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Abstract

In the cow a major characteristic of metabolic
stress is an elevated level of plasma free fatty acid, due
to increased lipid mobilization from adipose tissue.
Elevated levels of free fatty acids in blood (complexed
to albumin) are associated with increased lipotoxicity in
non-adipose tissue. An overview is provided on the
negative impact of free fatty acids and the metabolic
stress imposed on the oocyte and early embryo and thus
on bovine fertility. There is increasing evidence that in
vitro as well as in vivo the elevated levels of free fatty
acids in blood during metabolic stress can severely
hamper oocyte and embryo development. However,
fatty acids do also form an essential nutrient source for
the oocyte and embryo, which indicates that these good
and bad effects of fatty acids should be in subtle balance
to optimize the developmental competence of the oocyte
and embryo.
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Introduction

This manuscript presents an overview of the
current knowledge of fatty acid transfer from blood to
the follicle, from the follicular fluid towards the
cumulus-oocyte-complex and distribution and use of
fatty acids in the oocyte. Cumulus cells appear to play
an important role in both fatty acid transfer towards the
oocyte and protection of the oocyte against elevated
levels of free fatty acids during metabolic stress
conditions (Aardema et al., 2013; Lolicato ef al., 2015;
Del Collado et al., 2017). In particular, saturated free
fatty acids appear to have a detrimental impact on
oocyte developmental competence (Leroy et al., 2005;
Wu et al., 2010; Aardema et al., 2011).

Previously, it has been shown that the negative
impact of saturated free fatty acids on oocytes can be
compensated by mono-unsaturated oleic acid, which is
present in the follicular fluid at high concentration
(Aardema et al., 2013, 2015). Interestingly, cumulus
cells appear to protect the oocyte by converting the
potentially toxic saturated fatty acid into mono-
unsaturated fatty acid, which is due to Stearoyl-CoA
desaturase (SCD) activity and is followed by a safe
storage of fatty acids by esterifying them into
triacylglycerides (TAG) in lipid droplets (Aardema et
al., 2017).

Fatty acids are an important nutrient source
and building block for the developing oocyte and
embryo (Sturmey et al., 2009; McKeegan and Sturmey,
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2012). A tight fatty acid regulation via the surrounding
cumulus cells appears to be a prerequisite for good
oocyte developmental competence. The protective
properties of the cumulus cells surrounding the oocyte
appear to be particularly important during metabolic
stress conditions when elevated levels of free fatty acids
occur in the follicular fluid.

Fatty acids in metabolic disorders

Metabolic disorders pose one of the major
recent health concerns in society, with a high percentage
and still growing number of obese and diabetes II
patients. Metabolic stress conditions are associated with
various medical implications, including impaired
fertility in both human and animal. Currently, in the
USA nearly half of the women in the fertile age are
overweight, with an obesity incidence of more than 20%
(Vahratian, 2009; Broughton and Moley, 2017). Since
elevated levels of free fatty acids (FFA) are a major
characteristic of metabolic stress conditions, which are
due to elevated mobilization of body fat reserves, there
has been a growing attention for the impact of FFA on
oocyte quality and hence early embryonic development,
both in vivo and in vitro. Therefore, the involvement of
fatty acids in affecting the developmental competence
of the bovine oocyte and embryo is the central topic of
this review.

