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CHAPTER 1: GENERAL INTRODUCTION

1.

INTRODUCTION
The dairy industry is constantly evolving. To keep up with the population growth (+ 8.11 %

from 2007 – 2013), milk production is increasing worldwide (+ 9.92 % from 2007 – 2013 (CLAL,
2015)). Years of genetic selection on milk production have led to the modern high yielding dairy
cow that produces up to 10.000 kg milk per lactation (the period between 2 calvings) (CRV, 2015).
The number of Flemish (Northern part of Belgium) dairy farms is declining steeply (- 70 % from
2006 until 2013), whereas the number of dairy cows per farm is rising (+ 40 % from 2006 until
2013) with each cow producing up to 9 % more milk compared to 2006 (Maertens et al., 2015).
Since April 2015 (abolition of the milk quota), limitless milk production pushes Flemish farmers
to expand their herd sizes even more, possibly resulting in additional increased production, but
also managerial demands. Along with this continuously increasing milk production and with the
concomitant increased metabolic pressure, dairy cow fertility has been declining (Lucy, 2001,
Butler, 2003, Bousquet et al., 2004). The calving interval (the time between 2 subsequent calvings)
has increased with 30 days over the last 20 years (De Kruif, 2008, CRV, 2015). Since milk
production is most efficient (from a cost-benefit point of view) during the first weeks post-partum,
it is important to keep this calving interval as short as possible (Inchaisri et al., 2010, 2011). An
increased calving interval implies that more cows are required to produce the same amount of
milk within a dairy herd and that more replacement heifers (which are less efficient producers)
are needed to maintain herd size, which threatens the sustainability and profitability of the dairy
sector. Garnsworthy (2004) showed that optimization of fertility management is furthermore the
key for an acceptable ecological footprint of dairying. In addition, the optimal calving interval to
achieve a profitable dairy industry is estimated at 12 months (Inchaisri et al., 2011), which is 53
days shorter than the Flemish calving interval anno 2014 (418 days, CRV (2015)). It has been
calculated that improvement in conception rate would significantly benefit the profitability in the
dairy industry (Royal et al., 2000). As such, optimizing dairy cow fertility, without a decrease in
milk production, will safeguard the increasing demands of our growing population and will
guarantee the profitability and sustainability of the modern dairy industry.
The subfertility syndrome in modern dairy cows is a multifactorial problem in which not
only genetics and management, but also nutrition plays a crucial role (Chagas et al., 2007).
Substantial research has been performed on altering dairy cow nutrition in order to improve
fertility (Santos et al., 2010, Leroy et al., 2014). In recent years, optimum vitamin nutrition in the
dairy industry has gained more and more attention (for an overview, see: Calsamiglia and
Rodríguez, 2012). With fresh grass being the major source of dietary vitamins and/or
antioxidants (Ballet et al., 2000), it contributes significantly to the health and antioxidative status
of dairy cows. As expanding herd sizes outgrow the ‘grazing platform’ of a dairy farm, the dairy
- 13 -
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industry is evolved into zero-grazing systems (Reijs et al., 2013). This, together with the current
faster-growing dairy industry and higher-producing animals kept in more intensified dairying,
jeopardizes the cow its metabolic health (James, 2012) and might increase the incidence of
vitamin and antioxidant deficiencies in the dairy industry.
Peri-partum, the high yielding dairy cow undergoes important physiological, metabolic and
nutritional changes. During this so-called transition period (3 weeks pre-partum – 3 weeks postpartum), fetal demands are increasing, the mammary gland is rapidly developing and milk
synthesis initiates. The transition cow has a reduced dry matter intake and altered nutritional
requirements depending on its physiological state (dry period or early lactation). Dairy cows are
genetically programmed to prioritize nutrients in support of milk production (Coffey et al., 2004).
At this moment, basal homeostatic1 mechanisms are partially out of balance whereas
homeorhetic2 mechanisms are initiated to support basal physiological functions (Bauman, 2000).
In this context, energy intake does not compensate for the loss in energy via milk production and
cows enter a period of negative energy balance (NEB). Stored fat will be mobilized and fatty
acids will provide the cow with energy (Rukkwamsuk et al., 1999). This rapid mobilization of body
reserves goes along with the loss of body condition, which may in turn further reduce appetite
and thus dry matter intake (Vernon, 2005). These adaptations early post-partum are an incentive
for the occurrence of metabolic (ketosis, fatty liver, ruminal acidosis) and infectious (mastitis,
retained placenta, metritis) diseases and increase dairy cow susceptibility to heat stress and
suboptimal management (housing conditions (grazing or stalled), herd size, composition of the
ration (fresh grass, antioxidant intake), breeding strategy, see Fig. 1, p. 15) (for reviews, see: Roche
(2006) and Leroy et al. (2008b)). Furthermore, this period of increased metabolic stress is
associated with poor fertility (for reviews see: Leroy et al. (2008b) and Walsh et al. (2011)).
About half of the dairy cows suffer from a disturbed ovarian activity, with particular
reference to reduced estrous expression or anoestrus, cyst formation and delayed first ovulation
(Opsomer et al., 1998). High yielding dairy cows have disappointing conception rates (Bousquet
et al., 2004) and an increased incidence of early embryonic death is put forward as one of the
major causes of disappointing fertility (Bilodeau-Goeseels and Kastelic, 2003, Leroy et al., 2008c).
Reduced oocyte and embryo quality has been acknowledged as two of the main factors
responsible for subfertility in high yielding dairy cows (for review, see: Leroy et al. (2008c)).
Research in our laboratory has shown that the micro-environment of the maturing and
developing oocyte is altered by the metabolic health of the cow (Leroy et al., 2004a, Leroy et al.,
Homeostasis is a physiological process in which a biological system or living organism tends to reach a
steady state, hereby adjusting its internal environment until a static condition is reached.
2 Homeorhesis is a physiological process in which a biological system or living organism tends to maintain
a steady flow, hereby continuously adapting to a changing environment.
1
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2008c), influencing follicular growth and physiology (folliculogenesis), the acquisition of oocyte
developmental competence and the quality of the resulting embryo (see feed-back loop Fig. 1)
(Leroy et al., 2004b, Leroy et al., 2005, Leroy et al., 2011). More specifically, oxidative stress has
been put forward as one important mechanism responsible for the reduced bovine in vitro oocyte
and embryo quality (Van Hoeck et al., 2011, Van Hoeck et al., 2013). It has been shown that the
oocytes’ micro-environment can be altered by the diet (e.g. by nutritional strategies to improve
transition as reviewed by Leroy et al. (2008a)). Consequently, optimal vitamin and antioxidant
nutrition may alter the antioxidative capacity of the follicular fluid and influence oocyte quality.
In summary, it is well recognized that several factors such as genetic selection, management,
disease, dry matter intake, and diet (antioxidant intake) can influence maternal metabolic health
which in turn may alter the oocyte’s micro-environment or follicular fluid, potentially influencing
oocyte developmental competence and embryo quality in high yielding dairy cows. Consequently,
the following general hypothesis was put forward: the micro-environment of the preovulatory follicle in metabolically compromised mothers jeopardizes oocyte quality and
developmental potential. However, the antioxidative capacity of this follicular
environment can be improved via optimization of antioxidant feeding, which is a first
important step in developing strategies to improve oocyte quality.

Fig. 1. Factors influencing dairy cow metabolic health (with emphasis on antioxidant feeding) and their
consequences for dairy cow welfare, production, appetite, immune function, antioxidant status, longevity
and reproductive function (adapted from James (2012)). DMI = dry matter intake, AO = antioxidant,
∆ = alter
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2.

MAJOR FACTORS CONTRIBUTING TO SUBFERTILITY IN THE TRANSITIONING DAIRY COW
The pathogenesis of dairy cow subfertility is multifactorial and complex. Both endocrine as

well as metabolic disturbances hamper dairy cow fertility at different levels along the
reproductive axis (Robinson et al., 2006, Chagas et al., 2007, Leroy et al., 2008c, Dupont et al.,
2014), which can be aggravated by suboptimal nutrition (Leroy et al., 2008a).
2.1 ENDOCRINE FACTORS
A NEB status is known to hamper the well-orchestrated mechanism of follicular growth via
the hypothalamic-pituitary-ovarian axis (Lucy, 2001, Armstrong et al., 2002, Butler, 2003) causing
disturbances in endocrine signalling which lead to retarded resumption of and irregularities in
ovarian cyclicity post-partum (Opsomer et al., 1998). Lower insulin, insulin-like growth factor 1
and leptin as well as increased growth hormone are major endocrine pathways through which
follicular growth can be hampered in the NEB cow (for review see: Leroy et al. (2008c)). Moreover,
lactating cows have less estrogenic dominant follicles compared with non-lactating heifers.
Sufficient estrogen produced by the dominant follicle normally increases luteinizing hormone
(LH) pulse frequency, eliciting an LH surge leading to ovulation of the oocyte. As such, reduced
follicular estrogen leads to a prolonged follicular growth phase (Sartori et al., 2004). Circulating
progesterone is also reduced in high yielding dairy cows due to the NEB state (Sartori et al.,
2004). The higher plane of nutrition in lactating dairy cows post-partum increases estrogen and
progesterone metabolism in the liver, resulting in lower circulating hormone levels
(Sangsritavong et al., 2002). Taken together, this may explain the reduced dominant follicle
growth rate and thus delayed ovulation of a lower quality oocyte or even anovulation in high
yielding dairy cows (Diskin et al., 2003). Additionally, altered endocrine factors (estrogen,
progesterone, leptin, insulin, insulin-like growth factor 1) may also directly influence oocyte
quality (for reviews, see: Leroy et al. (2008c), Michalakis et al. (2013) and Laskowski et al. (2016)).
2.2 METABOLIC FACTORS
Besides to the well described endocrine imbalances leading to hampered follicular growth,
the underlying cause of poor oocyte quality and subsequent reduced embryo development has
been mainly attributed to a disturbed follicular micro-environment (Leroy et al., 2005, Leroy et
al., 2011). Furthermore, a suboptimal environment along the reproductive tract from oviduct to
uterus may hamper embryo development as well (for review see: Walsh et al. (2011)). Typical
post-partum metabolic changes in the serum (such as elevated non-esterified fatty acids, βhydroxy butyric acid, cholesterol, urea and reduced glucose) are well reflected in the microenvironment of the maturing oocyte (Leroy et al., 2004b) and can hamper oocyte quality directly
(Leroy et al., 2008c). In this context, elevated non-esterified fatty acids (NEFAs) have been of main
interest.
- 16 -
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Elevated NEFAs around parturition originate from fat mobilization in order to compensate
for the low energy available. The NEB state in early lactation is analogous to severe undernutrition
in which lactating cows typically lose 30 to 40 % of their initial lipid reserves (Chilliard et al.,
2000). The hormone sensitive lipase (HSL) is activated through reduced circulating insulin levels
(Holm, 2003), resulting in hydroxylation of stored triglycerides into glycerol and NEFAs. These
NEFAs will then be released in the blood stream (Drackley et al., 2001) and are reflected in the
follicular fluid (Leroy et al., 2004b) (see Fig. 4, p27). Extensive research exposing murine follicles
and bovine oocytes and embryos to elevated NEFA concentrations in vitro has shown that oocyte
and embryo developmental competence, quality, physiology, metabolism and epigenetic
pathways are affected (for detailed mechanisms, see: 4.1 ‘A non-esterified fatty acid pathway’,
p28) (for review, see: Van Hoeck et al. (2014)) (Valckx et al., 2014) (Desmet et al., In press).
Early post-partum, dairy cows also suffer from hypoglycaemia. Glucose is necessary for
proper

functioning

of

the

hypothalamic-pituitary-ovarian

axis,

which

orchestrates

folliculogenesis and oocyte ovulation (Bucholtz et al., 1996). As such, the main consequences of
low glucose concentrations for fertility are indirect. It has been shown that early lactating cows
that became pregnant at first insemination or cows with good genetic merit for fertility have
higher circulating glucose concentrations than cows that failed to become pregnant after first
insemination or cows with poor genetic merit for fertility (Garverick et al., 2013, Moore et al.,
2014). Regardless the fact that the acute hypoglycemic state in NEB cows primarily exerts an
effect at the hypothalamic level, direct ovarian effects of hypoglycaemia may be present (see
below) (Chen et al., 1992). The ovary relies on glucose as main energy source (Rabiee et al., 1997).
Glucose is readily available in the oocyte’s micro-environment and correlates well with blood
glucose levels (Leese and Lenton, 1990, Leroy et al., 2004a), albeit in concentrations up to 30 %
lower compared to blood glucose concentrations (Leroy et al., 2004a). Consequently, NEB
associated hypoglycemia is reflected in the follicular fluid and is able to jeopardize oocyte quality
and development (for detailed mechanisms, see: 4.2 ‘A glucose pathway’, p31) (Sutton-McDowall
et al., 2010). Increased concentrations of circulating NEFAs can also be metabolized by the liver
into ketone bodies such as β-hydroxy butyrate (BHB). Previous research has shown that
increased BHB together with low glucose, as present in subclinical ketosis, jeopardizes in vitro
bovine oocyte development (Leroy et al., 2006). However, nothing is known yet about the
combined effects of elevated NEFAs and low glucose concentrations on oocyte quality.
In addition, cattle also routinely experience substantial systemic oxidative stress (OS) as a
result of the high metabolic demands during transition (Bernabucci et al., 2005, Castillo et al.,
2005). To our knowledge, a direct association between increased OS levels in the blood of postpartum dairy cows and the success of artificial insemination has not been discovered yet (Celi et
- 17 -
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al., 2012). Nevertheless, increased systemic OS leads to lower circulating antioxidant levels
(Bernabucci et al., 2005), which in turn is associated with poor fertility in ruminants (Nayyar and
Jindal, 2010). Moreover, in vitro research exposing bovine oocytes to elevated NEFAs showed that
OS-related pathways are involved in the reduced oocyte quality observed (Van Hoeck et al., 2011,
Van Hoeck et al., 2013). In contrast to the bovine situation, the link between OS and poor fertility
has been extensively reviewed in women suffering metabolic disorders (e.g. obesity, type 2
diabetes, anorexia) (Agarwal et al., 2012). Reduced antioxidant intake and/or increased
production of reactive oxygen species (ROS) leads to OS, subsequently jeopardizing oocyte
maturation, steroidogenesis, ovulation, implantation, blastocyst formation and luteal
maintenance of pregnancy in women (for detailed mechanisms, see: 4.3 ‘An oxidative stress
pathway’, p38) (Ishikawa, 1993, Guerin et al., 2001). Taken together, there is increasing evidence
pointing towards the role of OS in subfertility in transitioning dairy cows, in which antioxidant
nutrition may play a crucial role.
2.3 NUTRITION
Any alterations in the diet, whether reduced or excess caloric intake or changed
composition of the diet, can be reflected in the micro-environment of the oocyte. