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ARTICLE INFO ABSTRACT

Keywords: Metabolic stress in humans and animals is associated with impaired fertility. A major char-

Cumulus acteristic of metabolic stress is elevated levels of free fatty acids (NEFAs) in blood due to mo-

Oocyte bilization of body fat reserves. Dairy cows undergo a period of metabolic stress during the peri-

NEFA

calving period, the so-called negative energy balance (NEB) in the early weeks postpartum. At the

]lglpfl'ty time of NEB, both saturated and unsaturated NEFAs are mobilized to serve as an alternative
ertir . . .
Cow energy supply for cells, however in particular saturated NEFAs can have a detrimental effect on

somatic cells. Circulating NEFAs are also reflected in the follicular fluid of ovarian follicles and
hence reach the cumulus-oocyte-complex (COC), which implies a potential risk for the devel-
oping oocyte. To this end, the current review focusses on the impact of NEFAs on the quality of
the oocyte.

1. Introduction

Metabolic stress conditions, like obesity in humans and the negative energy balance in cows, have been associated with reduced
fertility. One of the major characteristics of metabolic stress are elevated levels of free fatty acids (NEFA) in the circulation, and the
levels of NEFA from blood are reflected in the follicular fluid (Leroy et al., 2005; Jungheim et al., 2011; Yang et al., 2012; Aardema
et al., 2013; Valckx et al., 2014a,b; Aardema et al., 2015). Several groups investigated the impact of elevated levels of NEFA on the
oocyte and whether this may explain the observed reduced fertility during metabolic stress. There appears to be a huge difference in
the effect on the oocyte depending on the type of NEFA to which the oocyte is exposed. The most abundant saturated NEFAs in
follicular fluid, palmitic and stearic acid, appear to have a dose-dependent negative impact on the competence of the oocyte to
develop into an embryo (Leroy et al., 2005; Wu et al., 2010; Aardema et al., 2011). In contrast to the impact of mono-unsaturated
oleic acid, the most abundant unsaturated NEFA in follicular fluid, that appears to be non-toxic until a high level for the maturing
oocyte and is able to prevent a lipotoxic impact of saturated NEFA (Aardema et al., 2011). Interestingly, levels of mono-unsaturated
oleic acid are relatively high in follicular fluid also during metabolic stress (Leroy et al., 2005; Aardema et al., 2013, 2015). The
cumulus cells around the oocyte appear to protect the oocyte against elevated levels of NEFA by conversion of the potentially toxic
saturated into mono-unsaturated NEFA and save storage of the fatty acids in lipid droplets (Aardema et al., 2017). It is intriguing how
the mature follicle appears to be capable to affectively protect the oocyte against short term exposure to elevated NEFA levels, by the
relatively high level of oleic acid in the follicular fluid and the protective role of cumulus cells. The current review will describe the
latest findings on how the cumulus-oocyte-complex responds on his NEFA environment.
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2. Free fatty acids

In adipose tissue the main lipid reservoir of the body is stored. The lipid in adipocytes is stored as triacylglycerol (TAG; 3 fatty
acids esterified to glycerol) in lipid droplets. The energetic value of fatty acid is high, the complete aerobic catabolism of 1 mol of
stearic acid versus 3 mol of glucose (for comparing in both cases 18 C atoms) yields 5-6 x more energy in the form of ATP. During
periods of metabolic stress, like for example obesity, but also energy scarcity during a negative energy balance, fatty acids are
mobilized from body fat reserves and complexed to albumin for transportation via blood to supply the different tissues in the body
that take up fatty acids from blood, which results in elevated levels of NEFAs in blood. Elevated levels of NEFAs in the circulation are
also reflected in the follicular fluid in both humans and cows, nevertheless the NEFA concentration and composition between blood
and follicular fluid differs (Leroy et al., 2005; Jungheim et al., 2011; Yang et al., 2012; Aardema et al., 2013; Valckx et al., 2014a, b;
Aardema et al., 2015). Many distinct NEFAs present in the circulation, one way to classify these different types of NEFA is by the
absence or presence of double bonds between carbon atoms. Saturated NEFAs lack a double bond, unsaturated NEFAs carry one
(mono-unsaturated) or more double bonds (poly-unsaturated) in their carbon skeleton that changes their structure from rigid (sa-
turated) into a more flexible (unsaturated) structure with a reduced melting temperature. Several studies describe a lipotoxic impact
of saturated palmitic and stearic acid, the most abundant saturated NEFAs in the circulation, on different somatic cell types (Mu et al.,
2001; Listenberger et al., 2003; Coll et al., 2008). In contrast, mono-unsaturated oleic acid, the most abundant mono-unsaturated
NEFAs in the circulation, has in general a moderate impact on somatic cells (Listenberger et al., 2003; Coll et al., 2008).

