplemental Figure 1).

No difference was detected in ovarian preantral and antral follicle numbers between hypothyroid
and control rats at the age of 12 days (Figure 5A, 5D). In contrast, after puberty at the ages of 64 and
120 days, the number of preantral and antral follicles was significantly lower in the hypothyroid
ovaries when compared to the respective euthyroid control groups (Figure 5B, 5C, 5E, 5F).
Concomitantly, the percentage of atretic follicles was significantly higher in the hypothyroid ovaries
compared to the age-matched controls (Figure 5G, 5H). In line with these observations, it seems
likely that the number of ovulating follicles was reduced in the hypothyroid post-pubertal animals as
depicted by a significant reduction in the number of corpora lutea per ovary (Figure 5I, 5J). This
assumption is further supported by the fact that we did not find indications that estrous cycle length
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was influenced by the hypothyroid condition. The reduced number of (pre)antral follicles and CLs in
the hypothyroid females is likely responsible for the reduced ovarian weight observed in Figure 2.
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Figure 5. Effects of chronic hypothyroidism initiated in the foetal/neonatal period on postnatal ovarian follicular
development. Total numbers of preantral (A-C) and antral (D-F) follicles per ovary in 12- (A, D), 64- (B, E) and 120-day-old (C,
F) euthyroid control (open bars) and hypothyroid (filled bars) rats; (G, H) Percentages of atretic follicles in 64- and 120-day-
old euthyroid control (open bars) and hypothyroid (filled bars) rats; I, J) Total number of copora lutea per ovary in euthyroid
(open bars) and hypothyroid (filled bars) rats. Values represent means + SEM; *, p<0.05; **, p<0.01; ***, p<0.001. n=4-5.

Hypothyroid-related alterations in antioxidant gene expression and protein content

Quantitative real-time RT-PCR was used to measure ovarian mRNA content of antioxidant genes Cat,
Girx1, Gpx1, Gpx3, Gstm1, Gstm2, Prdx3, Sodl, Sod2, Sod3, Txn2, Txnrd1l, Txnrd2 and uncoupling
protein 2 (Ucp2) in the ovaries of 120-day-old hypothyroid and euthyroid rats. These antioxidant
genes were selected based on reported ovarian antioxidant gene expression [27]. Peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (Ppargcla), an important regulator of
mitochondrial biogenesis, was taken along as a marker for mitochondrial biogenesis. The mRNA
content of the cytosolic antioxidant enzyme Sod1 was significantly higher in the hypothyroid group
(Figure 6A, Supplemental Figure 3). In contrast, the mRNA content of the cytosolic antioxidant genes
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Cat, Txnrd1, and the mitochondrial antioxidant enzyme Prdx3 was significantly lower in the
hypothyroid group, as was the content of the mitochondrial protein Ucp2 (Figure 6A, Supplemental
Figure 3). mRNA content of the cytosolic antioxidant enzymes Gpx3 and Gstm2 showed a downward
trend in the hypothyroid group compared to the control group.

In line with the gene expression of Sod1 and Cat, the protein amount of SOD1 was significantly higher
while CAT amount was significantly lower in the ovaries of hypothyroid rats. (Figure 6B-6E). No
difference was detected in mRNA and protein amount of mitochondrial SOD2 between hypothyroid
and control rats (Figure 6A, Supplemental Figure 2A, B). Mitochondrial biogenesis was not influenced
by the hypothyroid condition as Ppargcla mRNA expression was unaffected and the protein amount
of COX IV, a marker of mitochondrial density [42], was comparable between hypothyroid and control
rats (Supplemental Figure 2A, C).

In order to investigate whether alterations in ovarian antioxidant gene and protein expression under
chronic hypothyroid conditions were related to oxidative stress, the presence of 4-hydroxynonenal
(4-HNE), an a,B-unsaturated hydroxyalkenal produced by lipid peroxidation in cells during oxidative
stress [43] was investigated. Immunohistochemical staining for 4-HNE in ovaries of 120-day-old
euthyroid control animals was weak to absent (Figure 6F, H). In contrast, moderate to strong staining
was observed in the hypothyroid ovaries in theca cells of atretic follicles, stroma cells and corpora
lutea, indicative of the presence of oxidative stress (Figure 6G, I).

4.4 Discussion

The results of the present study show that continuous hypothyroidism, initiated in utero, results in
lower preantral and antral follicle numbers in adulthood and a concomitant higher percentage of
atretic follicles when compared to euthyroid age-matched control animals. Beside increased follicular
atresia, the reduced follicle numbers may also be explained by a slower growth of the follicles.
Consequently, the number of ovulating follicles per estrous cycle is lower in the hypothyroid females.
At the age of 120 days pp the ovarian mRNA and protein content of SOD1, a cytosolic producer of
reactive H,0,, is elevated under hypothyroid conditions, while the expression of the antioxidant
genes Cat, Txnrd1 and Prdx3, all involved in the conversion of H,0, to water (ROS inactivation), is
lowered when compared to the expression in euthyroid controls. Concomitantly, lipid peroxidation, a
marker of oxidative stress, seems to be enhanced in the hypothyroid ovaries. These results together
suggest that chronic hypothyroidism is associated with a disturbance in redox balance in the ovary
leading to oxidative damage and an increased level of follicular atresia. This may negatively impact
ovulation rate and female fertility, although time resolved analysis is required to conclusively
establish cause and consequence.

Surprisingly, the continuous hypothyroid rats entered puberty at the same age as the euthyroid
control animals, despite their reduced body weight. This may be explained by the normal to elevated
body fat mass and plasma leptin concentrations of the hypothyroid rats. Leptin acts as a permissive
factor for puberty onset in rodents and humans [41, 44, 45]. Mice deficient in leptin (ob/ob mice) do
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Figure 6. A). Relative gene expression in ovarian tissue of 120-day-old euthyroid control (open circles, n=11-12) and
hypothyroid (filled squares, n=11) rats as measured by gRT-PCR. Gene expression is calculated as fold change of
hypothyroid rats over euthyroid control rats. Gene expression in euthyroid controls was set to 1 for up regulated genes and
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Prdx3, peroxiredoxin 3; Sod1, superoxide dismutase 1; Sod2, superoxide dismutase 2; Sod3, superoxide dismutase 3; Txn2,
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biogenesis and activity gene: Ppargcla, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha. B-E)
Western blot data for SOD1 (B, C) and CAT (D, E) (C, control group (n=6); H, hypothyroid group (n=6)). Protein abundance is
indicated as ratio over Actb; F-1) Representative pictures of 4-HNE immune staining (brown) a marker for oxidative stress in
the ovary of euthyroid control (F, H) and hypothyroid (G, 1) rats. Staining is faint to absent in the ovary of euthyroid control
animals, while moderate to strong staining is present in remnants of atretic follicles (white asterisks), theca cells
(arrowheads) and corpus luteum (CL), indicative of oxidative stress. Scale bars represent 50 um (F, G) and 25 um (H, I).

* p<0.05; **, p<0.01; ***, p<0.001
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not enter puberty unless supplied with leptin [46-47]. The normal start of puberty in the hypothyroid
rats in the present study is in contrast to a previous report by Dijkstra et al [17] who showed that
chronic neonatal hypothyroid female rats failed to enter puberty. In line with Dijkstra et al, Tamura
and colleagues suggested that the absence of first preovulatory LH surge in hypothyroid rats
accounted for the failure of entering puberty [48]. An explanation for these contradictory
observations might be found in the different ways of inducing hypothyroidism. Dijkstra et al.
[17]used PTU, which reduces TH synthesis by influencing thyroperoxidase, an enzyme critical in the
synthesis of TH. Furthermore, PTU influences deiodinase type 1, the enzyme responsible for
deiodination of both the phenolic and tyrosyl ring of TH metabolites [49]. Sodium perchlorate,
however, influences the uptake of iodide by the thyrocytes through interaction with the sodium
iodide symporter [50]. For the study by Tamura et al. [48] rats were thyroidectomised, resulting in a
more severe hypothyroid condition compared to the present dietary intervention.

The chronic hypothyroid condition has no influence on the establishment of the primordial follicle
pool in the foetal/neonatal period, but does influence the growth of recruited follicles. At the ages of
64 and 120 days pp, despite normal plasma FSH concentrations the number of preantral and antral
follicles is significantly reduced in the hypothyroid rat ovaries when compared to the respective
euthyroid control group. At the same time, the percentage of atretic follicles is significantly higher.
These data suggest that T; may facilitate the effects of FSH on follicular development. Support for
this hypothesis comes from in vitro studies which show that T; alone does not affect follicle growth,
but when applied in combination with FSH can amplify the effects of FSH on preantral follicle growth
through up-regulation of FSH receptors [12]. T; has further been shown to potentiate granulosa cell
survival by inhibiting apoptosis and promoting cell proliferation when added together with FSH [13].

The reduction in the number of antral follicles and CLs is more striking than the increase in the
percentage of atretic follicles. This apparent discrepancy can be explained by the fact that at 64 and
120 dpp total ovarian follicle numbers were calculated based on counting every fifth ovarian section,
while follicular atresia is expressed as percentage based on the counting of 3 sections at a quarter,
half and three quarters of the ovary, to exclude double counting of the same atretic structure.
Especially the late stages of atresia are difficult to follow in successive ovarian sections. Total ovarian
follicle and CL numbers can therefore not be related directly to the percentage of atretic follicles.

Several studies have reported that THs beside playing an essential role in energy metabolism, can
affect reactive oxygen metabolism by influencing antioxidant enzyme expression [51]. In the present
study, SOD1 mRNA and protein concentrations are significantly higher in the hypothyroid rats,
indicative of increased amounts of H,0, formed in the cytoplasm. In contrast CAT mRNA and protein
concentrations are significantly lower in the hypothyroid group. CAT can convert H,0,into water in
the cytoplasm of cells and in this manner plays an important role in the prevention of follicular
apoptosis [23, 52]. In line with this, Das and Chainy [53] observed that TH deficiency induces the
formation of increasing amounts of H,0, in hepatocytes due to SOD over-activity and a concomitant
decrease in CAT activity. Further support for the assumed increase in H,O0, comes from the
observation that Txnrd1 mRNA content is significantly lower in the hypothyroid group, while Gpx3
MRNA content shows a clear downward trend). GPX3, like CAT, is involved in the neutralization of
H,0,, reducing the effects of free radicals on cell function [54], while TXNRD1 maintains cytoplasmic
TXN1 in a reduced state [55]. Finally, PRDX3 is a major regulator of mitochondrial H,0, concentration
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and apoptosis [28]. Significant reduction in the mRNA content of this mitochondrion-specific H,0,-
scavenging enzyme in the hypothyroid ovaries offers further support to the assumed increase in H,0,
production. To exclude the possibility that decreased expression of Prdx3 in hypothyroid ovaries was
caused by a change in mitochondrial numbers, Ppargcla and COXIV, markers for mitochondrial
biogenesis and density, respectively, were studied. The absence of a significant difference in mRNA
expression of Ppargcla and protein content of COX IV indicates that mitochondrial numbers in the
ovarian cells are not affected by hypothyroidism.

As indicated above, the changes in the expression of the antioxidant enzymes and proteins all point
to an increased H,0, production and a decreased degradation, suggestive of increased oxidative
damage in ovarian cells. In vitro studies have shown that oxidative stress caused by exogenous H,0,
could induce apoptosis in granulosa cells [57]. Although we could not assess the cellular H,0, content
in vivo directly, the suggestion of increased oxidative stress is supported by immunohistochemical
staining for 4-HNE. 4-HNE is a marker of oxidative stress, being a product of lipid hydrogen peroxide
decomposition [43]. 4-HNE can affect membrane fluidity and activity of membrane-bound enzymes
and cellular signaling pathways [43]. 4-HNE has also been shown to modify mitochondrial proteins,
resulting in mitochondrial dysfunction [56]. Moderate to strong 4-HNE staining is observed in the
ovaries of chronic hypothyroid rats group compared to the euthyroid control group, suggesting that
chronic hypothyroidism leads to increased lipid peroxidation in the rat ovary. This assumption is
supported by the observation that the mRNA content of Gstm2, which plays a role in the protection
against lipid peroxidation, tended to decrease. These results are further consistent with studies in
spleen and brain where hypothyroidism also induced increased lipid peroxidation [58, 59].

Under normal euthyroid conditions there are no indications that follicular atresia leads to increased
lipid peroxidation, as studies in the bovine have shown that there is no difference in lipid
peroxidation between healthy antral follicles and atretic antral follicles, and thus that lipid
peroxidation does not play a role in follicular atresia under normal control conditions [60]. In support
of these observations a more recent study in rats has shown that under normal euthyroid conditions
the rate of lipid peroxidation in the ovary is low [61]. Thus, although lipid peroxidation does occur in
the euthyroid ovary, levels are low and do not increase in case of follicular atresia. This low level of
lipid preroxidation under normal euthyroid conditions, is therefore presumably responsible for the
faint to absent 4-HNE staining in the euthyroid control ovaries in the present study.