The fatty acid environment of the oocyte

Already from the secondary follicular growth
stage onwards, oocytes contain neutral lipids, TAG and
cholesteryl-esters, stored in lipid droplets. The number
of lipid droplets present in the ooplasm of the oocyte
progressively increases during oocyte growth (Fair et
al., 1997). The origin of the stored neutral lipid in the
oocyte is not completely known: neutral lipids may be
exogenously derived after uptake from the environment
as the receptor CD36 for fatty acid uptake is present in
both cumulus cells and oocytes, but moreover oocytes
contain the metabolic machinery for fatty acid synthesis,
thus lipids may also be of endogenous origin (Cetica et
al., 2002; Auclair et al., 2013; Uzbekova et al., 2015).
Potential exogenous sources of fatty acids for the oocyte
are present in the form of lipoproteins (mainly high-
density lipoprotein; HDL), and FFA (fatty acids
complexed to albumin) in follicular fluid (Fig. 1). FFA
are mobilized from adipose tissue and transfer fatty
acids to cells. Follicular fluid reflects the FFA levels of
blood in human and bovine, but the free fatty acid
compositions differ (Leroy et al., 2005; Jungheim et al.,
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2011; Yang et al., 2012; Aardema et al., 2013, 2015;
Valckx ef al., 2014). Metabolites in follicular fluid that
originate from blood need to pass the blood-follicle
barrier, formed by theca cells, the basal membrane and
granulosa cells; a successful passage depends on both
size and charge of the metabolite (Gosden et al., 1988;
Fortune, 1994; Jaspard et al., 1997). Plasma lipoproteins
are not able to pass the blood-follicle barrier, except for
the high-density lipoprotein (HDL), the smallest
lipoprotein subclass in particle diameter. Nevertheless,
follicular fluid contains low amounts of very low-
density lipoprotein (VLDL), which are significantly
larger than HDL. Interestingly, VLDL amounts do not
correlate with the levels in blood and appear to be
secreted by granulosa cells (Gautier et al., 2010),
possibly executed via selective VLDL transcytosis by
these cells. HDL lipoproteins exchange cholesterol and
fatty acids with target cells. HDLs are rich in
cholesteryl-esters, cholesterol is an important precursor
for steroid production in the ovary, but also contain a
relatively small amount of TAG. The total fatty acid
concentration in follicular fluid is approximately 1.8-2.0
mM and is mostly present in lipoproteins esterified to
cholesterol (cholesteryl-ester; 0.7 mM) and in fatty
acids of the phospholipid layer of lipoproteins (1.1 mM;
Jaspard et al., 1997, Valckx et al., 2014). During normal
physiological conditions, (i.e. no metabolic stress)
around 10% of the fatty acids present in follicular fluid
is complexed to albumin as FFA (0.23 mM). During
periods of metabolic stress, like energy scarcity, obesity
or diabetes-type-II, the release of fatty acids from body
fat is increased and results in elevated levels of FFA in
blood and follicular fluid (Leroy ef al., 2005; Aardema
et al., 2013). Aberrant metabolic conditions do not
appear to affect the HDL levels in blood and follicular
fluid, as demonstrated in women with an increased
body-mass-index (BMI) and in dairy cows that suffer
from a metabolic stress condition compared with a
control condition (Valckx et al., 2012; Aardema et al.,
2013). In contrast, FFA levels massively increase in
both blood and follicular fluid during metabolic stress
conditions (Leroy et al., 2005; Aardema et al., 2013;
Valckx et al., 2014). Whether the fatty acid composition
of lipoprotein particles that reside in the follicular fluid
is stable or changes during periods of metabolic stress
is, to our knowledge, so far not known. It is also not
clear whether the cumulus-oocyte-complex (COC)
actively incorporates fatty acids that are present in
lipoproteins. In this respect, the presence of CD36, a
fatty acid translocase, on the cell membrane of cumulus
cells and on the oocyte suggests that these cells are able
to obtain fatty acids directly from follicular fluid
(Uzbekova et al., 2015). The type of fatty acids taken up
via CD36 depends on the length of the fatty acid; for
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instance, CD36 facilitates the uptake of long chain fatty
acids when present in lipoproteins and of FFA. In both
human and cow, the amount and molecular composition
of FFA in follicular fluid varies dynamically according
to the metabolic status of the individual (Aardema et al.,
2013; Valckx et al., 2014). Although FFA forms only a
small proportion of the total fatty acid pool in the
follicular fluid, it is the most variable and hence
metabolism dependent pool. Furthermore, the CD36
driven uptake of fatty acids by the COC is believed to
be predominantly from FFA complexed to albumin
(Hughes et al., 2011). Therefore, in this review we will
focus on the impact of FFA on the oocyte.

Neutral lipids are the major energy storage pool

Fatty acids can serve as an efficient energy
source for cells. The complete aerobic catabolism of 1
mole of stearic acid versus 3 moles of glucose (for
comparing in both cases 18 C atoms) yields 5-6 x more
energy in the form of ATP. Fatty acids also form the
main building blocks of cell membranes (phospholipids;
the phosphatidyl-backbone of these lipids contains two
fatty acids esterified to the sn-1 and sn-2 C atoms of
glycerol) and lipid breakdown products can function as
cell signalling molecules. In the oocyte, fatty acids can
be packed as neutral lipid in the form of TAG (3 fatty
acids esterified to glycerol) in lipid droplets. TAG,
followed by phospholipids, form the most abundant
class of lipid stored in the oocyte, furthermore, in
contrast to most other cell types, TAG stored in the
oocyte mostly contains saturated fatty acids (Homa et
al., 1986; McEvoy et al., 2000; Kim et al., 2001;
Aardema et al., 2013). The fatty acid composition of
oocytes from Israeli Holstein cows shows seasonal
variations, with an increased amount of unsaturated
fatty acids during the winter period that causes a AT of
6°C in the melting temperature of membranes between
summer and winter (Zeron et al., 2001). An increased
level of unsaturated fatty acids lowers the melting
temperature of membranes, phenomenon in cells to
compensate for a reduced temperature, and improves
membrane plasticity (Schumann, 2016). The fatty acid
composition of cell membranes can be affected by fatty
acids in the diet and during wintertime cows are mostly
fed indoors on a ration of grass silage, corn and
concentrates. During summer time, there is often
supplemental outside grazing next to the ration indoors.
Since grass feeding increases the uptake of unsaturated
fatty acids, this option does not explain the higher level
of unsaturated fatty acids in cell membranes during
winter. Therefore, the effect of the dietary fatty acid
change and effects on the oocyte during winter remains
a yet unexplored but interesting area for future studies.
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Figure 1. Lipid structure of HDL and the fatty acid albumin complex. HDL is assembled in the liver and secreted in blood cholesterol and fatty acids are exchanged on the surface of
cells. Albumin is synthesized in the liver and is secreted in blood, it obtains fatty acids that originate from TAG from adipose tissues and are released after lipolysis and complexed to
circulatory albumin. The fatty acid albumin complex can deliver these fatty acids to target cells. Albumin and HDL can both pass the blood-follicle membrane, which likely occurs via
transcytosis. The shorthand depictions (diagonal to the right) are used in Fig. 2 to explain lipid delivery from these lipoprotein complexes to the cumulus oocyte complex.