To approach the oocyte, NEFAs need to pass the blood-follicle barrier. The blood-follicle barrier is formed by theca cells, the basal
membrane and granulosa cells; passage depends on both size (70-300 kDa) and charge of the metabolite (Shalgi et al., 1973; Cran
et al., 1976; Gosden et al., 1988; Fortune, 1994; Jaspard et al., 1997; Hess et al., 1998). Proteins pass the blood-follicle barrier easier
when positively charged, nevertheless small proteins, for example albumin (66 kDa), can freely pass the barrier independent of the
negative charge and NEFAs complexed to albumin are present in the follicular fluid. The permeability of negatively charged sub-
stances is increased in response to the ovulatory surge (Hess et al., 1998). One class of lipoproteins, the high density lipoproteins
(HDLs), are in contrast to low density and very low density lipoproteins, able to pass the blood-follicle-barrier. HDLs are rich in
cholesteryl-esters (cholesterol with an esterified fatty acid) and contain low amounts of TAG. Follicular fluid contains approximately
a total concentration of 1.8-2.0 mM fatty acids, which is mostly present in lipoproteins (cholesteryl-ester; 0.7 mM and fatty acids of
the phospholipid layer 1.1 mM) (Jaspard et al., 1997; Valckx et al., 2014a, b). During normal physiological conditions approximately
10% of the fatty acids present in follicular fluid is complexed to albumin as NEFA (0.23 mM). During metabolic stress conditions the
total concentrations of HDL in both blood and follicular fluid appears not to be affected (Valckx et al., 2012; Aardema et al., 2013);
whether the fatty acid composition of HDL is affected is to our knowledge not known. In contrast, NEFA levels massively increase in
both blood and follicular fluid during metabolic stress (Leroy et al., 2005; Aardema et al., 2013). However, there is a difference in the
NEFA composition between blood and follicular fluid. One of the most remarkable differences is the relatively high concentration of
mono-unsaturated oleic acid in follicular fluid (Leroy et al., 2005; Aardema et al., 2013, 2015). The distinct NEFA composition
between blood and follicular fluid may result from a selective transfer of fatty acids or metabolization and/ or storage in the cells that
form the blood-follicle barrier. At this point, there is still a lot unknown about the potentially selective transfer of fatty acids from
blood towards the follicular fluid. Hopefully future research can shed a light on the function of the blood-follicle barrier in relation to
the transfer of NEFAs.