While the main function of UCP2 is traditionally attributed to energy dissipation and body weight
regulation, UCP2, as a non-enzymatic antioxidant, has subsequently been shown to have an
important role in the regulation of ROS production [62, 63]. Disruption of UCP2 expression can lead
to increased ROS production. The reduced mRNA expression of Ucp2 in the hypothyroid ovaries,
further strengthens therefore the hypothesis that the reduced follicle numbers and increased
percentage of atresia are associated with increased oxidative damage.

In conclusion, the results show that continuous hypothyroidism initiated in the foetal/neonatal
period results in lower growing follicle numbers in adulthood and a concomitant higher percentage
of atretic follicles when compared to euthyroid age-matched control rats. Furthermore, continuous
hypothyroidism disturbs anti-oxidant gene expression, which is associated with oxidative damage at
the age of 120 days pp, offering a possible explanation for effects observed in the ovary of chronic
hypothyroid rats.
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Supplemental Figure 1. Total numbers of primordial and primary follicles per ovary in 12- (A, B) and 120-day-old (C, D)
euthyroid control (open bars) and hypothyroid (filled bars) rats. No significant differences were observed between the
treatment groups. Therefore, primordial and primary follicle numbers in the 64-day-old testes were not determined.
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Supplemental Figure 2, Western blot data for SOD2 (A, B) and cytochrome c oxidase subunit IV (COX IV) (A, C); A,
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Supplemental Figure 3. Gene expression (dot plots) in ovarian tissue of 120-day-old euthyroid control and hypothyroid rats
as measured by gRT-PCR. Gene expression was normalized to Rps18 and Gapdh as reference genes. Antioxidant genes: Cat,
catalase; Glrx1, glutaredoxin 1; Gpx1, glutathione peroxidase 1; Gpx3, glutathione peroxidase 3 (p=0.08); Gstml,
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reductase 1; Txnrd2, thioredoxin reductase 2; Ucp2, uncoupling protein 2. Mitochondrial biogenesis and activity gene:
Ppargcla, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha. *, p<0.05; **, p<0.01; ***, p<0.001.
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Abstract

Female reproduction is tightly linked to body energy status. Both caloric restriction and excess
exercise, conditions of reduced adiposity and fuel availability, have a negative impact on female
fertility. To specifically examine whether and how a nutrient flux away from the ovaries towards
skeletal muscle, without reducing adiposity, affects ovarian follicular development, we employed
mice ectopically expressing UCP1 in skeletal muscle (UCP1-TG); a model of skeletal muscle pseudo-
starvation. UCP1-TG female mice had increased energy expenditure, reduced body size, maintained
adiposity, and showed increased circulating fibroblast growth factor 21 (FGF21) and reduced insulin-
like growth factor 1 (IGF1) levels, similar to their male counterparts. UCP1-TG mice have 30% lower
healthy follicle numbers compared to WT mice. Primary and preantral follicles were 40% decreased
in number, while the number of atretic follicles was significantly increased and corpora lutea (CL)
were absent in 40% of the UCP1-TG mice. The elevated circulating FGF21 concentrations were not
responsible for the ovarian phenotype, since UCP1-TG and UCP1-TG/FG21”" mice showed the same
ovarian follicular phenotype. Comparison of WT with UCP1-TG mice reveals a significant correlation
of circulating IGF1 levels with antral follicle and CL numbers, and differentially activated AKT in
healthy antral follicles and activated IRS2 in atretic follicles implicates, that IGF1 is, at least partly,
responsible for the ovarian phenotype of these mice. In conclusion, our data show that an energy
drain towards skeletal muscle negatively impacts ovarian growing follicular reserve and ovulation
rate, a process which is, at least in part, mediated by IGF1, and not by FGF21.
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5.1 Introduction

Female reproduction, including folliculogenesis, ovulation, fertilization, embryo development,
parturition, and lactation, is one of the most energy-costly biological processes that a female
mammal can undertake (1). In fact, reproductive energy demand has been proposed to be a driving
force in evolution (2). Although reproductive function is essential for the survival of a species, it is
dispensable at the individual level, since reproduction can only be completed successfully when
sufficient energy resources guarantee the metabolic demands imposed by pregnancy and, especially,
lactation (3, 4). Therefore, a close relation exists between female reproduction and whole body
energy status. Accordingly, caloric restriction without malnutrition in rodents starting at weaning, or
even later in life, results in delayed puberty, reduced fertility and smaller litter sizes (5-7). Adult onset
CR is shown to result in reduced fertility, which is associated with an increased number of primordial
follicles and a reduced number of atretic follicles, suggesting a halt in follicle development. Indeed,
after return to ad libitum food intake the CR mice are more fertile at old age (8). CR of female mice is
an intervention that reduces energy intake. It results in deceased adiposity, increased metabolic
efficiency and decreased availability of oxidizable fuel (9). It has been suggested, based on studies
with biochemical inhibitors, that particularly the reduced fuel availability drives the reduced fertility
(10). This agrees with the rapid restoration of fertility upon return to at libitum feeding (8, 11), which
occurs before restoration of adiposity (11).

Limitation in fuel availability, resulting in energy insufficiency, can also result from increased energy
expenditure. Exercise is an intervention that increases energy expenditure. While physical activity
generally improves reproductive functioning in humans (12), excess physical activity in lean
individuals, such as marathon runners or ballet dancers, has been reported to negatively impact
female reproductive functioning (13, 14). As with CR, excessive exercise has many effects beyond its
effect on energy availability (3). In an attempt to disentangle fuel availability from other physiological
effects, we examined female reproductive functioning in mice with uncoupling protein 1 (UCP1)
specifically overexpressed in muscle (UCP1-TG), a mouse model of skeletal muscle pseudo-starvation
that displays a mild energy insufficiency with increased muscle energy and substrate demand (15).
UCP1 is located in the inner mitochondrial membrane and is normally expressed in brown adipose
tissue, while specific conditions can induce its expression in white adipose tissue (16). UCP1 can be
activated by adrenergic stimuli and cold. UCP1 activation results in dissipation of the proton gradient
across the mitochondrial inner membrane, uncoupling the respiratory chain from ATP synthesis (17).
Ectopic expression of UCP1 in skeletal muscle (15, 18, 19) increases energy expenditure and imposes
a condition of mild energy insufficiency. The muscle-specific UCP1 transgenic mice (UCP1-TG) show
reduced growth, improved metabolic health and a diminished incidence of age-related diseases (19-
23). The UCP1-TG mouse model allows us to study the effect of skeletal muscle driven pseudo-
starvation on female reproductive performance, especially ovarian follicular development.

The reduced growth in UCP1-TG mice is likely due to growth hormone resistance (18, 24). These mice
display decreased insulin-like growth factor 1 (IGF1) levels, despite increased growth hormone levels.
IGF1 is a peptide hormone that functions as the major mediator of growth hormone stimulated
growth. IGF1 also has an important role in the regulation of substrate metabolism, a function that is
largely independent of growth hormone (25). IGF1 is primarily produced in the liver and is in the
circulation tightly bound to IGF1 binding proteins to exert its endocrine functions. It is also produced
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locally in many mesenchymal tissues, where it is involved in growth hormone independent
autocrine/paracrine functions. IGF1 primarily acts by binding to and activating the IGF1 receptor 1
(IGF1R) (26). This receptor is widely distributed, which enables blood-transported IGF1 to coordinate
balanced growth among multiple tissues and organs. IGF1 is shown to also play an important role in
ovarian function (27, 28). In the ovary, IGF1R is specifically expressed in granulosa cells of healthy
growing follicles (29-32). Mice lacking IGF1 are infertile, with their follicular development is arrested
at the small antral stage, resulting in anovulation (33, 34). In vitro studies have shown that IGF1 can
amplify the action of the gonadotropic hormone follicle-stimulating hormone (FSH) on granulosa cells
growth to ensure follicular survival (34-36). In addition, IGF1 promotes cell growth and suppresses
apoptosis of granulosa cells by activating the phosphatidylinositol 3-kinase (PI3K)-AKT pathway (35,
37, 38). Indeed, IGF1R inactivation reduces follicle growth, possibly by decreasing the activity of
Phosphorylated AKT (35). IGF1 signalling in the ovaries is mediated by insulin receptor substrate 2
(IRS2), since its deletion results in female infertility (39).

UCP1-TG mice also display alterations in several other plasma hormones, including strongly increased
levels of fibroblast growth factor 21 (FGF21) (24). While the liver is accepted as the usual primary
contributor to circulating FGF21 levels (40), the elevated plasma FGF21 levels in UCP1-TG mice were
shown to arise from muscle (24). These elevated FGF21 levels are responsible for white adipose
tissue remodelling (41), which is characterized by a brown adipose tissue-like morphology and
increased expression of UCP1. FGF21 is a peptide hormone, rather than a growth factor, that
functions as a major metabolic regulator of glucose and lipid metabolism (42, 43). FGF21 binds to and
activates fibroblast growth factor receptors in the presence of its co-receptor beta-klotho (42, 44,
45). Studies on the effects of FGF21 on female reproduction are limited and the results are
somewhat contradictory. FGF21 overexpression is shown to cause infertility in female mice on a
chow diet (46, 47). FGF21 overexpressing mice (FGF21-TG) display delayed vaginal opening, reduced
mating and anovulatory hypogonadism (46). Upon inactivation of beta-klotho in the suprachiasmatic
nucleus, the inhibitory effect of FGF21 was lost, suggesting that the effects of FGF21 are centrally
mediated in a neuroendocrine fashion (46). However, while chow fed FGF21-TG mice were infertile,
high fat diet feeding restored fertility without altering circulating FGF21 concentrations (47). In
addition, dietary interventions inducing high FGF21 levels, a ketogenic diet and fasting, increased
serum FGF21 levels, but did not induce infertility (47). It was concluded that infertility of FGF21-TG
mice results from their increased caloric requirements, but this was not formally tested (e.g. by
inactivating FGF21), nor was the ovarian follicular reserve under high FGF21 levels examined.

Here, we investigate the effects of energy drain, caused by UCP1 overexpression in skeletal muscle,
on ovarian follicular reserve and ovulation rate. While in particular male UCP1-TG mice have been
investigated extensively metabolically (18-23), also female mice display increased energy
expenditure and energy intake (18), making this a suitable model to examine effects of peripheral
energy drain on ovarian follicular development, which as yet has not been investigated in UCP1-TG
mice. We also addressed the roles of FGF21 and IGF1, two peptide hormones that are related to
fertility and are strongly affected in UCP1-TG mice (24).
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5.2 Material and Methods

Chemicals and antibodies

All chemicals were purchased from Sigma (Zwijndrecht, the Netherlands) unless indicated otherwise.
Antibodies against Phospho-AKT (Ser473) (lot no.19, cat. no. 4060), and cleaved Caspase 3 (cCASP3,
lot no 37, cat. no. 96615) were purchased from Cell Signaling Technology (Leiden, The Netherlands).
Antibodies against AKT (lot no. GR59504-43, cat. no. ab8805), Phospho-IRS2 (S731) (lot
no.GR211245-1, cat. no. ab3690) and IRS2 (lot no. GR219213-2, cat. no.ab134101) were purchased
from Abcam (Cambridge, UK).

Animals

Experiments were performed in female mice that were group-housed at 23 °C and exposed to a
12:12 h dark-light cycle for 12 weeks. The random-caged mice had ad libitum access to a chow diet
(Ssniff A153F0300, Soest, Germany) and water. Hemizygous UCP1-TG mice (18) and Fgf21-knockout
(FGF21'/') mice (48) were generated as described previously. UCP1-TG mice were crossed with
FGF217" mice to produce four genotypes of mice: wild-type (WT), FGF21"/", UCP1-TG, and UCP1-
TG/FGF21” mice (41). At 12 weeks of age the animals were euthanized with isoflurane. In a separate
experiment at 12 weeks of age, 10 UCP1-TG mice and 10 WT mice were mated with WT male mice,
respectively and the size of the resulting first litter was scored. The animal experiments were
approved by the ethics committee of the Ministry of Agriculture and Environment (State
Brandenburg, Germany, permission number GZ V3-2347-16-2013).