Anim. Reprod., v.15, (Suppl.1), p.737-750. 2018 739



ab Aardema et al., Fatty acid transfer to the cumulus-oocyte-complex.

Cumulus cells regulate the transfer of fatty acids to
oocytes

Cumulus cells surrounding the oocyte form a
natural barrier between follicular fluid and the oocyte.
Before fatty acids can reach the oocyte, passage via
cumulus cells appears to be unavoidable (Fig. 2). The
question is whether and how the transfer of FFA from
follicular fluid towards the cytoplasm of the oocyte
takes place? It has been indicated that fatty acids are
actively transferred from cumulus cells, which do
express CD36 for the uptake of long chain fatty acids, to
the oocyte (Uzbekova et al., 2015; Del Collado et al.,
2017). The gap junctions, that via the zona pellucida
connect cumulus cells and the oocyte and that are able
to transfer small metabolites, do also contain fatty acid
binding proteins (Dumesic et al., 2015; Russell et al.,
2016; Del Collado et al., 2017). Interestingly, blockage
of these transzonal projections with cytochalasin B
resulted in a reduction of the lipid amount in the oocyte
(Del Collado et al., 2017). A possible explanation by the
authors was that oocytes showed decreased lipid
amounts due to the reduction of fatty acid transport via
the transzonal projections. This finding also shows that
it is likely that diffusion of HDL of albumin FFA
complexes through the intercellular matrix between
cumulus cells of intact COCs is not sufficient for
feeding the oocytes with fatty acids. Unfortunately, the
fatty acid breakdown machinery in cytochalasin B
treated oocytes was not studied. This could have
excluded the possibility that the reduced lipid levels in
the oocyte are due to increased fatty acid breakdown in
the presence of cytochalasin B. Future studies are
required to confirm the exclusive role of transzonal
projections and their involvement in fatty acid transfer
from cumulus cells to the oocyte.

Besides the facilitation of FFA transfer,
cumulus cells are able to delay and hence to reduce the
transfer of FFA towards the oocyte. Expanded cumulus
cells of in vivo maturing COCs form a molecular filter
that only allows restricted transfer of specific
metabolites in the direction of the oocyte (Dunning et
al., 2012). This proposed filter function of the cumulus
layer supports the hypothesis that albumin complexed
FFA and HDL -diffusion through the cumulus cell
intercellular matrix of intact COCs, is not an important
route for oocyte uptake of FFA (for the proposed major
route for FFA entry in the oocyte see Fig. 2). The
absence of a functional cumulus cell layer appears to
simplify the entrance of exogenous fatty acids into the
oocyte, as was demonstrated by an increased
incorporation of exogenously administered fatty acids
during in vitro maturation, into TAG in lipid droplets of
oocytes that lacked an intact compact cumulus cell layer
investment (Lolicato et al., 2015). Furthermore, in the
presence of saturated stearic acid active removal of
cumulus cells, after a first essential oocyte maturation
period of 8 h with cumulus cells, resulted in a
significant drop in the capacity of maturing oocytes to
develop into a blastocyst when compared to intact
COCs (Aardema et al., 2017). Cumulus cells massively
accumulated fatty acids in lipid droplets after being
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exposed in vivo to elevated FFA levels in the follicular
fluid of peri-ovulatory follicles, while no effect was
measured on the lipid content nor on the developmental
competence of the oocyte (Aardema et al., 2013). In
somatic cell types lipid storage has been proven to be a
protection mechanism to avoid cellular stress by fatty
acids (Listenberger et al., 2003; Coll et al., 2008;
Henique et al., 2010). This indicates that a proper
functional expanded cumulus cell layer reduces the
transfer of fatty acids and appears to protect the oocyte
against abundant exposure to FFA. One may conclude
that cumulus cells form an efficient barrier between
FFA present in the follicular fluid and the oocyte.
Whether or not cumulus cells are able to protect the
developing oocyte against elevated levels of FFA during
a prolonged period of time is not known and remains an
interesting question, especially since metabolic aberrant
conditions are most commonly experienced during an
extended period of time.