3. Cumulus cells regulate fatty acid transfer to the oocyte

After passage of the blood-follicle barrier, the cumulus cell layer around the oocyte forms the second natural ‘barrier’ between
blood and the oocyte. Before NEFAs present in the follicular fluid can reach the oocyte, passage via cumulus cells is unavoidable. The
expanded cumulus cell layer of, in particular, in vivo maturing oocytes forms a molecular filter that allows only a restricted transport
of small metabolites to the oocyte (Dunning et al., 2012; Dumesic et al., 2015; Russell et al., 2016; Del Collado et al., 2017). The lack
of a functional cumulus cell layer around the oocyte indeed results in a significantly higher lipid load in the oocyte (Lolicato et al.,
2015). Furthermore, after removing cumulus cells at 8 h of maturation, exposure to levels of saturated stearic acid results in a
significant drop in oocyte developmental competence in contrast to exposed oocytes from intact COCs or to non-exposed denuded
oocytes (Aardema et al., 2017). Cumulus cells express CD36, the enzyme involved in the extracellular uptake of fatty acids by somatic
cells (Uzbekova et al., 2015). The gap junctions that form a tight connection between the cumulus cells and the oocyte contain fatty
acid binding proteins, specific proteins that transport fatty acids indicating that cumulus cells actively coordinate the transfer of fatty
acids to the oocyte (Uzbekova et al., 2015; Del Collado et al., 2017). Blockage of these transzonal projections with cytochalasin B
results in a reduction of the lipid amount present in the oocyte (Del Collado et al., 2017). Although, the reduction in lipid amount can
also be explained by increased lipid degradation due to the presence of cytochalasin B, which was not verified in this paper, this
observation is a first indication for an active exchange of fatty acids between cumulus cells and the oocyte. Nevertheless, the fatty
acid exchange between cumulus cells and the oocyte still is a topic that certainly needs further investigation. A few intriguing
questions are; how and until what level interact the oocyte and cumulus cells in the exchange of fatty acids, does fatty acid transport
occur in one or both directions and is there a selection in the fatty acids that are transported to the oocyte. Hopefully more aspects of
this intriguing area of research will be elucidated in the coming years.
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4. The oocyte ‘senses’ its lipid environment

The lipid composition of oocytes appears to depend on the metabolic environment of the oocyte. Oocytes contain numerous lipid
droplets that are coated with PAT proteins, perilipin-2 (formerly named ADRP) and perilipin-3 (formerly named TIP47), for support
and stabilization of the lipid droplet (Aardema et al., 2011; Xu et al., 2018). Oocytes seem to be capable to take up fatty acids from
their environment and have the inner cellular machinery for de novo lipid metabolism (Cetica et al., 2002; Auclair et al., 2013;
Uzbekova et al., 2015). CD36, important for the uptake of long chain fatty acids, is likewise in cumulus cells also expressed in oocytes.
In liver cells, it has been suggested that CD36 acts as a protective metabolic sensor during conditions of lipid overload (Garbacz et al.,
2016). The expression of CD36 increases in response to elevated glucose and insulin levels (Uzbekova et al., 2015; Wilson et al., 2016;
Garbacz et al., 2016; Ly et al., 2017). Likely the storage of exogenous fatty acids by the oocyte, in the presence of elevated NEFA
levels in follicular fluid, may thus depend on glucose and consequently on insulin levels. As a consequence, one may argue that the
response of the oocyte to elevated levels of NEFA may largely depend on the energetic condition of the dam. Physiologically energy
rich conditions, i.e. high levels in glucose and consequently insulin, drive cells to store energy. Indeed, mouse oocytes exposed to lipid
rich follicular fluid of obese women during IVM show an increased amount of intracellular lipid; likewise oocytes retrieved from
obese mice demonstrate a higher amount of lipid compared to controls (Wu et al., 2010; Yang et al., 2012). The exposure to elevated
levels of NEFAs during in vitro maturation, in a glucose rich medium, also results in rapid incorporation of fatty acids in lipid droplets
in bovine oocytes (Aardema et al., 2011; Lolicato et al., 2015). In contrast, elevated levels of NEFA in bovine follicular fluid during a
period of negative energy balance do not affect the lipid content of in vivo derived bovine oocytes (Aardema et al., 2013). Although in
first instance the response of the oocyte to exogenous FFA may seem unpredictable, when the energetic condition is taken into
account and hence the level of glucose to which the oocyte is exposed, the response appears to be in line with the physiologic
response. This observation is definitely a research area that deserves attention in future experiments. It also indicates that it is
important to not solely focus on the effect of fatty acids, but to also consider the energetic condition in relation to the impact of fatty
acids on the oocyte. However, the present biological variation in oocytes from the same animal, in animals of the same species and
between distinct species, has to be taken into account as well as this may also result in a distinct response of individual oocytes in
comparable metabolic conditions (Sturmey et al., 2009).