Phenotypical assessments

Body length was measured as the length between nose and anus. Body composition was measured
by quantitative magnetic resonance (QMR, EchoMRI 2012 Body Composition Analyzer, Houston,
USA). Indirect calorimetry was performed in a Phenomaster system (TSE Systems GmbH, Bad
Homburg, Germany) to calculate energy expenditure and respiratory exchange ratio (RER), with
parallel measurement of spontaneous physical activity using infrared detection (TSE Systems GmbH,
Germany), at the age of 11 weeks. Body temperature was measured at 11 weeks of age using at BAT-
12 Microprobe thermometer (Physitemp, Clifton, NY, USA). Random blood samples from the tail vein
were taken at the age of 4, 5, 6, 8, 10 and 11 weeks to determine glucose levels using a Contour
glucose sensor (Bayer, Leverkusen, Germany). For the oral glucose tolerance test (OGTT), 2 mg
glucose per g body weight was applied 2 h after food withdrawal to 10 week old mice. Blood glucose
levels were measured before, 15, 30, 60, 120 and 240 min after glucose application using a Contour
glucose sensor (Bayer, Germany). Insulin levels were measured before, 15 and 30 min after
application by an ultra-sensitive ELISA assay (DRG Instruments GmbH, Marburg, Germany).

Plasma FGF21, IGF1, AMH and leptin measurements

FGF21 values (plasma diluted 1:3 for WT, FGF21'/', UCPl-TG/FGFZl'/' and 1:6 for UCP1-TG;
Mouse/Rat FGF 21 Quantikine ELISA Kit; R&D Systems, Abingdon, UK), IGF1 values (plasma diluted
1:500; Mouse/Rat IGF 1 Quantikine ELISA Kit; R&D Systems), anti-Mdillerian hormone (AMH) values
(plasma diluted 1:4; AMH Gen Il ELISA, Beckman Coulter, Sinsheim, Germany) and leptin levels
(plasma diluted 1:5; Bio-Plex Pro mouse diabetes assay, BioRad, Veenendaal, The Netherlands) were
determined according to the protocol of the respective suppliers as reported before (41, 49, 50).
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Histological evaluation of ovarian tissues

The right ovaries of 6 to 8 animals were fixed in diluted Bouin’s fluid (0.9% picric acid, 4%
formaldehyde, 5% glacial acetic acid) for 24 h at 4°C followed by embedding in paraffin. The ovaries
were serially sectioned at a thickness of 5 um. Every fifth section of each ovary was mounted on glass
slides, stained with periodic acid Schiff’s reagent (PAS) and Mayer’s haematoxylin (Klinipath, Duiven,
the Netherlands), and examined by light microscopy. From these sections the numbers of healthy
primordial, primary, preantral and antral follicles were counted as described previously (51, 52).
Briefly, follicles were scored as primordial if they contained an intact oocyte with a clear nucleus and
nucleoli surrounded by a single layer of squamous pregranulosa cells. Follicles were scored as
primary when they contained an intact, enlarged oocyte with a clear nucleus and nucleolus
surrounded by a single layer of granulosa cells of which 50-100% had a cuboidal appearance. The
granulosa layer of preantral follicles consisted of more than one layer of cuboidal cells, an oocyte
with a clear nucleus and nucleolus and a developing theca layer. Antral follicles consisted of several
layers of granulosa cells, an oocyte with a clear nucleus and nucleolus, an antrum of which the
diameter was at least the size of the diameter of the oocyte, and a theca layer. In order to estimate
the total number of follicles within one ovary, the number of primordial, primary, preantral and
antral follicles counted in the mounted sections was multiplied by five to account for the fact that
every fifth section was used in the follicle counting (51).

Atretic preantral follicles were recognized by the presence of a degenerating oocyte, disorganized
granulosa cell layer, while the surrounding theca cells showed signs of hypertrophy. Antral follicles
were considered to be atretic when more than 5% of the granulosa cells showed signs of apoptosis.
The theca layer of these atretic antral follicles showed signs of hypertrophy. As atresia proceeded,
the granulosa cells were lost completely and the oocyte degenerated, leaving remnants of the zona
pellucida and hypertrophied theca cells. In order to prevent the counting of the same atretic follicle
more than once, an estimate of the percentage of atretic follicles was made as described previously
(53).

To determine the number of corpora lutea (CLs) per ovary, complete overview pictures were taken of
every tenth ovarian section using a Zeiss Axioscoop Il microscope equipped with an MRc5 camera
and Axiovision 4.8.0.0 software (Zeiss GmbH, Jena, Germany). By following the CLs throughout the
ovary it was possible to determine the total number of CLs per ovary.

Immunohistochemistry

Five um thick paraffin sections were cut and mounted on Superfrost plus slides (Menzel,
Braunschweig, Germany). To determine the presence of Phospho-AKT (Ser473), AKT, Phospho-IRS2
(5731), IRS2, and cCASP3, immunohistochemistry was performed as previously reported (54) with
minor modifications. Staining of all slides of at least 4 different animals per group was carried out
simultaneously in a single session at room temperature. Briefly, sections were deparaffinized,
rehydrated after which epitope antigen retrieval with sodium citrate buffer (pH 6, 10 min) in a
microwave oven was performed at 96 °C. Slides were cooled down to room temperature and
subsequently rinsed with 0.01 M phosphate buffered saline pH 7.4 (PBS). Sections were pre-
incubated with 10% (wt/v) normal goat serum in PBS for 30 min and incubated overnight at 4 °C with
the respective primary antibodies (Phospho-AKT, diluted1:200; AKT, diluted 1:500; Phospho-IRS2,
diluted 1:100; IRS2, diluted 1:200; and cCASP3, diluted 1:1000 in PBS to which 0.05% BSAc (Aurion,
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Wageningen, The Netherlands) was added). The secondary goat-anti-rabbit biotin labelled antibodies
(Vector Laboratories, Burlingame, CA, USA) were diluted 1:400 (v/v), in PBS-BSAc. The avidin-biotin
complex (ABC) was diluted 1:1500 (v/v) (Vector Laboratories) in PBS-BSAc. Bound antibody was
visualized using a 3-3’ diaminobenzidine kit (Immpact DAB, Vector Laboratories) diluted 1:400 (v/v).
Sections were counterstained briefly with Mayer’s haematoxylin. Control sections were incubated
with isotype 1gG (Vector Laboratories) instead of the primary antibody according to the manufactures
instructions. No background staining was observed in the controls.

Statistical analysis

Data are expressed as mean * standard error of the mean (SEM). GraphPad Prism version 5.03
(Graphpad Software, San Diego, CA, USA) was used for statistical analysis, with Student’s t test being
used to compare the two groups if normally distributed. Two-way ANOVA (repeated measures,
matched values) followed by Bonferroni post hoc test was used for body weight, body composition,
body temperature and OGTT in time analysis. The relation between IGF1 and body length as well as
ovarian follicular numbers were analysed using linear regression. P values < 0.05 were considered
significantly.
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5.3 Results

Physiological phenotype of UCP1-TG mice

Body weight of female UCP1-TG mice was significantly lower than WT littermate controls from week
4 onwards. At sacrifice, at the age of 12 weeks, the UCP1-TG mice weighted 15.3 £ 0.4 g, which was
significantly lower than the WT mice with a body weight of 21.0 + 0.5 g (Figure 1A). UCP1-TG mice
showed a decreased body length (Figure 1B) and quadriceps weight (Figure 1C) compared with WT
mice. The UCP1-TG mice showed a lower lean mass (Figure 1D) and an identical fat mass (Figure 1F),
resulting in a reduced lean mass percentage (Figure 1E) and an increased fat mass percentage (Figure
1G) from week 7 onwards in UCP1-TG compared to WT littermates.
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Figure 1. Physiological phenotype of female mice overexpressing UCP1 in muscle (UCP1-TG; UCP1) and wild-type (WT)
littermate controls, both fed chow diets for 12 weeks. Body weight development (A), body length at week 12 (B),
quadriceps weight at week 12 (C), lean mass development (D), fat mass development (E), percentage of lean mass (F) and
percentage of fat mass (G) were determined. Open circles and white bars represent WT; Closed circles and black bars
represent UCP1-TG. % = percentage. Statistical analyses were done based on 8 mice per group, except for body length and
quadriceps weight (n=10). *p<0.05,**p<0.01, *** p<0.001, **** p<0.0001
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Energy metabolism

Energy intake, energy expenditure, physical activity and RER were measured during indirect
calorimetry in week 11. Energy intake and energy expenditure were significantly increased,
accompanied by a decreased physical activity in the UCP1-TG mice compared with WT mice (Table 1).
These results suggest that the increased energy expenditure is not due to increased physical activity,
but results from UCP1 overexpression in the skeletal muscle. The combined increase in energy
expenditure and energy intake furthermore indicated an increased substrate flux, as previously
shown for male mice (18). 24 h mean RER was not different between UCP1-Tg and WT mice (Table 1).
RER is a marker of substrate oxidation, values near 0.7 account for lipid oxidation, values near 1.0
represents carbohydrate oxidation and values higher than 1.0 indicate lipid synthesis from
carbohydrates (55). Mean RER during the night was significantly increased in UCP1-TG mice
compared to WT (Table 1), with UCP1-TG showing a mean RER slightly above 1.0. This may indicate a
preference for carbohydrate utilization and lipid synthesis from carbohydrates in female UCP1-TG
mice, consistent with data previously observed in male UCP1-TG mice (18). There were no
differences in rectally determined body temperature between UCP1-TG and WT (Table 1).

Table 1, Parameters of energy metabolism in transgenic UCP1-TG mice and WT litter mates.

WT UCP1-TG P Value*
Total energy intake, kl.day'.g™ 2.64+0.18 3.29+0.17 0.02
Energy expenditure, kl.day™.g" 1.83 +0.04 2.01+0.05 0.007
Activity, counts/24 h 6855.08 + 644.10 5243.07 + 383.90 0.045
Total RER /24 h 0.91+0.01 0.92+0.01 ns

Night RER /12 h 0.98+0.01 1.02+0.01 0.02
Body temperature, °C 36.89 0.24 37.10%0.14 ns

Analysis was done in week 11. Energy intake and energy expenditure in kJ per body weight (g) per day; Statistical analyses
were done on 10 mice per group, except for body temperature (n=8). *, Student t-test. RER, respiratory exchange ratio.

Circulating parameters and oral glucose tolerance test (OGTT)

Glucose homeostasis as a marker of health status was assessed by analysis of random daytime blood
glucose levels between week 4 and week 11 and by performing an OGTT in week 10. UCP1-TG mice
showed blood glucose levels in the normal range, comparable to WT mice (Figure 2A). No difference
could be observed in the blood glucose response to the OGTT between UCP1-TG and WT mice
(Figure 2B). However, the insulin response to the OGTT was considerably lower in UCP1-TG mice
compared to WT littermates, indicating improved insulin sensitivity (Figure 2C, 2D) as shown
previously for male mice (21, 22). In full agreement with OGTT data, fasting insulin did not differ
between these two groups at sacrifice (data not shown). The UCP1-TG mice showed significantly
higher plasma FGF21 levels and significantly lower plasma IGF1 levels than WT mice (Figure 2E, 2F),
as previously described for male UCP1-TG mice (24). Leptin levels did not differ between WT and
UCP1-TG groups (1.03 £ 0.23 ng/mL and 0.69 + 0.07 ng/mL, respectively).
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Figure 2. Metabolic health related circulation parameters of UCP1-TG (UCP1) and WT mice. Blood glucose levels from week
4 until week 11 (A), glucose response to an oral glucose tolerance test (OGTT) in week 10 (B), insulin response to the OGTT
in week 10 (C), incremental area under the curve of the insulin response to the OGTT (D), plasma fibroblast growth factor
21 (FGF21) (ng/ml) levels (E) and plasma insulin-like growth factor 1 (IGF1) (ng/ml) levels (F). Open circles and white bars
represent WT; Closed circles and black bars represent UCP1-TG. Statistical analyses were done on 10 mice per group. ***
p<0.001, **** p<0.0001

Histological ovarian follicular development of UCP1-TG mice

The effect of muscle driven pseudo-starvation, resulting in limitation of substrate availability by an
energy drain towards skeletal muscle tissue, on ovarian follicle development was analysed by
determination of the follicle composition per ovary in UCP1-TG mice and compared to WT
littermates. The presence of CLs ovaries, implicating that ovulation had taken place, is considered as
an indicator of reproductive health. In the WT ovaries numerous CLs were present (figure 3A) while
in several of the UCP1-TG mice CLs were absent (figure 3B). The total number of healthy follicles was
30% lower in UCP1-TG mice compared to WT mice (Figure 3C), while a downward trend was
observed in primordial follicle number (Figure 3D). The number of primary follicles (Figure 3E) and
preantral follicles (Figure 3F) were decreased by 40% in UCP1-TG mice compared with WT mice. Also
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the number of antral follicles was decreased in the UCP1-TG mice compared with WT controls (Figure
3G). A significant increase in the percentage of atretic follicles was seen in UCP1-TG mice compared
to WT (Figure 3H). In line with this observation, the total number of CLs per ovary in the UCP1-TG
group was significantly decreased compared with the WT controls (Figure 31). Absence of CLs was
observed in around 40% (3/8) of the ovaries of the UCP1-TG females. Finally, cCASP3 immunostaining
was performed to assess apoptosis. A significantly higher percentage of antral follicles with cCASP3
positive granulosa cells was observed in UCP1-TG compared to WT mice (Figure 3J). No difference in
cCASP3 positive granulosa cells in the preantral follicles was observed between these two groups
(data not shown), validating the relevance of the observed difference in the antral follicle numbers.
Plasma AMH concentrations, a marker for the growing follicle pool (primary, preantral and antral
follicles ) (56), were determined and showed a significant decrease in the UCP1-TG group (Figure 3K),
fully in agreement with the histological analysis. To test for differences in fertility, litter size was
determined. No difference in litter size was observed between these groups (4.90 + 0.84 (WT) vs 4.90
+ 0.64 (UCP1-TG)).