Lipid droplet dynamics in the oocyte

Physiologically, a high amount of lipid droplets
is present in porcine, equine and bovine oocytes
(Genicot et al., 2005; Sturmey et al., 2006; Ambruosi et
al., 2009; Aardema et al., 2011). The abundant amount
of neutral lipids stored in those lipid droplets seems to
serve as a reserve energy deposit for developing oocytes
and hence early-stage embryos. This was indicated by
induced embryo development in vitro when fatty acid
breakdown was stimulated and another study that
demonstrated development of embryos in the complete
absence of nutrients (Kane, 1987; Dunning et al., 2010;
Sutton-McDowall et al., 2012). There appears to be a
large variation in the amount of lipid droplets both in
oocytes from different mammalian species and even
within individual animals (Sturmey et al., 2009). A low
number of lipid droplets is present in oocytes from
mice, and an increasing number is noted for respectively
human, sheep, bovine, horse and in porcine oocytes a
very high number is present (Genicot et al., 2005;
Aardema et al., 2011; Dunning et al., 2014). The
differences that exist between mammalian species are
thought to correlate with the elaborated duration and
thus energy need of the embryo until functional
nourishment from the placenta is taken over the energy
demands of the implanted embryo (Sturmey et al.,
2009). This period of time is short in rodents and
primates and long in ruminants, equids and pigs; as a
consequence, oocytes from the latter mammalian
species contain high amounts of stored neutral lipids.
An intriguing suggestion, because it suggests a
controlled regulation of lipid storage in the oocyte that
could be affected by exogenous exposure to certain fatty
acids, or by altering lipid metabolism in the oocyte.
Lipid droplets are formed at the endoplasmic reticulum
and contain a hydrophobic core of neutral lipid, from
TAG and cholesterol-esters, surrounded by a monolayer
of phospholipids to meet the hydrophobic content with
the hydrophilic nature of the ooplasm (Brown, 2001;
Robenek et al., 2006). Enzymes of the perilipin family
are located at the surface of the lipid droplet to control
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the storage and release of fatty acids from the lipid
droplets (Fig. 3). The surface of lipid droplets in bovine
and murine oocytes contains perilipin-2 (formerly
named ADRP), a ubiquitously present perilipin; in
addition to perilipin-2, perilipin-3 (formerly named
TIP47), has also been localized to lipid droplets of
porcine oocytes (Aardema et al., 2011; Yang et al,
2012; Uzbekova et al., 2015; Xu et al., 2018). Forty-
five years ago, lipid droplets were, for the first time,
recognized as potential metabolic units, due to their
localisation next to mitochondria in the oocyte (Fleming
and Saacke, 1972; Kruip et al., 1983; Hyttel, et al.,
1997). The intimate relationship between lipid droplets
and mitochondria has been confirmed by fluorescence
resonance energy transfer (imaging, which indicates co-
localization on a molecular scale of 6-10 nm (Sturmey
et al., 2006). Fatty acid breakdown, B-oxidation, in
mitochondria appears to be of fundamental importance
for proper oocyte development (Downs et al., 2009;
Dunning et al., 2010). Inhibition of fatty acid
breakdown in the cumulus-oocyte-complex (COC)
during IVM, by blocking the entry of fatty acids in
mitochondria via the carnitine shuttle with methyl-
palmoxirate or etomoxir, results in a sharp decline in the
competence of murine, porcine and bovine oocytes to
develop into an embryo (Ferguson and Leese 2006;
Sturmey et al., 2006; Downs et al., 2009; Dunning et
al., 2010;Paczkowski et al., 2013). However, studies
where fatty acid breakdown in COCs was inhibited, did
not discriminate between whether or not the inhibition
was specific for cumulus cells and/or for the oocyte.
The activity of carnitine-palmitoyl-transferase-I1 (CPT-I)
is rate limiting for the transport of fatty acids into the
matrix of the mitochondria and thus also rate limiting
for the follow up B-oxidation of the transported fatty
acids. The CPT-I activity is significantly higher in
cumulus cells when compared to oocytes. Interestingly,
when f-oxidation in COCs 1is stimulated by
supplementation of the co-factor L-carnitine an
improved developmental competence of the oocyte was
observed (Dunning et al., 2011, 2014; Somfai et al.,
2011). The positive association between the level of -
oxidation in COCs and the developmental competence
of the oocyte may result from an abundant energy yield
in the cell. However, another option for this positive
association may be due to the breaking down and hence
reduction of potentially toxic fatty acids.

Sensitivity of oocytes for their lipid environment

Obesity in women is an example of a severe
metabolic stress condition associated with elevated,
potentially toxic, levels of FFA in blood and follicular
fluid. Mouse oocytes exposed to lipid rich follicular
fluid of obese women during IVM showed an increased
amount of intracellular lipid; likewise oocytes retrieved
from obese mice demonstrated a higher amount of lipid
compared to controls (Wu et al., 2010; Yang et al.,
2012). This suggests increased lipid uptake by oocytes
during exposure to elevated levels of FFA. However, in
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contrast, it was striking that elevated levels of FFA in
bovine follicular fluid during a period of negative
energy balance did not affect the lipid content of in vivo
derived oocytes (Aardema et al., 2013). While the
exposure of in vitro maturing bovine COCs to elevated
levels of the dominating follicular fluid -FFA resulted in
rapid incorporation of fatty acids in lipid droplets in the
oocytes (Aardema ef al., 2015; Lolicato et al., 2015).
The response of the oocyte to exogenous FFA thus
seems to be unpredictable. However, a major metabolic
difference exists between the above-described metabolic
conditions. During obesity in an energy rich anabolic
condition, glucose levels are high in blood and in
follicular fluid and likewise during in vitro maturation
glucose levels in the media are standard high. This
situation is in sharp contrast to the catabolic negative
energy balance of high yielding dairy cows, when the
plasma levels of glucose are low. These distinct glucose
concentrations that emerge during a condition with
elevated levels of FFA may result in a different
response of the oocyte to elevated levels of fatty acids,
since the level of glucose coupled to insulin is the main
driver for the energy storage in cells. Furthermore, the
expression of CD36, the enzyme involved in the
extracellular uptake of fatty acids by somatic cells,
which is also expressed in both cumulus cells and
oocytes, increases in response to elevated glucose and
insulin levels (Uzbekova et al., 2015; Garbacz et al.,
2016; Wilson et al., 2016; Ly et al., 2017). Indeed, it
has been suggested that CD36 functions as a protective
metabolic sensor in the liver during conditions of lipid
overload. Storage of exogenous fatty acids by the
oocyte, in the presence of elevated FFA in follicular
fluid, thus appears to depend on glucose and
consequently on insulin levels. The subsequent impact
of elevated levels of FFA on the oocyte may therefore
largely depend on the energetic condition of the dam.
Furthermore, there appears to be a significant difference
in the response of oocytes to distinct classes of FFA: 1)
Exposure of bovine COCs to blood and follicular fluid -
dominating saturated FFA (palmitic and stearic acid)
during in vitro maturation resulted in a significant
reduction in the number of lipid droplets in the oocyte
and had a negative impact on the developmental
competence of the oocyte (Aardema et al., 2011). 2) In
contrast, exposure to the dominating mono-unsaturated
oleic acid caused increased numbers of lipid droplets in
the oocyte and counteracted the adverse effects of
saturated fatty acids by restoring the number of lipid
droplets and the developmental competence of the
oocyte (Aardema et al., 2011). Another study
demonstrated that oocytes with a higher intracellular
lipid level of oleic acid appear to have increased
developmental competence in comparison to oocytes
with a higher level of stearic acid (Kim et al., 2001).
This indicates that apart from an either energy rich or
poor metabolic condition, the type and balance of
saturated and unsaturated FFA appears to be of
fundamental importance to the impact of FFA on oocyte
developmental competence.
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Figure 2. Delivery of fatty acids via HDL and albumin complex at the cumulus cell surface. HDL and Albumin (short hand depiction for details see Fig.1) can deliver their fatty acid
via surface exchange to cumulus cells. Exchange of long chain fatty acids is facilitated by the presence of CD36 on the surface of cumulus cells. Cumulus cells can store the fatty acids
in lipid droplets from where they can be metabolized for energy production or for building new membranes, or fatty acid may be transported by means of gap-junctional contact via
protrusions of cumulus cells through the zona pellucida to the oocyte. The oocyte in turn can use these lipids for storage in lipid droplets or use them for energy by or for building new
membranes. Note that besides fatty acids, HDL also exchanges cholesterol, which can be used for steroid production (cholesterol is a precursor). Red circles represent lipid droplets
(for more details of them see Fig. 3).
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Figure 3. A lipid droplet is a dynamic organelle. Red circles (the lipid droplets from Fig. 2) are in this figure
depicted with molecular details. Cholesterol and one fatty acid can be esterified to cholesteryl-ester by lecithin-
cholesterol acyltransferase (LCAT) and fatty acids can be esterified to triacylglycerol (last step at the surface of the
lipid droplet by the enzyme diacylglycerol acyltransferase (DGAT). Fatty acids from neutral lipids can be
hydrolyzed and transported into the cytosol by the hormone sensitive lipase.

Saturated free fatty acids induce lipotoxic stress
responses in the COC

Saturated FFA appear to have a detrimental
impact on the cumulus cells of the COC resulting in
increased levels of apoptosis and hence a reduced
developmental competence of the oocyte (Aardema et
al., 2011, 2017; Leroy et al., 2005; Mu et al., 2001).
Likely, the loss of viable and functional cumulus cells
due to apoptosis impairs the ‘natural barrier’ of cumulus
cells, which increases the risk for access of undesired
FFA to the oocyte.

Maturing mouse COCs that are exposed to
saturated palmitic acid experience a dose-dependent
endoplasmic  reticulum  (ER) stress  response,
demonstrated by a rise in ER stress markers Atf4, Atf6,
Xbpls and Hspa5 and a reduced mitochondrial
membrane potential, indicative for mitochondrial
damage (Mu et al., 2001). The link between exposure to
saturated FFA and lipotoxic events in COCs has also
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been demonstrated in other somatic cell types (Mu et
al., 2001; Listenberger et al., 2003; Coll et al., 2008;
Henique et al., 2010). The induction of ER stress has
been shown to be an important factor in the negative
cascade of lipotoxic responses induced by saturated
fatty acids. Moreover, ER stress markers are also
increased in granulosa cells of obese women and in
COCs exposed to a lipid rich follicular fluid of obese
women (Wu et al., 2010; Yang et al., 2012; Sutton-
McDowall et al., 2016). This observation suggests that
saturated FFA induce lipotoxic responses of granulosa
cells and the COC during obesity. Apart from inducing
ER stress in COCs, saturated fatty acids also increase
the level of the apoptosis inducer ceramide and ROS
(reactive oxygen species; Lolicato et al., 2015). The
increased level of ROS is a consequence of electron
leakage from the inner mitochondrial membrane during
oxidative phosphorylation (Dumesic ef al., 2015).
Saturated palmitic acid is a potent inducer of an
ER stress response and the resulting leakage of ER
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calcium stores triggers a cascade of intracellular actions,
including unfolding and/or misfolding of proteins in the
ER, that results in ROS formation in ER and
mitochondria ~ and  consequently  mitochondrial
dysfunction (Pizzo and Pozzan, 2007; Ly et al., 2017).
Due to mitochondrial damage and the consequently
reduced fatty acid breakdown, the toxic impact of fatty
acids for the cell is even further increased, which can
eventually result in apoptotic cell death after the release
of cytochrome-C. On the one hand B-oxidation has been
associated with an undesirable increase of ROS
production in mitochondria, however, on the other hand
a reduction in lipotoxic responses has been observed
when B-oxidation was stimulated (Henique et al., 2010;
Lyetal., 2017).