Apart from taking the energetic condition and biological variation into account, it is also important to consider the time period
during which COCs are exposed to NEFA. Final maturation in cows takes around 22-24 h in the cow and this is also the time for in
vitro maturation during conventional IVP. Consequently, in most studies COCs are exposed to elevated NEFA concentrations during a
relatively short period of time compared to the in vivo time length of exposure of the oocyte to elevated levels of NEFA during
metabolic stress. One of the first attempts, as far as we know, to investigate the impact of NEFA on the follicle and its enclosed oocyte
during an extended period of time is performed by Valckx et al. (Valckx et al., 2014a, b). In this study murine studies follicles were
exposed to different NEFA conditions from the preantral stage onwards during 13 continuous days of culture. Exposure to conditions
of elevated levels of NEFA, either high levels of stearic acid, oleic acid or a mixture of NEFA, reduced the blastocyst and hatching rate
in the case of oleic acid, compared to the condition with a low basal level of NEFA (Valckx et al., 2014a, b). Whereas, there was only a
moderate effect of oleic acid on follicular growth. The in this study observed negative effect of long term exposure of the oocyte in the
follicle to oleic acid, is in sharp contrast to the moderate impact of exposure to high levels of oleic acid on the oocyte (Leroy et al.,
2005; Aardema et al., 2011). The distinct impact of oleic acid may partly be explained by the different species used for the studies,
murine versus bovine, or distinct media conditions like the inclusion of FBS. Nevertheless this study demonstrates that there is a need
for models that closely mimic the in vivo situation to improve our understanding of the impact of NEFA on the oocyte.

Interestingly, seasonal changes can also affect the fatty acid composition of the oocyte. Zeron et al., demonstrated that the lipid
composition of membranes of oocytes from Israeli Holstein cows shows seasonal variation containing a significantly higher level of
unsaturated fatty acids in winter compared to oocyte membranes in summer (Zeron et al., 2001). The increased amount of un-
saturated fatty acids during the winter period caused a AT of 6 °C in the melting temperature of membranes between summer and
winter analysed oocytes (Zeron et al., 2001). Unsaturated fatty acids lower the melting temperature of membranes, a phenomenon in
somatic cells to compensate for a reduced temperature, and to maintain membrane plasticity (Schumann, 2016). However an in-
triguing question is how the shift in the fatty acid composition in oocytes is realized. On the one hand, a distinct diet during the
summer and winter time may affect the supply of fatty acids and potentially the composition of the membranes. However, for
example additional grazing, resulting in a net higher intake of unsaturated fatty acids, is not applicable to the Israeli situation as cows
are kept indoors throughout the year. It remains intriguing how the fatty acid composition in the membrane is regulated, and
whether; 1) oocytes are self-regulatory in adapting the membrane composition of fatty acids or 2) another driver, like cumulus cells,
is involved in this process and 3) the basis for the fatty acid switch in membranes is depending on a food change or the outer
temperature. Certainly more studies are needed to unravel this phenomenon and to generate a better understanding about the
underlying mechanisms of fatty acid changes in the oocyte.