Histological ovarian follicle development of FGF217 mice

To investigate whether impaired ovarian follicular development in the UCP1-TG mice was caused by
increased FGF21 levels, we used FGF217 and UCPl-TG/FGFZl'/' mouse models. No circulating FGF21
could be detected in FGF217 and UCP1-TG/FGF21” mice, while plasma FGF21 levels were highly
increased in UCP1-TG compared to WT mice, validating these mouse models for FGF21
(supplemental Figure 1A). FGF217" mice showed plasma IGF1 levels comparable to WT mice, while
UCP1-TG/FGF21” mice showed significantly lower IGF1 levels, comparable to those of UCP1-TG mice
(supplemental Figure 1B).

Next the follicle composition of each group was determined. The primary question was whether
FGF21 had a role in the altered follicular development of the UCP1-TG mice. Therefore, ovaries of
UCP1—TG/FGF21"/" mice and UCP1-TG mice were compared. No differences in total follicle number,
the percentage of atretic follicles or CL numbers were detected between UCP1-TG/FGF217 mice and
UCP1-TG mice (Figure 4A, 4B, 4C). In addition, also no differences were seen in the primordial,
primary, preantral and antral follicle numbers between UCP1-TG/FGF21"" mice and UCP1-TG mice
(Supplemental Figure 2). At the same time the total follicle numbers in UCP1-TG/FGF21” group were
significantly lower compared with FGF217 group (Figure 4A). Concomitantly, a significant higher
percentage of atretic follicles was observed in UCP1—TG/FGF21'/'group compared with FGF21"/"group
(Figure 5B). The total number of CLs per ovary in the UCP1-TG/FGF217 group was significantly lower
compared with FGF217 group (Figure 4C). Finally, no significant differences in in total follicle
numbers, atretic follicle numbers or CLs could be observed between WT and FGF217" mice (Figure
4A-C). Together, these results indicate that the impaired follicular development observed in UCP1-TG
mice was not due to the increase in circulating FGF21 levels.
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Figure 3. Ovarian follicular development of UCP1-TG (UCP1) and WT mice. Representative images of the gross ovarian
morphology of WT (A) and UCP1-TG (B) mice. CL, corpus lutea. Scale bar represent 50 um. Numbers of total healthy follicles
(C), primordial follicles (D), primary follicles (E), preantral follicles (F), antral follicles (G), atretic follicles (H) and corpora
lutea (1). Percentage of apoptosis marker cleaved caspase 3 (cCASP3) positive antral follicles of WT and UCP1-TG mice (J).
Plasma anti-Mllerian hormone (AMH) levels (ng/mL) (K). # = number, % = percentage. White bars represent WT; Black bars

represent UCP1-TG. Values represent means + SEM; Statistical analyses were done on 8 mice per group, except for cCASP3
(n=4). *, p<0.05; **, p<0.01.
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Figure 4. FGF21 and ovarian follicular development. Numbers of healthy follicles (A), percentage of atretic follicles (B), and
numbers of corpora lutea (C) in WT (white), FGF21 knock out (FGF21'/'; grey), UCP1-TG (UCP1; black) and FGF21'/'/ UCP1-TG
(FGF21'/'/UCP1) mice (mixed). Statistical analyses were done on 6- 8 mice per group.*, p<0.05; **, p<0.01.

Correlation of IGF1 levels with physiological phenotypes and ovarian follicle numbers

To assess the possible role of IGF1, we performed linear regression analyses. Plasma IGF1 levels were
significantly correlated with body length (Figure 5A) and were also significantly correlated with antral
follicle numbers (Figure 5B), and with CL numbers (Figure 5C), indicating that IGF1 may play a role in
the impaired ovarian follicular development in UCP1-TG mice.
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Figure 5. Correlation of IGF1 levels with body length and parameters of ovarian follicular development in WT and UCP1-TG
(UCP1) mice. Correlation of IGF1 levels (ng/ml) with body length (A), number of antral follicles (B) and number of corpora
lutea (C). Statistical analyses were done on 8 - 10 mice per group.

Effects of UCP1 overexpression on the Phospho-AKT and Phospho-IRS2 expression of ovarian
follicles

To substantiate the role of IGF1 in ovarian follicular development of UCP1-TG mice, we performed
immunohistochemistry on the activation state of AKT and IRS2, key intermediates in IGF1 signalling.
The staining was analysed in preantral follicles, healthy antral follicles and atretic antral follicles and
compared between WT and UCP1-TG mice.

In healthy preantral follicles of approximately the same developmental stage of WT (Supplemental
Figure 3C) as well as UCP1-TG (Supplemental Figure 3D) mice, moderate to strong Phospho-AKT
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staining was observed in the granulosa cells. Staining was faint to absent in oocytes and in theca cells
of healthy preantral follicles of the two groups. Granulosa cells, theca cells and oocytes of healthy
preantral follicles of both mouse models showed moderate staining for total AKT (Supplemental
Figure 3A, 3B). Similarly, healthy preantral follicles of WT (Supplemental Figure 3G) as well as UCP1-
TG (Supplemental Figure 3H) mice showed strong Phospho-IRS2 and moderated total IRS2 staining
(Supplemental Figure 3E, 3F) in granulosa cells, theca cells and oocytes. These data indicate that IGF1
does not seem to play a role in healthy preantral follicle development in the UCP1-TG mice.

In healthy antral follicles of WT mice, strong Phospho-AKT staining was observed in granulosa cells
(Figure 6C), while faint to absent staining was observed in the granulosa cells of UCP1-TG mice
(Figure 6D). Like in preantral follicles, Phospho-AKT staining was faint to absent in both oocytes and
theca cells. No differences were observed for total AKT staining in granulosa cells, theca cells and
oocytes of healthy follicles, which was moderate in both groups (Figure 6A, 6B). Healthy antral
follicles of both WT and UCP1-TG mice showed strong Phospho-IRS2 staining of granulosa cells, theca
cells and oocytes (Figure 6G, 6H). No differences were observed in total IRS2 staining, which was
moderate in granulosa cells, theca cells and oocytes of mice of both groups (Figure 6E, 6F). Activation
of insulin/IGF1 signalling (Phospho-AKT levels, with concomitant IRS2 activation) in healthy follicles
corresponded to IGF1 levels in the two mouse models.

In atretic antral follicles of WT (Figure 7C) as well as UCP1-TG (Figure 7D) mice, faint to absent
Phospho-AKT staining was observed in the granulosa cells, while staining for total AKT was moderate
and not different between WT (Figure 7A) and UCP1-TG (Figure 7B) mice. The differential staining of
activated AKT between healthy and atretic antral follicles for WT, but not UCP1-TG, reflects the
differences in antral follicle atresia between these two mouse models. Strong Phospho-IRS2 staining
was observed in granulosa cells, theca cells and oocytes in atretic antral follicles of WT mice (Figure
7G), while faint to absent staining was present in atretic antral follicles of UCP1-TG mice (Figure 7H).
No differences were seen for total IRS2 staining which was moderate to strong in granulosa cells,
theca cells and oocytes in atretic antral follicles in both groups (Figure 7E, 7F). IRS2 activation in
atretic follicles thus corresponds to IGF1 levels in the two mouse models.

These results strongly suggest that IGF1 signalling plays a role in the antral follicle atresia of UCP1-TG
mice.
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5.4 Discussion

Female UCP1-TG mice show increased energy expenditure, validating the mice as a model of skeletal
muscle pseudo-starvation. These mice also display a reduced body size, maintain adiposity and leptin
levels, and show increased circulating FGF21 and reduced IGF1 levels, all similar to their male
counterparts (18, 21, 22, 24). Energy drain towards skeletal muscle tissue in these mice impaired
ovarian follicular development, since UCP1-TG mice show a significant reduction in primary,
preantral and antral follicle numbers as well as CL numbers, while the number of atretic follicles is
significantly increased. Although FGF21 has been linked to female reproduction (46), we excluded the
elevated circulating FGF21 levels as cause of impaired ovarian follicular development, by employing
WT, FGF21'/', UCP1-TG and UCPl—TG/FGFZl'/' mouse models. On the other hand, circulating IGF1
levels were significantly correlated with antral follicle numbers as well as CL numbers. IGF1 signalling
in the ovary is mediated by IRS2 (39). The decreased AKT phosphorylation in healthy antral follicles
and the decreased IRS2 phosphorylation in atretic antral follicles of the UCP1-TG mice confirms that
IGF1 is, at least in part, responsible for the female ovarian phenotype of the UCP1-TG mice. Our data
newly show that energy drain towards skeletal muscle negatively impacts ovarian follicular reserve
and ovulation rate in female mice, which is, at least in part, mediated by IGF1, but not by FGF21.

We did not find an effect of FGF21 on ovarian follicular development, since inactivation of FGF21 in
UCP1-TG mice, that have elevated circulating FGF21, did not restore the ovarian phenotype. In
particular, there was no difference in total healthy follicle numbers, percentage of atretic follicles
and CLs between UCP1-TG and UCP1-TG/FGF21”" mice (Figure 4). Our results seem in contrast with
data obtained with mice that overexpress FGF21 in liver (FGF21-TG) that are infertile (46). While
UCP1-TG as well as UCP1—TG/FGF21'/' mice show reduced numbers of CL, with CLs being absent in
around 40% (3/8) of the ovaries, CL were fully absent in FGF21-TG mice. One explanation for this
contradictory observations related to ovulation rate and FGF21 levels may related to differences in
circulating FGF21 concentrations. One study using FGF21-TG mice reported plasma FGF21
concentrations to be 100 fold higher (1000 ng/ml) compared to WT (57) and what we observed. Such
a very high circulating FGF21 concentration may be able to completely inhibit the proestrus surge in
luteinizing hormone, thus preventing ovulation and CL formation. However, in the FGF21-TG mice
models plasma FGF21 concentrations are only approximately twice as high compared to our study,
nevertheless these mice do not ovulate (46, 58), making the explanation that elevated FGF21 levels
inhibit ovulation less likely. In line with this, peripheral infusion of FGF21, resulting in plasma
concentrations of 8 ng/ml, also terminated the estrous cycle (46), stressing that differences in
circulating FGF21 concentrations a less likely explanation. FGF21 overexpression increases energy
expenditure, inducing weight loss and infertility, which is restored by high fat diet feeding while
maintaining FGF21 levels, suggesting that energy insufficiency, rather than FGF21, is responsible for
the observed infertility (47). This is supported by the observation that diets that significantly increase
serum FGF21 levels (to 10 ng/ml, levels similar to our study) did not induce infertility (ketogeneic
diet) or alter transient infertility (fasting) (47). These results, indicating that FGF21 is not a direct
physiological regulator of fertility in female mice, are in full agreement with our findings that show in
UCP1-TG mice that FGF21 does not play a role in the ovarian follicular development. Although the
energy insufficiency is probably responsible for the infertility of FGF21-TG mice, the underlying
mechanism is not clear. Moreover, 25% of the high fat diet fed FGF21-TG mice were still infertile (47)
and mice with restored fertility produced maximally only 50% of the litter size of WT mice (47)
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indicating that the infertility in the FGF21-TG mice may alternatively be explained by IGF1, since
FGF21-TG also have reduced IGF1 levels (59), similar to the UCP1-TG and UCPl—TG/FGFZl'/' mice, as
reported here.

The reduced plasma IGF1 levels of UCP1-TG mice are strongly correlated to reduced numbers of
antral follicles and CLs. This is in line with observations in growth hormone receptor as well as growth
hormone binding protein knockout (GHR/GHBP-KO) mice, which are fertile, but have strongly
reduced IGF1 levels as well as reduced preantral and antral follicle numbers, and an increased
percentage of atretic follicles (49). Restoration of IGF1 levels in these mice rescued the healthy antral
follicle numbers and decreased the percentage of atretic follicles per ovary (51). GHR/GHBP-KO mice,
and related mouse models such as the Ames dwarf mouse, show reduced size and reduced fertility,
but also increased longevity (e.g. (60)), which all have been attributed to decreased IGF1 levels (61).
Also in the FGF21-TG males and females, the increased life span is attributed to decreased IGF1 levels
(59). The UCP1-TG mice also display an increased life span, in particular females on adverse diets
(23). CR is a non-genetic, dietary intervention leading to reduced fertility and increased life span (11,
62), again, IGF1 signalling being implicated in both effects. For example, CR could not further increase
life span extension in the GHR/GHBP-KO mice (63). In bovine CR decreased circulating IGF1 right from
the start leading to anoestrous. Upon refeeding, concentrations of plasma IGF1 increased linearly
until resumption of ovulation (64). From these and other studies (e.g.(65) IGF1 has emerged as an
important factor balancing female reproductive functioning and longevity, a notion that is enforced
by our results.