The cascade of actions induced by saturated
FFA can be prevented by inhibition at two points (i)
inhibition of ER stress by salubrinal in the presence of
palmitic acid during IVM results in improved
mitochondrial function and cumulus cell morphology
and prevents a negative impact on oocyte
developmental competence (Wu et al., 2012). This
indicates that the ER is one of the primary harmed
organelles in COCs exposed to palmitic acid, in line

with the observed responses towards palmitic acid
exposure in other somatic cell types. (ii) Inhibition of
ceramide formation by fumonisin-B results in a
significant reduction in the ROS formation and a
reduction in cumulus cell deterioration and increased
cumulus cell expansion, which suggests that the pro-
apoptotic ceramide is an important initiator of ROS
generation (Lolicato et al., 2015). Both ER stress and
ceramide formation appear to be key events in the
lipotoxic response observed in COCs exposed to
palmitic acid (Fig. 4).

The role of CD36 for COCs in relation to their
response to palmitic acid may be of interest for future
research. Inhibition of CD36 in somatic cell types
reduces ROS formation and prevents lipotoxic events
during exposure to palmitic acid (Hua ef al., 2015; Xu
et al., 2015; Kim et al., 2017). Whether or not CD36 is
also involved in the cascade of lipotoxic events induced
by saturated FFA in COCs needs to be elucidated.
Another interesting option to prevent a potential toxic
impact by saturated FFA is the safe storage of fatty
acids in lipid droplets of the cell, which is stimulated by
mono-unsaturated FFA (Listenberger ef al., 2003; Coll
et al., 2008; Henique et al., 2010).

Palmitic acid

Ceramide

1

ER stress

—

=4 Apoptosis

T

Figure 4. Saturated FFA induce lipotoxic events in COCs and reduce oocyte developmental competence. ER stress
and mitochondrial damage are key events in the cascade of actions induced by saturated FFA in COCs. Lipotoxic
events can be prevented by inhibition at two points (i) inhibition of ER stress by salubrinal and inhibition of

ceramide formation by fumonisin-B.
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Mono-unsaturated oleic acid prevents saturated
fatty acid stress on oocyte

Mono-unsaturated oleic acid is in contrast to
the response of COCs to saturated fatty acids, harmless
to COCs and the oocytes. During exposure to high
concentrations of oleic acid, oocytes of exposed COCs
remain fully competent to develop into an embryo
(Leroy et al., 2005; Aardema et al., 2011; Wu et al.,
2012). The distinct impact of mono-unsaturated fatty
acid versus saturated on cells has been attributed to a
different intracellular distribution of the fatty acids.
Mono-unsaturated fatty acids like oleic and palmitoleic
acid are primarily distributed towards lipid droplets,
whereas, saturated fatty acids are directed to apoptotic
pathways in somatic cell types (Listenberger et al.,
2003; Coll et al., 2008; Henique et al., 2010). Oleic acid
does not induce a significant ER stress response in
somatic cells, unlike palmitic acid (Ly et al., 2017).
Interestingly, when oocytes are simultaneously exposed
to oleic acid and saturated FFA the negative impact of
the saturated fatty acids alone on the oocyte is
counteracted and oocyte developmental competence is
maintained (Aardema et al., 2011). A recent paper
demonstrated that alpha-linolenic acid also appears to
have the potency to prevent a lipotoxic impact by FFA
on the oocyte (Marei et al., 2017). However, it is good
to note that in contrast to oleic acid, which is not toxic
even at high concentrations (500 pm), alpha-linolenic
acid has a detrimental impact on oocyte developmental
competence above a concentration of 50 pm (Marei et
al., 2009; Aardema et al., 2011). The protective
mechanism by which mono-unsaturated FFA reduce the
potential stress of saturated fatty acids, is thought to be
via redistribution away from apoptotic cascades (ROS
and ceramide formation), towards lipid droplets for
storage (Listenberger et al., 2003; Coll et al., 2008;
Henique et al., 2010). Interestingly, follicular fluid
contains a relatively high amount of oleic acid in
comparison to the levels in blood (Leroy et al., 2005;
Aardema et al., 2013). Cumulus cells of COCs exposed
to elevated levels of FFA during a (mimicked) period of
metabolic stress, both in vivo and in vitro, massively
incorporate fatty acids in lipid droplets resulting in a 6-
fold increase of TAG storage (composed primarily by
esterified oleic acid); moreover, the oocytes of the
exposed COCs remain fully competent to develop into
an embryo (Aardema ef al., 2013). Storage of fatty acids
in the form of TAG in cumulus cells appears to be an
effective route to prevent a toxic impact of FFA in the
COC, which is in line with observations in other
somatic cell types.

The impact of an elevated concentration of
FFA during metabolic stress in cows was investigated in
vitro by supplementing maturation media with
comparable concentrations of the three dominating
FFA, saturated palmitic and stearic and mono-
unsaturated oleic acid, in two distinct experimental
setups. Fatty acids were either solved in ethanol and
were stirred (Van Hoeck et al., 2011; Sutton-McDowall
et al., 2016) or were complexed to albumin, which is
comparable to the physiological presentation of FFA to
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the COC (Aardema et al., 2013). COCs exposed to a
mixture of saturated and mono-unsaturated fatty acids
solved in ethanol, demonstrated hampered oocyte
developmental competence (Van Hoeck et al., 2011,
Sutton-McDowall et al., 2016), whereas, in the study of
Aardema et al. no such negative impact of a comparable
FFA mixture was observed in line with the observations
after in vivo exposure of COCs to elevated levels of
FFA during metabolic stress (Aardema et al., 2013).
The expected presentation of fatty acids in micelle
formation after ethanol injection or via the physiological
presentation in a complex with albumin may account for
the distinct outcome between the studies and this
certainly needs further investigation. The absence of a
negative impact on the oocyte competence after
exposure of COCs to a mixture from saturated palmitic
and stearic acid and mono-unsaturated oleic acid
(Aardema et al., 2011; Aardema et al., 2013) is in line
with observations in other cell types exposed to a
combination of saturated and mono-unsaturated FFA
(Mu et al., 2001; Listenberger et al., 2003; Henique et
al., 2010). The observed distinct impact of saturated and
mono-unsaturated FFA on oocyte developmental
competence clearly indicates that a balance between the
different types of FFA, rather than the total amount of
FFA, appears to determine the impact on the COCs.

The follicle creates a protective oleic rich FFA
environment for the oocyte

The beneficial environment for the COC thus
appears to be follicular fluid rich in mono-unsaturated
oleic acid and, therefore, it is intriguing that the
follicular fluid contains a relatively high level of mono-
unsaturated oleic acid and a relatively low level of
stearic acid, compared to blood (Aardema et al., 2011,
2013, 2015). Previously, it has been suggested that the
distinct FFA composition of follicular fluid originates
from selective transfer of FFA over the blood/follicle
membrane. There are indeed indications that CD36/FAT
(fatty acid translocase), the transmembrane protein that
facilitates diffusion of long chain fatty acid, may be
selective in the uptake of long chain fatty acids. In this
respect, CD36/FAT is expressed in all cell types of the
follicle including the oocyte itself (Uzbekova et al.,
2015). Over expression of chicken CD36/FAT in
Chinese hamster ovary cells resulted in an increased
uptake of linoleic and arachidonic acid and a reduced
uptake of palmitic acid, but overexpression of CD36
had no effect on the uptake of stearic and oleic acid
(Guo et al., 2013). To this end, selective transfer of fatty
acids over the blood-follicle membrane does not seem to
explain the relatively high oleic acid levels in the
follicular fluid. The distinct FFA composition in
follicular fluid could originate from either storage or
metabolism by the cells that form the follicle; theca,
granulosa and cumulus cells all contain the intracellular
machinery for fatty acid uptake and metabolism
(Uzbekova et al., 2015). Fatty acids that dominate in
theca cells, the cells that form the outer layer of the
blood-follicle membrane, do reflect the composition of
FFA in blood and are dominated by mono-unsaturated
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oleic acid (31%) and saturated palmitic (21%) and
stearic acid (12%) in sheep (Hughes et al., 2011).
Granulosa cells, which cells form the inner layer of the
blood-follicle membrane, do also reflect dietary
supplementation of n-3 or n-6 poly-unsaturated fatty
acids (Wonnacott et al., 2010). As mentioned before,
when COCs are exposed to elevated levels of FFA
during IVM cumulus cells respond with intracellular
storage of these fatty acids (Wonnacott et al., 2010;
Aardema et al., 2013). This indicates that intracellular
storage of fatty acids may affect the composition of
FFA in follicular fluid, due to uptake of, formerly free,
fatty acids by cells. However, the intracellular lipid that
was stored in COCs exposed to elevated levels of FFA
was dominated by oleic acid storage (Aardema et al.,
2013). To this end, this phenomenon cannot explain the
relatively high level of oleic acid in follicular fluid, as
storage of oleic acid would result in a net reduced level
of oleic acid in follicular fluid. Both selective uptake of
FFA nor storage and metabolism do seem to provide an
explanation for the distinct FFA composition in
follicular fluid. There is, however, an interesting third
option: the desaturation of saturated fatty acids into
mono-unsaturated FFA in follicular fluid. The key
enzyme responsible for the conversion of saturated
stearic acid into mono-unsaturated oleic acid is SCD,
i.e. by the formation of a double carbon bond at the A9
position of saturated fatty acid. In the rat ovary SCD
type 2 is indeed expressed (SCD type 1-4 are present in
murine species) in theca, granulosa and cumulus cells
(Moreau et al., 2006). Women as well as cows do
express SCD types 1 and 5 and both types are also
expressed in granulosa and cumulus cells (Feuerstein et
al., 2007; Aardema et al., 2017). Likely, the relatively
low stearic and high oleic acid levels in follicular fluid,
when compared to blood, may originate from SCD
activity in the follicle (Aardema et al., 2013, 2015).
After entrance of FFA from blood via the blood-follicle
barrier, the active conversion of stearic acid into oleic
acid in both theca and granulosa cells may explain the
relative high level of mono-unsaturated FFA in
follicular fluid, at the cost of saturated FFA. To this end,
the transfer of FFA from blood to the follicle and the
potential desaturation of FFA by follicular cells
certainly needs attention in future research, in particular
as being a promising route to potentially detoxify the
FFA to which the COC is exposed.

Cumulus cells protect the oocyte against potential
stress by free fatty acids

Interestingly, cumulus cells appear to be
important in regulating the fatty acid transfer towards
the oocyte and seem to protect the oocyte against
potential stress by free fatty acids. In the absence of
cumulus cells, oocytes appear to be extremely prone to
elevated levels of FFA (Aardema et al., 2013; 2017;
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Lolicato et al., 2015). We investigated whether the
enzyme SCD-1, that can detoxify saturated FFA into
mono-unsaturated FFA, is expressed in COCs and has a
role in protecting the oocyte against FFA. The genes
SCD-1 and SCD-5 are expressed in human cumulus
cells and SCD expression was associated with oocyte
competence (Feuerstein et al., 2007). SCD-I mRNA
expression in human cumulus cells is increased in the
presence of whole and partly delipidified serum, which
may indicate that these conditions relate to the
competence of the oocyte, as SCD expression in
cumulus cells has been related with oocyte competence
(Mardomi ef al., 2018). The elevated SCD expression in
cumulus cells may however also be a direct response to
the medium and could reveal a potentially beneficial
medium for the development of the oocyte, rather than
being a direct marker for oocyte quality. More studies
are needed to investigate how SCD expression in
cumulus cells and oocyte competence are linked. SCD-1
mRNA expression has also been demonstrated in bovine
oocytes (Aardema et al., 2018; Department of Farm
Animal Health, Faculty of Veterinary Medicine, Utrecht
University, The Netherlands; unpublished data) and
cumulus cells (Aardema et al., 2017; Warzych et al.,
2017a, b). Warzych et al., 2017a showed a correlation
between FFA composition in follicular fluid and SCD-1
gene expression in cumulus cells, which may also alter
the fatty acids that are transported and metabolized in
the oocyte. Bovine cumulus cells abundantly express
SCD-1 protein, in contrast to the oocyte with non-
detectable levels of SCD-1 protein (Aardema et al.,
2017). Furthermore, when SCD activity in cumulus
cells was inhibited during exposure to a physiological
level of stearic acid, the developmental competence of
the oocyte was hampered and comparable with the
situation where oocytes were exposed to stearic acid in
the absence of cumulus cells (Aardema et al., 2017). In
a recent paper, the negative outcome of SCD inhibition
in cumulus cells on oocyte developmental competence
was also confirmed in human cumulus cells and also
appeared to relate to reduced aromatase gene
expression and estradiol production (Fayezi et al.,
2018). SCD-1 expression has been associated with
lipid metabolism in dairy cows and may be linked to
reproductive performance (Wathes et al., 2012). SCD
activity in cumulus cells appears to be of crucial
importance to protect the oocyte against fatty acid
stress. Furthermore, SCD activity in cumulus cells in the
presence of stearic acid resulted in a significant
reduction in the rate of apoptosis in the cumulus cells
and hence increased lipid droplet storage of fatty acids
dominated by oleic acid (Aardema et al., 2017). This
convincingly demonstrates that the role of SCD activity
and the resulting storage of fatty acids in lipid droplets
of cumulus cells appears to be an important strategy to
protect the oocyte against elevated FFA levels during
metabolic stress (Fig. 5).
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Figure 5. Cumulus cells protect the oocyte by SCD-1 activity and fatty acid storage. Saturated stearic acid induces
apoptotic pathways. Conversion of saturated stearic into mono-unsaturated oleic acid by Stearoyl-CoA-Desaturase
(SCD-1) and consequent storage of fatty acids in the lipid droplets of cumulus cells protects the oocyte against

saturated fatty acids.
Conclusion

The amount and molecular composition of FFA
in blood correlate with those in follicular fluid of pre-
ovulatory follicles and hence FFA levels increase in
both fluids during periods of metabolic stress. The type
of FFA to which the maturing COC is exposed largely
dictates the impact of eclevated FFA levels on the
survival of the COC and competence of the oocyte.
Mono-unsaturated FFA compensate for a negative impact
of saturated FFA on the COC and maintain the
developmental competence of the oocyte. Cumulus cells
that surround the oocyte regulate fatty acid transfer
towards the oocyte, and an intact cumulus cell layer
appears to be essential to protect the oocyte effectively
against undesired FFA. SCD activity of cumulus cells
prevents FFA stress on the oocyte due to conversion of
potentially toxic saturated FFA (stearic acid) into
harmless mono-unsaturated FFA (oleic acid), which is
safely stored in lipid droplets of cumulus cells. At this
point it is unknown whether and how presumptive
oocytes during stages of early (pre-antral) follicular
development, which lack the presence of cumulus cells,
are protected during metabolic stress and in the presence
of elevated FFA levels. These observations are
important directions for future research.
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