5. Maturing oocytes exposed to elevated NEFA levels remain developmentally competent

Oocytes derived from COCs that are exposed to saturated NEFA concentrations during final maturation have a, dose-dependent,
reduced competence to develop into a blastocyst (Aardema et al., 2011). Exposure to saturated NEFA levels results in increased
apoptosis in granulosa and cumulus cells (Mu et al., 2001; Leroy et al., 2005). The loss of functional cells may challenge the barrier
function of the cumulus cells and hence enlarge the impact of saturated NEFA on the oocyte. Interestingly, the dramatic impact of
saturated NEFA is counteracted by the simultaneous exposure to mono-unsaturated oleic acid (Aardema et al., 2011). The balancing
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presence of oleic acid in combination with elevated levels of saturated NEFA may explain the non-affected developmental compe-
tence of oocytes exposed to elevated levels of NEFA in vivo (Aardema et al., 2013). In particular, because the levels of oleic acid
appear to be relatively high in follicular fluid (Leroy et al., 2005; Aardema et al., 2013, 2015). The contrast in the response of the
oocyte on saturated and mono-unsaturated NEFA has also been observed for other cell types. In this respect, 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 easily stored and are primarily distributed towards lipid droplets,
whereas, saturated fatty acids alone are directed to apoptotic pathways in somatic cell types while in combination with mono-
unsaturated fatty acids storage in lipid droplets is more likely (Listenberger et al., 2003; Coll et al., 2008; Henique et al., 2010).
Cumulus cells indeed massively accumulate lipid when the relatively oleic acid rich NEFA levels in the follicular fluid are increased,
while the lipid composition in the oocyte remains unaffected (Aardema et al., 2013). Recent research showed that alpha-linolenic also
seems capable to prevent a lipotoxic impact by saturated NEFA on the oocyte. However, in contrast to oleic acid which, even until a
dose of 500uM, showed no negative impact on the oocyte, a concentration of 50uM alpha-linolenic is already toxic for the oocyte (W.
F. Marei et al., 2009; Aardema et al., 2011; W. F. A. Marei et al., 2017). All these findings point to a remarkably potent effect of oleic
acid in counteracting the negative impact of saturated NEFA on the oocyte and a broad area in which oleic acid concentrations are
safe for the oocyte.

6. Cumulus cells protect the oocyte against exposure to excessive NEFA levels

The lipid storage of excessive fatty acid levels in follicular fluid by cumulus cells during metabolic stress serves as a protection
mechanism for maturing oocytes (Aardema et al., 2013). Lipid storage in response to the exposure to mono-unsaturated fatty acids
has been observed in several somatic cell types and appears to be the main cause that mono-unsaturated NEFA counteracts the
potentially negative impact of saturated NEFA on cells, as these fatty acids are redirected from the apoptotic pathway and safely
stored in lipid droplets together with mono-unsaturated NEFA. Indeed, when COCs were exposed to elevated levels of NEFA, the
increased storage of fatty acids was dominated by oleic acid (Aardema et al., 2013). Another previously described option to prevent
the negative impact of fatty acids in the cell is to direct fatty acids towards 3-oxidation in mitochondria. For example, in skeletal
muscle an increase of B-oxidation activity was demonstrated in response to oleic acid (Henique et al., 2010). Hereby, carnitine-
palmitoyl-transferase-I (CPT-I) is the rate limiting enzyme for B-oxidation and it is involved in the transport of fatty acids into the
matrix of the mitochondria. Interestingly, cumulus cells do express CPT-I at relatively high levels (Dunning et al., 2010; Sanchez-Lazo
et al., 2014; Uzbekova et al., 2015), which may protect the oocyte against potentially toxic NEFA, but the concept whether increased
B-oxidation in COCs in the presence of elevated levels of NEFA protects the oocyte has not been tested, as far as we know. However,
our group showed that elevated levels of in particular saturated NEFA appear to increase the level of ROS in the oocyte (Lolicato
et al., 2015). An interesting recent review proposes that a balance in pyruvate and fatty acid oxidation is crucial in oocytes and
contributes to the maintenance of a desired low ROS level in the oocyte (Bradley and Swann, 2019). To this end, this is certainly an
important field for future research.

Recently an alternative option for protection of the oocyte by cumulus cells has been elucidated, desaturation of potentially toxic
saturated fatty acids into mono-unsaturated fatty acid (Aardema et al., 2017). The key enzyme responsible for the conversion of
saturated stearic acid into mono-unsaturated oleic acid, by the formation of a double carbon bond at the A9 position of saturated fatty
acid, is stearoyl-CoA desaturase (SCD). In cumulus cells both mRNA and protein are expressed, while SCD was not detectable in
oocytes (Aardema et al., 2017). SCD activity in cumulus cells appears to be of crucial importance to protect the oocyte against the
exposure to fatty acid stress. Specific inhibition of the SCD enzyme in the presence of saturated stearic acid reduced the develop-
mental competence of the oocyte to a similar extent, as exposure of denuded oocytes to saturated stearic acid (Aardema et al., 2017).
This finding indicates that SCD activity in cumulus cells and hence the consequent conversion of potentially toxic saturated fatty acid
into mono-unsaturated fatty acid, with an in general moderate impact on cells, is a prominent factor in the protection mechanism of
the oocyte against fatty acid stress (see also Fig. 1). 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). Cumulus cells thus appear to be of fundamental importance for the protection of the
oocyte in a lipid rich environment.

The composition of mono-unsaturated free fatty acids in follicular fluid may be related to SCD activity in granulosa and cumulus
cells, and needs further investigation. It appears that SCD expression, and thus the potency of desaturation of fatty acids, is also
strongly related to the fatty acid composition and in particular the presence of mono-unsaturated fatty acids in milk (Garnsworthy
et al.,, 2010; Bouwman et al., 2011; Rincon et al., 2012). The hypothetical situation that SCD expression and the free fatty acid
composition of follicular fluid are related is intriguing and may have important implications for the resilience of the dairy cow to a
NEB and hence on the fertility performance of individual cows. A relationship between SCD and fertility is of particular interest
because it has been documented that the SCD activity varies among individual cows (Soyeurt et al., 2008; Garnsworthy et al., 2010).

7. The consequence of a NEB on fertility in practice

When the timing of insemination is considered in line with the preceding information, one may realize that under normal
conditions cows will not be inseminated during the period of NEB. In general cows are inseminated at the earliest around 50-60 days
postpartum i.e. after the severest period of metabolic stress. This timing implies that the peri-ovulatory follicle and its oocyte are not

exposed to elevated levels of circulating NEFA at the final stage of their development, while most research so far focuses on the

134



H. Aardema, et al. Animal Reproduction Science 207 (2019) 131-137

A.CD36,

Uptake of fatty acid

E.SCD-1 ”'&;ic

e
&3

K
4‘,5?0
’s.

y
Desaturase of saturated fatty acid

B. FABP

»

Transport fatty acid with FABP
via gap junctions

D.Cumulus cell

@y

Massive lipid storage in
cumulus due to high NEFA levels

Coated with PAT proteins

for stabilization \

Fig. 1. The response of the cumulus-oocyte-complex to fatty acids.

External fatty acid from the follicular fluid can be taken up by cumulus cells via CD36 (A). The exchange of fatty acids between cumulus cells and the
oocyte appears to occur via gap junctional transport with fatty acid binding proteins (FABP, B). In the oocyte fatty acids can be stored in lipid
droplets, coated by PAT proteins (C). Elevated levels of NEFA in follicular fluid result in a massive storage of fatty acids in the lipid droplets of
cumulus cells (D), and together with the conversion of potentially toxic saturated fatty acids in harmless mono-unsaturated fatty acids by SCD-1
activity in cumulus cells (E) and protects the oocyte against lipotoxicity.

impact of NEFA during this final maturation stage. Furthermore, at the final stage of maturation, oocytes seem to be fairly well
protected against elevated NEFA levels by the oleic acid enriched follicular fluid and the protection by cumulus cells (Aardema et al.,
2011, 2013; Aardema et al., 2017). To investigate the potential impact of metabolic stress during the early postpartum period on the
fertility of the cow we need to focus on a different period during follicular development, being the early stages of follicular growth
and development. The entire growth phase of the follicle, i.e. from the recruitment of the primordial follicle until the pre-ovulatory
follicular stage, takes around 90-100 days in the cow (Britt, 1992). This indicates that the oocyte candidate to be fertilized, at the due
insemination period of the cow post-partum, was exposed to the NEB months before and as a consequence developed during a phase
of elevated levels of NEFA in the early weeks post-partum. At the start of follicular development, in the early follicular growth phase,
the follicle contains only one single layer of granulosa cells surrounding the oocyte, and the follicle gradually develops into a
structure that consists of several cell layers of theca, granulosa and cumulus cells during subsequent growth stages (Fair et al., 1997).
One may speculate that around the secondary follicular stage, at which stage follicles start to become more metabolically active,
follicles may be in particular prone to environmental changes and to metabolic stress (Fair et al., 1997). The previously shown
necessity of a vital cumulus cell layer for protection of the oocyte triggers the question whether oocytes are protected against NEFA
when cumulus cells are lacking during the early stages of (preantral) follicular development (Aardema et al., 2013, 2017). Counting
backwards from the time of insemination of the cow, for example at day 70 post-partum, this indicates that these oocytes were fully
exposed to the NEB related metabolic stress effects during the early stages of follicle development where the buffering follicular fluid
and protecting cumulus cells were not yet present. Exposure of those early oocytes in pre-antral follicles to toxic reagents like
elevated levels of NEFA may result in oocytes of inferior quality at the time of fertilization, however it is extremely challenging to test
this hypothesis with experimental models. Nevertheless, Walters et al. (Walters et al., 2002) demonstrated that around 70 days post-
partum the quality of bovine oocytes derived from antral follicles that started their development during the NEB period, was reduced.
In an in vitro murine model, as mentioned earlier, it has been shown that NEFA exposure of follicles from the preantral stage onwards,
during 13 continuous days, results in oocytes with a reduced competence to develop into a blastocyst (Valckx et al., 2014a, b). These
studies provide evidence for the well-known Britt hypothesis, which states that the observed reduced fertility in cows experiencing a
NEB may result from a carryover effect via the oocytes exposed to metabolic stress during an early stage of follicular development
(Britt, 1992). However, an Irish study in which dairy and beef heifers were exposed to either energy restriction, to mimic the NEB, or
a control diet for 50 days preceding Al demonstrated a positive carry over effect of feed restriction on the pregnancy rates (Parr et al.,
2015). This study challenges the Britt hypothesis, as in this study the NEB and the induced metabolic changes and elevated FFA levels
were not related with a reduced fertility. Hopefully the potential effects of the NEB at an early stage of follicular development is
elucidated further in the near future. An indirect approach to investigate the proposed impact of a NEB status on oocyte growth and
hence quality during the early stages of follicular development may be via manipulations during the transition period of the cow, for
example by means of diets that are highly enriched with ‘encapsulated fatty acids’, fatty acids packed in for example calcium salts to
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overcome the biohydrogenation from unsaturated to saturated fatty acids in the rumen of the cow (Jenkins and Palmquist, 1984;
Nafikov and Beitz, 2007). It has been shown that fatty acids from the diet are reflected in the total fatty acid fraction, including the
fatty acids present in lipoproteins, of blood and follicular fluid (Wonnacott et al., 2010; Zachut et al., 2011). Many studies have
focused on the effects of feeding commercially available conjugated poly-unsaturated fatty acids, like linoleic (C18:2) and linolenic
acid (C18:3), with different aims including the improvement of fertility, with variable outcomes (Santos et al., 2008; Leroy et al.,
2014; Rodney et al., 2015, 2018). Ideally, future studies will investigate the effect of (dietary) fatty acid interventions on oocyte
quality during specifically the early stages of follicular development to generate better insight on the impact of metabolic changes
during the NEB on oocytes at early stages of development.

8. Concluding remarks

Metabolic stress during the period of NEB in dairy cows, characterized by elevated levels of circulating NEFA, in the early
postpartum period has been related with hampered fertility in cows. There appears to be a major difference in the impact of either
saturated, potentially toxic, and unsaturated NEFA on the developmental competence of the oocyte. Furthermore, during the final
stage of maturation both the relatively high oleic acid enriched follicular fluid and the protective mechanism of the cumulus cells
appear to protect the oocyte effectively against the undesired fatty acid stress. An enigma in literature exists on the potential effect of
elevated levels of NEFA on oocytes during earlier stages of follicular development. Whereas, the presumed candidate oocytes to be
inseminated in the near future are fully exposed to the NEB metabolic effects during their early start of their development, at a time
when protection by follicular fluid and cumulus cells is lacking. Future studies should focus on the potential impact of elevated levels
of circulating NEFA during the early stages of follicular development and elucidate more precise the proposed impact on fertility in
dairy cows under practical conditions.
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