As can be expected, female IGF1 knockout mice that survive into adulthood are infertile. This is due
to arrest of follicular development at the small antral stage (33, 66). Around 40% (3/8) of the UCP1-
TG mice show only small antral follicles and absence of CL, indicating a similar arrest in follicular
development at the small antral stage in these mice. Significantly reduced growing follicle numbers
and the concomitant increase of (pre)antral follicular atresia in UCP1-TG ovaries is supported by a
significant reduction in circulating AMH concentrations. AMH is mainly produced in the granulosa
cells of growing ovarian follicles and its production levels peak at the late preantral stage in rodents.
It is therefore widely used as biomarker of ovarian reproductive potential (56). Our data show that
energy drain towards skeletal muscle impairs ovarian follicle development in the UCP1-TG mice. The
reduced number of (pre)antral follicles together with the increased percentage of atretic follicles, has
presumably contributed to the lower number of CLs in the UCP1-TG mice. The reduction in the
number of (pre)antral follicles and CLs is however more striking than the increase in the percentage
of atretic follicles. This may be explained by differences in counting; counting healthy follicles in
every 5™ section and determining the percentage of atretic follicles by counting only 3 sections, as
discussed previously (54). Thus, the total ovarian follicle and CL numbers cannot be directly related
to the percentage of atretic follicles.

Surprisingly, litter size was not different between UCP1-TG and WT mice. This may possibly be
explained by an increase in the quality of oocytes in the UCP1-TG mice, as has been shown for adult
onset CR (67). Indeed, cumulative evidence obtained in various organisms suggests that upregulation
of antioxidant defence systems occurs simultaneously with down regulation of fertility (62).
Increased defence systems could drive an increase in oocyte quality. On the other hand, our mice
were investigated at a young age (12 weeks) and only the first litter was scored. In female mice

102



overexpressing defective mitochondrial DNA (mt DNA) polymerase, which show premature onset of
aging-related characteristics, fertility was not affected until 20 weeks of age, before which these mice
had delivered one or two litters of normal size (68). To obtain further insight in the fertility of the
UCP1-TG mice, future studies should examine fertility in older female mice over a longer time period.

Although IGF1 is essential for female reproduction (69), the role of IGF receptors is more
controversial, since female mice that lack both IGF1R and IGF2R are fertile (70). One explanation is
that part of the IGF1 effect is mediated by the insulin receptor or related receptors (71). Although
IGF1 seems not essential for oocyte maturation (72), it is shown to be essential for granulosa cell
proliferation and follicular growth (73). In vitro studies have shown that AKT is a downstream node of
growth factor signalling and is necessary for IGF1 mediated steroidogenesis in granulosa cells (74).
Our data show reduced AKT activation in granulosa cells of healthy antral follicles of UCP1-TG mice
compared to WT mice (Figures 6 B, 6D, vs 6 A, 6C). These data link IGF1 levels, which are higher in the
WT mice, to AKT activation in granulosa cells. AKT activation was decreased and not different in
atretic follicles of both genotypes (Figure 7). These results indicate that Phospho-AKT is related to
granulosa cell functioning. Other data show that IGF1 promotes cell growth and suppresses apoptosis
of granulosa cells by activating the phosphatidylinositol 3-kinase (PI3K)-AKT pathway (35, 37, 38). The
lower IGF1 levels and the decreased Phospho - AKT in the UCP1-TG mice thus are in agreement with,
and may explain, the decreased antral follicle numbers and increased atresia in the UCP1-TG mice.
IRS2, which is a more upstream component of both the insulin receptor and IGF1R signalling
cascades, was identified as an essential integrator of female reproduction and energy homeostasis
(39). Consistent with a role for IGF1 signalling in granulosa cells, we identified Phospho-IRS2 staining
in granulosa cells of healthy antral follicles (Figure 6G, 6H). The differential activation of IRS2 in
atretic antral follicles (Figure 7G, 7H) between UCP1-TG and WT mice is likely related to different
IGF1 levels in these mice, since there is no difference in the fasted circulating insulin levels between
the two groups (week 10; Figure 2 and sacrifice; data not shown) and the UCP1-TG mice are more,
rather than less, insulin sensitive (Figure 2). The higher IGF1 levels in WT mice seem to evoke an IRS2
activation response in the granulosa cells of atretic follicles, a possible rescue attempt, which lacks in
the UCP1-TG mice. The IRS2 response confirms IRS2 as an important component in ovarian IGF1
signalling, although questions remain on its functional role during follicular atresia. IRS proteins can
form higher molecular weight complexes with so-called IRS associated proteins that have a role in
intracellular localization and stability of IRS proteins and, consequently, in their functionality (75).
Since little is known on the role of these proteins in ovarian follicular development, it is of interest to
include them as well as other IRS proteins (IRS1, IRS3 and IRS 4) and negative regulators such as
phosphatase and tensin homolog (PTEN) and tribbles homolog 3 (TRIB3), in examination of IGF1
signalling in the context of granulosa cell functioning. Above all, our data show that decreased IGF1
levels are probably responsible for the decreased antral follicles and concomitantly increased the
ovarian follicular atresia in the UCP1-TG mice.

Compared to the role of IGF1 on antral follicle development, the function of IGF1 in preantral follicle
development is not yet clear. Follicles seem to develop relatively normally until the early antral stage
in IGF1 null mice (33), although numerical counting was not performed. This indicates that IGF1 is not
essential in preantral follicles development. This is in agreement with our data, which show in UCP1-
TG mice that in preantral follicles the IGF1 signalling intermediates, Phospho-IRS2 and Phospho-AKT,
were not different from WT mice. This is further supported by data from GHR/GHBP-KO mice, where
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IGF1 administration did not restore the significant reduced number of preantral follicles that were
observed (51). If not IGF1, what might be mediators for preantral follicle development that are
affected in UCP1-TG mice? In addition to FGF21, other myokines are induced in the male UCP1-TG
mice. One of these is growth and differentiation factor 15 (GFD15) (19). GDF15 has been reported as
marker for ovarian cancer (e.g. (76)). It is therefore of interest to examine whether circulating GDF15
is also increased in UCP1-TG female mice and whether it contributes to granulosa cells and preantral
follicle development.

Energy availability is closely associated with female reproductive functioning. Indeed, CR and excess
exercise result in reduced female fertility (5-7, 13, 14). However, reproductive competence is
maintained as long as food intake is maintained, even under energetic demanding conditions such as
high amounts of exercise and cold exposure ((10) and references therein). Feeding studies show a
rapid restoration of fertility, before restoration of adiposity, upon at libitum feeding after CR (11),
suggesting that the primary driver is availability of metabolic fuels, rather than adiposity. This
hypothesis is supported by studies with biochemical inhibitors (10). This makes sense form an
evolutionary perspective (77), where a temporary halt in fertility makes energy available for
maintenance, preserving viability and fertility. In the UCP1-TG mouse model of skeletal muscle
pseudo starvation, energy is drained towards the muscle (15, 19). In the female UCP1-TG mice,
follicular reserve and ovulation rate is impaired, despite maintenance of adiposity and leptin levels.
Our results, obtained using a genetic model of energy dissipation, thus confirm the hypothesis that
availability of metabolic fuels, and not stored energy, drives fertility.
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Supplemental Figure 1. Plasma FGF21 and IGF1 levels. Concentration of plasma FGF21 (A) and IGF1 (B) in WT (white),
FGF217 (grey) UCP1-TG (UCP1; black) and FGF21'/'/ UCP1-TG (FGF21'/'/UCP1; mixed) mice. Statistical analyses were based
n=4 -6 for FGF21 and n=10 for IGF1. *, p<0.05; **** p<0.0001.
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Supplemental Figure 2. FGF21 and follicle types. Number of primordial follicles (A), primary follicles (B), preantral follicles
(C) and antral follicles (D) in WT (white), FGF21 knock out (FGF21-/-; grey), UCP1-TG (UCP1; black) and FGF217" / UCP1-TG
mice (FGF21'/’/UCP1; mixed). Statistical analyses were done on 6- 8 mice per group. *, p<0.05; **, p<0.01.

109



Chapter 5

Supplemental Figure 3. Immunostaining for activated IRS2 and AKT as markers of IGF1 signalling in healthy preantral
follicles. Representative AKT (A, B), Phospho-AKT (C,D) and IRS2 (E, F), Phospho-IRS2 (G, H) (brown) of ovarian follicles of
WT (A, C, E, G) and UCP1-TG (B, D, F, H) mice; Granulosa cells are indicated by asterisks, theca cells by arrowheads. Scale

bars represent 50 um.
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Chapter 6

General Discussion






6.1 Major findings

The overall goal of this thesis was to investigate the effects of an altered body nutrient flux, by
altering energy status, on ovarian follicular development. Two animal models were used: a diet-
induced thyroid hormone (TH) deficiency model and a genetic model of skeletal muscle semi-
starvation. The major findings in this thesis are:

e Antral follicular attrition is initiated by massive granulosa cell apoptosis, while preantral follicles
atresia occurs mainly via enhanced granulosa cell autophagy (chapter 2)

e Chronic hypothyroidism induced in adulthood results in a significant decrease in primordial,
primary and preantral follicle numbers (chapter 3).

* Independent of changes in primordial follicle numbers, impairment of the population of healthy
growing follicles is observed along with an increased percentage of follicular atresia in female
rats in which a chronic hypothyroidism condition is induced from the foetal/postnatal period
onwards. The reduction in growing follicle numbers is associated with oxidative stress (chapter 4).

e The difference in effects of reduced TH levels on the ovarian follicle pool as described in chapter
3 and 4 suggests that the age at onset of the hypothyroid condition determines which population
of follicles is affected most.

* A lower availability of metabolic fuels induced by ectopic expression of UCP1 in skeletal muscle
has a negative effect on the population of healthy growing follicles and concomitantly induces an
increase in follicular atresia, which is not due to FGF21, but is associated with IGF1 levels and
involves, at least in part, IGF1 signalling.

6.2 Methods used in the thesis

Immunohistochemistry and ovarian functional analysis

In this thesis, histology/immunohistochemistry in combination with light microscopy are the main
techniques used. Immunohistochemistry (IHC) is used to understand the cellular localization of
proteins of interest [1, 2]. This technique is especially useful in an organ like the ovary with its
heterogeneous follicle population; Follicles in different developmental stages and health status as
well as corpora lutea from different ovulations are found next to each other. IHC makes it possible to
allocate proteins to specific cell types, i.e., theca, granulosa and luteal cells, and oocytes of follicles in
different stages of development. This method is used in my thesis in chapters 2, 3 and 5.

Antigens can be detected by IHC directly by the use of a primary antibody coupled to a fluorophore
or several biotin molecules which can complex with avidin or streptavidin. This is a rapid method of
protein detection, but has a disadvantage that it is not very sensitive. The IHC technique used in my
thesis is an indirect method in which the protein of interest is targeted by a primary antibody. The
primary antibody can be detected by a secondary antibody tagged either with several biotin
molecules or a fluorophore. The secondary antibody must be raised against the same IgG class of the
animal species in which the primary antibody has been raised. This detection method is more
sensitive than the direct approach because several secondary antibodies can bind to each primary
antibody. Further amplification can be obtained if the secondary antibody is conjugated to several
biotin molecules which, for instance, can complex with peroxidase labelled avidin. Avidin is a large
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glycoprotein with a high affinity for biotin. The avidin-biotin peroxidase complex can react with
diaminobenzidine (DAB) to produce an insoluble product (brown). This method is termed the ABC
(for avidin-biotin-complex) peroxidase method, and is one of the most widely used IHC methods
today [2, 3]. Its sensitivity is approximately 100-fold higher compared with fluorescent methods using
a directly tagged secondary antibody [2]. In combination with haematoxylin as nuclear counterstain,
morphology and specific proteins can be targeted simultaneously and in this way it is, for example,
possible to discriminate between atretic follicles and healthy follicles based on morphological
characteristics of the apoptotic cells as well as the use of specific apoptotic marker enzymes.
However, IHC is not a quantitative method and therefore in some cases IHC observations are
expanded with another technique, Laser Capture Microdissection (LCM) followed by RT-gPCR to
analyse the mRNA levels of the genes of interest.

LCM and ovarian functional analysis

LCM followed by real time RT-PCR is an advanced technique to analyse gene expression of
homogeneous cell populations from specific microscopic areas in heterogeneous tissue sections [4].
With LCM, it is possible to isolate macromolecules from collected cells for several types of analyses,
including real time RT-PCR, microarray, RNA sequencing, and proteomics [5]. The big advantage of
LCM is that it is possible to combine histologic examination with gene expression analysis. Therefore,
this technique is a useful tool to investigate the functioning of specific cell populations, like granulosa
cells, in the heterogeneous ovary tissue at a molecular level. This technique has been used in chapter
2.

For LCM, however, there is often a trade-off between obtaining good quality RNA/DNA and proteins
and maintaining a good morphology of the tissue [6-8]. The quality and quantity of RNA/DNA and
proteins are highly dependent on the way of tissue collection and processing. Fresh or snap-frozen
tissue samples are the proper material for molecular analysis because they provide the best source
of intact macromolecules [9]. However, these samples do not provide precise morphological details
and thus are not routinely used in studies where it is important to obtain detailed information about
the tissue morphology as well. Chemically fixed and paraffin-embedded tissues are normally used in
these studies [10]. From all the chemical fixatives, alcohol-based methacarn has been tested to be
one of the best fixatives, based on its time-independent effects on mRNA preservation [10].

In the study described in chapter 2, methacarn fixed paraffin-embedded ovaries are used for LCM, in
order to discriminate atretic follicles from healthy follicles (Figure 1). Granulosa cells were collected,
RNA was isolated and mRNA of reference genes and genes of interest have been amplified by real
time RT-PCR. For future studies, LCM followed by RNA sequencing can be used to obtain a wider
overview of the molecular changes that occur.
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General discussion

Figure 1, Representative pictures of LCM collection of granulosa cells for RNA isolation. Healthy antral follicle before (A) and
after LCM (B), atretic antral follicle before (C) and after LCM (D). Rectangular yellow box, laser dot for granulosa cell layer.

6.3 Autophagy-dependent cell death and ovarian follicle atresia

Programmed cell death is a conserved and genetically regulated process that plays a crucial role in
development and growth. Until now, three types of programmed cell death have been identified,
apoptosis, autophagy-dependent cell death, and necroptosis, a programmed form of necrosis [11,
12]. Autophagy-dependent cell death is characterized by the presence of numerous autophagosomes
involved in degradation of the bulk of cytoplasmic organelles in the cell, ultimately leading to cell
death. As autophagy is also a well-known cell survival mechanism, there is controversy as to whether
autophagy is a casual mechanism inducing cell death (cell death by autophagy) or simply occurs
when cells are dying (cell death with autophagy) [13-15]. Under conditions of nutrient shortage, for
example, autophagy is used to produce amino acids and energy to maintain cell viability through bulk
degradation of cytoplasmic material. Therefore, the presence of autophagy in dying cells has also
been described to be a stress adapting mechanism to maintain cell viability [16].

Despite of these observations, recent studies strongly support the notion that autophagy can
promote cell death. Evidence in support of this assumption comes from several studies. First of all, in
Drosophila melanogaster it has been shown that autophagy is the main process involved in cell death
and not apoptosis or necrosis [17, 18]. In U937 monocytoid cells and L929 fibrosarcoma cells, cell
death is blocked by knockdown of either Beclin 1 or Atg7, two genes essential for the execution of
autophagy [19]. In another study it is shown that mice embryonic fibroblast cells in which both Bax
and Bak, two key pro-apoptotic genes, were inactivated, undergo non-apoptotic cell death. Death of
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these cells was associated with increased numbers of autophagosomes and autolysosomes, and
could be inhibited by knockdown of the autophagy related genes Atg5 or Beclin1 [20]. In human
ovarian surface epithelial cells, expression of the H-Ras'** oncogene leads to caspase-independent
cell death with characteristics of autophagy-dependent cell death, along with up-regulation of Beclin
1 [21]. Moreover, activation of autophagy-inducing peptide by in vitro induced starvation or in vivo
during certain types of ischemia, can cause autophagy gene-dependent cell death, also named
autosis. This type of cell death is blocked by either pharmacological or genetic inhibition of
autophagy, but not by impairment of known regulators of either apoptosis or necrosis [22]. In
neonatal mice, neuron-specific deletion of Atg7 protects against cerebral hypoxia-ischemia-induced
hippocampal neuron death [23]. In adult rats, shRNA targeting Beclin 1 prevents neuronal death in
the thalamus following focal cerebral infarction [24].

In recent years, the role of autophagy-dependent cell death in the ovary has increasingly received
attention [25]. Each oestrous cycle, numerous ovarian follicles undergo atresia. Originally, follicular
atresia was thought to occur entirely by apoptosis. The discovery of granulosa cell death by oxidised
LDL-dependent lectin-type receptor-activated autophagy, however, suggests that autophagy may
also play a role [26, 27]. In line with these observations, the faint to absent p62 immunostaining in
atretic preantral follicles as shown in chapter 2 suggests that autophagy-induced cell death is
involved in preantral follicular atresia. However, although p62 plays an important role in autophagy,
analysis of p62 alone is not sufficient as the marker for a role of autophagy in the regulation of cell
death . In some cells, the overall levels of p62 are not altered in spite of induction of autophagy [12].
In other conditions a decrease in p62 has been related to a blockage of autophagy due to caspase
induced cleavage of some autophagy-related proteins, including p62 [12]. In line with these
observations, it has been shown that p62 is a substrate for caspase 6 and caspase 8, which may
confound its use as a marker in autophagy-dependent cell death [28]. Thus, using p62 in combination
with other markers of autophagy is recommended. Therefore, in chapter 2, | used LC3 in combination
with p62 to demonstrate the presence of autophagy in preantral follicular atresia. | did not observe a
difference in LC3 immunostaining between healthy and atretic follicles, which can be explained by
the characteristic of the LC3 antibody used, detecting total LC3 protein including both LC3I and LC3II.
The activated form of LC3, LC3lII, is the marker correlated with autophagosome formation and thus
autophagy. The total amount of LC3 does not necessarily need to change with increased autophagy
[29]. As LC3II is concentrated on the autophagosome membrane, counting the number of LC3 puncta
per cell using immunofluorescence staining is a common method that is used to quantify
autophagosomes in GFP-LC3 transgenic animals or cells [12, 29]. However, | was unable to detect LC3
protein by indirect immunofluorescence in ovarian follicles, presumably due to strong auto-
fluorescence present in the formalin-fixed paraffin embedded ovarian sections. Another method to
detect autophagosomes is by using electron microscopical analysis, which remains one of the most
widely used techniques for autophagy detection [12, 29]. Despite of this, by combining p62 and LC3
immunostaining with western blotting and LCM / RT-gPCR, | obtained sufficient evidence to assume
an important role for autophagy in preantral follicular atresia (chapter 2). Autophagy can also be
examined by analysis of other proteins, such as autophagy initiation complexes, the ULK complex and
the Beclinl1-Vsp34 complex. The ULK complex is regulated by differential phosphorylation by AMP
activated protein kinase (AMPK; stimulation) and Mammalian target of rapamycin complex 1
(mTORC1; inhibition) [30]. ULK1 can phosphorylate BECLIN1, thereby enhancing the activity of the
BECLIN1-VPS34 complex [31]. Analysis of the phosphorylation states of ULK1 and BECLIN1 may be
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used to further investigate the role autophagy and autophagy regulation in follicular atresia [32].
However, at the time of the work described in chapter 2 there were no properly working antibodies
available against (phosphorylated) BECLIN1 and ULK1 that could be used for immunohistochemical
purposes in order to investigate this.

In line with my observation that autophagy plays a role in follicular atresia, in a mice model
investigating the effects of cigarette smoke on follicular development, it was shown that cigarette
smoke induced autophagy-dependent cell death in granulosa cells [33-35]. There are also indications
for a higher incidence of autophagy-dependent granulosa cell death in obese women, which may
contribute to the increased rate of infertility in these women [26]. In contrast, under foetal/postnatal
hypothyroid conditions (chapter 4), the absence of any difference in LC3Il and p62 protein levels
between the euthyroid and hypothyroid animals (Figure 2) suggests that autophagy is not likely
involved in the observed increased ovarian follicular atresia. These results are in line with the
absence of a difference in the percentage of atretic preantral follicles between the hypothyroid and
euthyroid groups, since preantral antral follicle atresia is mainly through autophagy as indicated in
the study described in chapter 2. Additionally, it has to be taken into account that for Figure 2 the
whole ovary with mixed types of cells has been used for the western blot analysis, which may have
masked changes in autophagy-related protein levels [12]. The above data suggest that, like in other
tissues, the specific context determines whether granulosa cell death is induced by autophagy or
apoptosis [12, 36-39].
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Figure 2 Western blot analysis autophagy of ovaries of control and hypothyroid Wistar rats at the age of 120 days (for
details see chapter 4). The panels show LC3 (A, B) and p62 (C, D); A, Representative pictures of LC3 and p62 blots; B, D
quantification of blots for LC3 and p62, respectively (n=6). Protein abundance is shown as ratio over ACTB.

6.4 Comparison between foetal/neonatal and adult hypothyroidism
TH is taking part in the regulation of metabolic processes in the body and is essential for normal
growth and development. Reduced TH levels are often associated with hypometabolism

characterized by a reduced basic metabolic rate, increased cholesterol levels, reduced lipolysis, and
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reduced gluconeogenesis [40]. It has become more and more clear that reduced thyroid function
(hypothyroidism) influences female reproduction including folliculogenesis, fertilization, and ongoing
pregnancy [41]. Until recently there were hardly any studies performed that directly compare the
effects of neonatally induced hypothyroidism with hypothyroidism induced in adulthood on follicular
development and ovarian follicular reserve. Chapter 3 and chapter 4 in this thesis specifically address
this topic. In the study described in chapter 3, it is shown that the induction of hypothyroidism in
adulthood leads to a dramatic decrease in primordial and primary follicle numbers after 16 weeks of
dietary intervention with consequences for the preantral and antral follicle pool. In contrast, when
the hypothyroid condition is already induced during foetal life and continued throughout postnatal
life, no such change in primordial and primary follicle numbers is observed (chapter 4). Although
these observations suggest that the age at onset of the hypothyroid condition determines the extent
of the effect on ovarian follicle reserve, it remains challenging to find an explanation for these
apparent contradictory findings. What we do know is that the switch from a euthyroid to a
hypothyroid diet in adulthood leads to a 10 to 15-fold increase in plasma TSH levels within two
weeks’ time. This acute transition from a euthyroid to a hypothyroid condition will cause a
disturbance in whole body energy homeostasis, and thus may alter the ovarian microenvironment.
Consequently, the process of initial recruitment and follicular growth may become affected. In
support of this hypothesis, Mattheij et al. found that oestrous cycles becomes prolonged and

B!_radio-thyroidectomized adult female rats, within 2 weeks after TH supply was

irregular in
stopped [42]. Tohel et al. observed that ovarian weight and the number of ovulated oocytes
becomes reduced within 16 days after the induction of hypothyroidism in adult female rats [43]. In
the study described in chapter 4, the offspring have been exposed to reduced TH levels from the
foetal/neonatal period onwards and have never been exposed to normal TH levels. This may offer an
explanation for the absence of reduced primordial and primary follicles in these animals in

adulthood.

The question remains, however, through which pathway are the primordial and growing follicle
numbers affected in the adult onset hypothyroidism. When considering this in the context of nutrient
flux, one possibility is the mTORC1 kinase pathway. mTOR is a conserved serine/threonine kinase and
a central component of the mTORC1 complex. mTORC1 acts as a crucial cellular energy sensor that
couples intracellular energy status, availability of metabolic fuels and growth factors and hormone
levels to the protein synthesis on the one hand and autophagy on the other [44, 45]. In addition to
mTOR, mTORC1 contains two characteristic components, Raptor (regulatory-associated protein of
mTOR) and PRAS40 (proline-rich AKT substrate 40kDa). Full mTORC1 activity is dependent on
nutrient availability (via RAG GTPases), cellular energy status (AMPK activity, impacting via
TSC1/TSC2 and RHEB) and growth factor signalling (via AKT, TSC1/TSC2 and RHEB). Tuberous sclerosis
1 (TSC1) and tuberous sclerosis 2 (TSC2) form a heterodimeric complex that negatively regulates
mTORC1 by inactivating RHEB [45, 46]. Elevated mTORC1 activity in mouse oocytes, due to deletion
of the Tsc1/Tsc2 genes leads to premature primordial follicle recruitment around puberty, causing a
premature exhaustion of the primordial follicle pool [47, 48]. In contrast, suppression of increased
mTORC1 activity by treatment with the specific mTORC1 inhibitor rapamycin prevents the excessive
recruitment of primordial follicles thus maintaining the pool of dormant primordial follicles and
preserving the length of female reproductive life [49].
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Further evidence for the role of mTORC1 signalling in regulating the primordial follicle reserve comes
from an experiment with diet induced obesity in rats. It was shown that obesity in rats leads to up-
regulation of mTORC1 signalling and concomitantly increased recruitment of primordial follicles and
an increase in developing and mature follicles [50]. Caloric restriction has the opposite effects:
inhibition of MTORC1 signalling and accumulation of primordial follicles [50-53]. A relation between
mTORC1 signalling and TH has recently been demonstrated. Varela et al. have shown that elevated
levels of TH induce up-regulation of mTORC1 signalling in the hypothalamus [54]. Based on these
findings, it would be interesting to investigate the effect of adult and foetal/postnatal
hypothyroidism on mTORC1 signalling in the ovary. Immunohistochemistry in combination with LCM
may help to answer this question whether hypothyroidism affects ovarian follicle development via
mTORCL1. Alternatively, whole transcriptome RNA sequencing in combination with LCM could be
performed to identify more candidate genes involved in this pathway, for example, by examining
altered expression of downstream functional genes of mTORCL.

6.5 Hypothyroidism, oxidative stress and follicular atresia

In recent years, there has been increasing interest in the role of reactive oxygen species (ROS) and
oxidative stress in female reproduction. ROS include superoxide anion, hydroxyl radicals, and
hydrogen peroxide (H,0,), among others. ROS have a key role in normal physiological signalling, but
high levels of ROS are associated with disease and cell death. ROS are formed through escape of
electrons from the inner mitochondrial membrane during oxidative phosphorylation and ATP
generation. In steroidogenic tissues such as the ovary, steroidogenic cytochrome P450 enzymes are
also sources of ROS [55, 56]. An association between ROS and oxidative stress is described in chapter
4. There is evidence that ROS plays an important role in the initiation of apoptosis of granulosa cells
in antral follicles induced by conditions such as gonadotropin withdrawal, exogenous toxicants and
ionizing radiation [55]. Besides these factors, it has been reported that THs can affect reactive oxygen
metabolism [57]. Next | will focus on the discussion of a possible relationship between
hypothyroidism, oxidative stress and ovarian follicular atresia.

Since TH plays an important role in stimulating basal metabolic rate by increasing ATP production, it
is generally believed that hyperthyroidism may be associated with oxidative stress by increasing ROS
production, while hypothyroidism is thought to reduce ROS production by lowering basic metabolic
rate [57]. These assumptions are in contrast to my observations described in chapter 4, where |
observed increased lipid peroxidation in the ovaries of hypothyroid rats. However, careful analysis of
the published literature makes clear that the effects of hyper- and hypothyroidism on oxidative stress
parameters are less straightforward than initially thought. Hyperthyroidism has been found to
increase the levels of lipid peroxidation in metabolically active tissues such as heart muscle [58, 59]
while in another metabolically active tissue, the liver, hyperthyroidism is shown to reduce the levels
of protein oxidation [60] and lipid peroxidation [61]. In the same studies hypothyroidism has only a
marginal or no effect on lipid peroxidation in the liver [59, 61], but induced a marked reduction in
oxidative markers in heart and muscle tissue [62]. Furthermore, Das and Chainy [63] observed that
hypothyroidism induces higher levels of H,0, in hepatocyte mitochondria. In line with this last study,
oxidative stress markers are reported to be significantly increased in the spleen, brain and heart
under hypothyroid conditions [64-66]. On the whole, the inconsistencies among these studies may

119



be attributed to the treatment employed (dosage, route of administration, duration, and strategy for
altering thyroid gland function) in the animals studied and also to the type of tissues investigated
[57]. Therefore, in reproductive organs with a high rate of cell proliferation, such as the ovary,
oxidative stress due to hypothyroidism may not only be explained by changes in mitochondrial
metabolic activity, but also by an imbalance between ROS production and the antioxidant defence
system, which has been described in detail in chapter 4. Besides, other sources of ROS production in
the ovary, e.g. the activity of for instance the steroidogenic cytochrome P450 enzymes, should also
be taken into account, since hepatic cytochrome P450 enzymes are affected by hypothyroidism [67].

Recently, it has been hypothesized that oxidative stress can lead to atresia of large antral follicles. In
vitro experiments have shown that oxidative stress induces apoptosis in preovulatory follicles, which
can be prevented by the addition of FSH. This anti-apoptotic effect of FSH is mediated at least in part
by stimulation of follicular GSH production, suppressing ROS production [68]. Several studies report
that exposure to chemotherapeutic drugs such as cyclophosphamide, dimethylbenzanthracene, and
methoxychlor, increases ROS levels in follicles and induce signs of oxidative stress and concomitantly
follicle atresia [55]. For example, mice treated with methoxychlor show increased antral follicular
atresia along with increased ROS production, reduced activity of SOD1, GPX and CAT as well as
protein and DNA damage as assessed by nitrotyrosine and 8-hydroxy-2’-deoxyguanosine
immunostaining, respectively. Primordial and preantral follicles are not affected by this treatment
[69]. This data provide further support to the hypothesis that oxidative stress is associated with
ovarian follicular atresia. Similarly, in the study described in chapter 4, hypothyroidism is associated
with increased follicular atresia, decreased CAT and Txnrdl expression and increased SOD1
expression and strong immunostaining of the lipid peroxidation marker 4-HNE (Figure 3).

TH may either affect ovarian follicular development directly through its receptors in ovarian cells [70]
or may exert its effects indirectly by its influence on whole body basic metabolic rate, leading to
altered nutrient flux, and thus metabolic fuel availability [57]. From the study in chapter 4 it is not
clear whether hypothyroidism influences ovarian oxidative stress via a direct and/or indirect way
leading to granulosa cells apoptosis and follicular atresia or whether the changes in the expression of
genes related to oxidative damage are a consequence of increased follicular atresia as such caused
by hypothyroidism. However, the observations that follicular ROS increases prior to any
morphological or physiological indicators of apoptosis in cultured preovulatory follicles following
gonadotropin withdrawal, suggests a role for oxidative stress in the initiation of apoptosis [68].
Furthermore, H,0, induced granulosa cell membrane lipid oxidation has been shown to induce
apoptosis [71]. Based on these observations, | hypothesize that chronic hypothyroidism induces
increased oxidative stress in the ovary leading to an increase in follicular atresia as indicated above.
Further support for this hypothesis comes from the following studies. TH can directly affect cellular
antioxidant genes expression [57]. Metabolic fuel availability has also been reported to be
responsible for alteration of the antioxidant status of cells. For example, caloric restriction, with
reduced metabolic fuel availability, can reduce oxidative stress by increasing antioxidant defence
[72]. In contrast, obesity, with increased metabolic fuel availability, can increase oxidative stress via
decreased antioxidant defences [73]. However, in order to prove this hypothesis, additional
experiments need to be performed, such as treatment of hypothyroid rats with exogenous
antioxidants to inhibit oxidative stress within the ovary. Oxidative stress inducing experimental
conditions such as toxicant administration or irradiation, can be counteracted by treatment with 17p-
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oestradiol (E,) [74], N-acetylcysteine [75] or melatonin [76] which have an antioxidant effect within
the ovary when provided at pharmacologic levels.
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Figure 3. Schematic representation showing the mechanistic effects of dietary-induced chronic hypothyroidism on follicular
development. Up regulation of SOD1 mRNA and protein expression suggests increased conversion of the superoxide anion
radical (02_) into H,0,. Concomitant down regulation of CAT mRNA and protein expression and Txnrdl, Prdx3 and Ucp2
mMRNA expression suggests reduced conversion of H,0,into H,0 and hence reduced inactivation of H,0,. This likely causes
the increased immunostaining (brown) of the oxidative stress marker 4-HNE (A). Oxidative stress can mediate follicular
atresia, which was confirmed by cleaved CASP3 immunostaining in atretic follicles (B). Apoptotic cells positively stained for
cleaved CASP3 are indicated (white arrowheads).

6.6 Availability of metabolic fuels and ovarian follicle development

The availability of sufficient energy is thought to be of the utmost importance for successful female
reproductive performance (Figure 4) [77]. Several studies offer supports to this assumption. For
instance, food deprivation in sheep leads to a suppressed pulsatile secretion of LH, which can be
rapidly restored by refeeding, prior to an increase in body fat content or plasma leptin concentration
becomes apparent [78]. Similarly, in Syrian hamsters, fasting-induced anestrous is reversed by
refeeding with no apparent immediate increase in plasma leptin concentrations [79, 80]. Finally,
fertility of most animals responds quickly to alteration in fuel availability, too rapidly to attribute the
changes in reproduction to the slow process of lipid accumulation [81-83]. These data suggest that
the proper functioning of the hypothalamic-pituitary-ovarian axis depends on a sufficient supply of
metabolic fuels [77]. Further evidences supporting this assumption stem from studies of Schneider
and Wade [84]. These authors compared the effects of food deprivation in obese and lean female
hamsters and observed that 48h of food shortage induced anestrous in lean, but not in obese
hamsters. However, the protective effects of obesity were blocked by treating the obese hamsters
with methyl palmoxirate, an inhibitor of fatty acid oxidation, leading to anestrus in food-deprived fat
hamsters, although the body fat content of these animals did not differ from the food-deprived
vehicle treated control animals with normal estrous cycle treated with vehicles. Furthermore, in
Syrian hamsters, fasting-induced anestrous can be reversed by leptin treatment, but not when the
availability of oxidizable metabolic fuels is blocked by the use of pharmacological inhibitors of
glucose and fatty acid oxidation [85, 86]. In line with this study, in rats, pulsatile LH secretion is
inhibited by fasting or treatment with inhibitors of glucose or fatty acid oxidation [87, 88]. Control of
reproductive processes by the availability of oxidizable metabolic fuels has been documented in
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other model systems as well [89-93]. Based on these data, | conclude that the hypothalamic-
pituitary-ovarian axis is mainly responsive to the availability of oxidizable metabolic fuels.
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Figures 4. The pool of oxidizable metabolic fuels is depicted as the liquid in panels A, B, and C. These fuels can be chemically
transformed and stored as glycogen in muscle or lipids in adipose tissue (the small tank on the left), and used for
maintenance of the reproductive system, all behaviours, and cellular processes (the tree on the right). When energy
demand is low and food is available, sufficient levels of oxidizable fuels are present for both survival and reproduction (A).
When food is not available, animals hydrolyze and mobilize fuels from their fat stores, and when the availability of fuels is
low, the hunger for food is urgent, and reproductive function can be inhibited to conserve fuels necessary for survival
(symbolized by the roots) (B). Mild energetic challenges can inhibit sexual motivation and appetitive sex behaviour
(symbolized by the leaves), increase hunger, and without inhibition of the hypothalamic—pituitary—gonadal (HPG) system
(symbolized by the tree trunk) (C). Pictures are adapted from [77].

In the study described in chapter 5, the importance of availability of metabolic fuels on ovarian
function is investigated in adult mice in which the UCP1 gene is ectopically expressed in the skeletal
muscle tissue, resulting in an increase in energy expenditure and concomitantly an energy drain to
the skeletal muscle tissue. The data from this study suggest that this condition leads to impaired
ovarian follicular development. Circulating IGF1 concentration was decreased by 40% compared with
the WT controls. IGF1 signalling plays an important role in body growth and metabolism. After
binding to its receptor, the activated IGF1 receptor phosphorylates insulin receptor substrate
complexes, subsequently leading to the activation of the Phosphatidylinositol 3-kinase (PI3K)-AKT-
mTORC1 pathway, which play an important role in protein synthesis and cell growth [94]. The
function of the IGF1 signalling pathway on ovarian follicle development is still not fully understood.
IGF1 signalling has been proven to have a role in amplifying the effect of FSH on granulosa cell
function to ensure follicular survival [95-97]. In addition, IGF1 can promote cell growth and suppress
apoptosis of granulosa cells, also by activating PI3K-AKT [96, 98, 99]. As discussed in chapter 5,
reduced immunostaining of Phospho-AKT in healthy antral follicles and lower Phospho-IRS2
immunostaining in the atretic antral follicles of UCP1-TG mice indicates that reduced IGF1 signalling
may be involved in the observed impaired follicular development. While differences in granulosa cell
activated AKT between WT and UCP1-TG mice correspond to IGF1 levels and differences in follicular
atresia, in agreement with the role of PI3K-AKT in suppression of granulosa cell apoptosis [96, 98,
99], the loss of IRS2 activation in antral atretic follicles in the UCP1-TG mice is more puzzling. Possibly
the higher IGF1 levels in the WT mice, compared to the UCP1-TG mice, evoke a rescue response in
the atretic antral follicles. A downstream lack of effect may be due to blockage of signalling, possibly
by upregulation of inhibitory components such as PTEN [100] or Tribbles [101]. It has been reported
that PTEN impacts the survival state of granulosa and/or luteal cells, since targeted disruption of Pten
not only facilitates ovulation but also extends the life span of luteal cells in the adult mouse ovary
[102]. In contrast, an increase in PTEN activity can suppress IGF1l-induced AKT phosphorylation and
cell proliferation during luteinization in human granulosa cells [103]. Inactivation of TRIB1, one of the
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three Tribble gene family members, causes infertility in female mice. Moreover, TRIB1, TRIB2 and
TRIB3 are all expressed in cumulus cells, specialized granulosa cells anchoring the oocyte, and are
related to oocyte maturation, indicating a functional role in ovarian follicular development [104].
Little is known on their role in regulating IGF1 signalling during follicular atresia.

Alternatively, there may be a role for other IRS proteins. It has been demonstrated recently that IRS1,
IRS2 and IRS4 proteins are located in ovarian granulosa cells, but the functional roles of these
proteins in ovarian follicle development have not been completely elucidated [105]. Activation of
IRS1 in granulosa cells has been shown to play an important intermediate role in the FSH signalling
pathway [106]. To understand the role of IGF1 signalling during atresia, it is necessary not only to
examine downstream signalling components, negative regulators such as PTEN and Tribbles, and a
wider range of IRS proteins, but also IRS associated proteins which have a role in intracellular
localization and activity of the IRS proteins (see discussion chapter 5). Downstream of AKT, mTORC1
controls protein synthesis, metabolism, and autophagy. Moreover, mTORC1 also plays an important
role in preantral and antral follicle development in addition to primordial follicle recruitment.
Therefore, identification of the activity of mTORC1 in the UCP1-TG mice may be a valuable addition
to the work presented in chapter 5. mTORC1 activity can be monitored by phosphorylation of key
substrates, such as EIF4EBP1/4E-BP1/PHAS-I and RPS6KB/p70S6 kinase or the latter’s downstream
target, RPS6/S6, for which good commercial antibodies are available for protein analysis [12].
Furthermore, to directly confirm the role of IGF1 in the impaired follicle development in UCP1-TG
mice, a conclusive experiment would be to infuse IGF1 in UCP1-TG mice, by using implantable Alzet
pumps. In such an experiment, it is key to use relevant physiological concentrations of IGF1. Support
for such an experiment can be found in IGF1 treatment that was shown to restore antral follicle
development in GHR/GHBP-KO mice that display severely reduced IGF1 levels [107].

It has been reported that under energy insufficient conditions, such as calorie restriction and
undernutrition, not only growing follicle development, but also primordial follicle development can
be influenced. A 40% reduction in caloric intake for 4 months initiated after sexual maturation of
adult mice, resulted in accumulation of primordial follicle numbers; The numbers of primordial
follicle was twice as high as in ad libitum (AL)-fed age-matched controls, while reproductive capacity
was impaired [108]. However, these animals remained fertile much longer than continuously AL-fed
controls, once they were allowed to resume AL feeding again. In contrast, Bernal et al have shown
that 50% reduction in caloric intake, compared to AL-fed controls, of mothers during pregnancy and
lactation significantly reduced the number of primordial follicles in the adulthood of offspring born to
these undernourished mothers, even though the offspring were kept on a standard diet from
weaning until sacrifice [109]. These results suggest that lower availability of metabolic fuels can
modify the primordial follicle development, probably in a way that is related with the timing of
energy insufficiency. This agrees with our observations in the study of chapter 5, where a trend
towards a decrease (P=0.0573) of primordial follicle numbers was observed in UCP1-TG mice
compared to WT mice, while the primary follicle numbers were significantly reduced compared to
WT controls. Nevertheless, it has to be taken into account that we only investigated ovarian histology
at the age of 12 weeks, therefore it remains to be determined whether this decrease of primordial
follicle numbers in UCP1-TG mice is due to abnormal primordial follicle recruitment or disturbed
establishment of the ovarian reserve during foetal life.
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6.7 Conclusions

Overall, the observations as outlined in this thesis have provided new insights in the mechanisms of
follicular degeneration and on the role of conditions that alter metabolic fuel availability on ovarian
follicular development. Although we need to be careful in translating observations from animal
studies to the human situation, the observed impairment in ovarian follicle numbers due to
disturbed energy balance and thus alteration of availability of metabolic fuels could contribute to
better understanding of underlying mechanisms of metabolic homeostasis on female reproductive
performance.

Finally, while my thesis provides new insights in the biology of reproduction, it also has practical
implications. Human clinical studies on female reproduction are mostly retrospective and lack proper
controls, which makes the experimental results more controversial and difficult to compare.
Therefore, extensive fully-controlled human experiments using proper controls, with prospective
non-invasive analyses, e.g. by measuring circulating AMH levels, are warranted to better evaluate
ovarian follicle development and thus female reproductive health in women with aberrations of their
metabolic state. Furthermore, the impaired ovarian follicular development due to decrease of
availability of metabolic fuels, shown in my thesis, suggests that a well-monitored evaluation of
female reproductive health with respect to dietary behaviour and physical activity is necessary in
women suffering from reproductive difficulties. Similarly, | have obtained evidence that nutrient
fluxes impact on ovarian follicular development. This is potentially important not only with regards to
humans, but also for production animals.
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SUMMARY

Female reproduction is tightly linked to body energy status and it has become increasingly clear that
disturbed energy metabolism can negatively affect reproductive performance. Nevertheless, the way
how a disturbed energy status affects ovarian follicular reserve as well as follicular recruitment and
growth is little investigated and not fully elucidated. Therefore, the overall goal of this thesis was to
investigate the effects of an altered metabolism, and particularly an altered energy status, on ovarian
follicular development. To achieve this goal, the first aim was to establish the role of autophagy in
follicular degeneration under normal physiological conditions, with focus on preantral and antral
follicles; The second aim was to elucidate the effects of a diet-induced reduction in thyroid hormone
concentrations, affecting whole body metabolism, on ovarian follicular development; The third aim
was to investigate the effect of an increased nutrient flux towards skeletal muscle on ovarian
follicular development and the possible underlying mechanism.

It is well known that granulosa cell death via apoptosis is the main cause of atresia of antral follicles,
however, whether preantral follicular attrition makes use of the same cell death pathway is not clear.
Therefore, in chapter 2 | have investigated different cell death pathways in the adult rat ovary to
examine whether they represent the reported histological differences between preantral and antral
atretic follicles. Based on the results of studies in other organs, | used microtubule-associated light-
chain protein 3 (LC3) and QSQTM1/p62 as markers of autophagy and cleaved caspase 3 (cCASP3) as
marker of apoptosis, using immunohistochemistry, western blotting, and laser capture micro-
dissection followed by qRT-PCR. The results showed that in the granulosa cells of atretic preantral
follicles, p62 immunostaining was less intense compared to healthy preantral follicles, while no
difference in LC3 immunostaining intensity was observed. In contrast, in antral follicles, no difference
in both immunostaining and mRNA levels of LC3 and p62 were found between healthy and atretic
follicles, indicating that autophagy was not responsible for attrition of antral follicles. cCASP3
immunostaining was scarce in the granulosa cells of atretic preantral follicles, whereas many cCASP3
positive apoptotic cells were present in atretic antral follicles, indicating that apoptosis is a major cell
death pathway activated in antral follicle degeneration. Immunostaining for superoxide dismutase 2
(SOD2) was reduced in preantral and antral atretic follicles. This observation was confirmed by a
concomitant down regulation of Sod2 mRNA levels. These findings suggest that preantral follicular
atresia mainly makes use of autophagy as cell death pathway, while antral follicles degenerate
mainly via apoptosis.

In chapter 3, the consequences of prolonged exposure to reduced thyroid hormone concentrations
in adulthood on the size of the ovarian follicle pool are investigated. Besides having a direct effect on
the functioning of many cells, changes in thyroid hormone levels also influence metabolism. In this
study female rats at the age of 10 weeks were given a control diet or an iodide deficient diet in
combination with perchlorate supplementation to inhibit iodide uptake by the thyroid, resulting in a
relatively mild chronic hypothyroid condition. At the age of 26 weeks animals were sacrificed and
ovaries histologically evaluated. Plasma concentrations of relevant hormones (thyroid-stimulating
hormone (TSH), tri-iodothyronine (T3), thyroxine (T,), follicle-stimulating hormone (FSH), luteinizing
hormone (LH) and anti-Mdillerian hormone (AMH) were determined. Primordial, primary and
preantral follicle numbers were significantly lower in the hypothyroid ovaries compared to the
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euthyroid controls, while a downward trend in antral follicle numbers and corpora lutea was
observed. The percentage of atretic follicles was not different between the two groups. Plasma AMH
concentrations showed a significant correlation with the growing follicle population represented by
the total number of primary, preantral and antral follicles per ovary. The data indicate that prolonged
mild hypothyroidism negatively affects ovarian follicular reserve as well as the size of the growing
follicle population, which may impact fertility. AMH can serve, also under mild hypothyroid
conditions, as a surrogate marker to assess the size of the growing ovarian follicle population,
offering a non-invasive way to evaluate the correlation between female reproductive health and
thyroid status.

Subsequently, in chapter 4, the long-term effects of chronic hypothyroidism initiated already in the
foetal/neonatal period on ovarian follicular development were investigated. In contrast to the
experiments described in chapter 3, the rats in this experiment were exposed to reduced thyroid
hormone levels from the moment of conception until necropsy. Effects on the ovarian follicular
reserve and ovulation rate in prepubertal (12-day-old) and adult (64-day-old and 120-day-old) rats
were studied. Besides, antioxidant gene expression, mitochondrial density and the occurrence of
oxidative stress were analyzed. The results of this investigation showed that continuous
fetal/postnatal hypothyroidism resulted in lower preantral and antral follicle numbers in adulthood,
accompanied by a higher percentage of atretic follicles, when compared to euthyroid age-matched
controls. Not surprisingly, ovulation rate was lower in the hypothyroid rats. At the age of 120 days,
the mRNA and protein content of superoxide dismutase 1 (SOD1) was significantly increased, while
catalase (CAT) mRNA and protein content was significantly decreased, suggesting a disturbed
antioxidant defense capacity of ovarian cells in the hypothyroid animals. This was supported by a
significant reduction in peroxiredoxin 3 (Prdx3), thioredoxin reductase 1 (Txnrd1), and uncoupling
protein 2 (Ucp2) mRNA content and a downward trend in glutathione peroxidase 3 (Gpx3) and
glutathione S-transferase mu 2 (Gstm2) mRNA content. These changes in gene expression were likely
responsible for the increased immunostaining of the oxidative stress marker 4-hydroxynonenal.
Together these results suggest that chronic hypothyroidism initiated in the foetal/neonatal period
resulted in a decreased ovulation rate associated with a disturbance of the antioxidant defense
system in the ovary. In contrast to hypothyroidism induced in adulthood (chapter 3), no reduction in
primordial or primary follicle numbers was observed, suggesting that the ovarian reserve was not
affected.

Chapter 5 addressed the question what the consequences were of a change in nutrient flux on
ovarian follicular development. In this chapter mice were employed that ectopically express
uncoupling protein 1 (UCP1) in skeletal muscle (UCP1-TG). This did not affect adiposity, but led to a
redistribution of energy sources away from the ovaries towards skeletal muscle tissue,; a model of
skeletal muscle pseudo-starvation. The results showed that UCP1-TG female mice had increased
energy expenditure, reduced body size, unchanged adiposity, increased plasma fibroblast growth
factor 21 (FGF21) concentrations and reduced insulin-like growth factor 1 (IGF1) levels. UCP1-TG
mice had a 30% lower number of healthy follicle compared to WT mice. Primary and preantral follicle
numbers were decreased by 40%, while the number of atretic follicles was significantly increased and
corpora lutea (CL) were absent in 40% of the ovaries of UCP1-TG mice. The latter suggested that
these mice did not ovulate and thus were infertile. The elevated circulating FGF21 concentrations
were not responsible for the ovarian phenotype, since UCP1-TG and UCP1-TG/FG21” mice show
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the same ovarian follicular phenotype. Significant correlation of circulating IGF1 levels with antral
follicle, CL numbers and differentially activated AKT in healthy antral follicles and activated IRS2 in
atretic follicles between WT and UCP1-TG mice shows, that IGF1 is, at least partly, responsible for the
ovarian phenotype of these mice. Together, our data show that an energy drain towards skeletal
muscle tissue negatively impacts growing pool of ovarian follicles and ovulation rate in female mice,
which is, at least in part, mediated by IGF1, and not by FGF21.

In conclusion, the results of my thesis research shows that preantral atresia occurs mainly through
autophagy. Dietary induced chronic hypothyroidism, an intervention that reduces basal metabolic
rate, initiated either during foetal/neonatal or adulthood impairs ovarian follicle development. The
age at onset of hypothyroidism modified the effects of this condition on ovarian follicular
development. A change in nutrient flux away from the ovaries towards skeletal muscle tissue
negatively affects ovarian follicle development. Overall, the results of my thesis have provided new
insights in the mechanisms of follicular attrition and shows that conditions that alter metabolic fuel
use impact on ovarian follicular development.
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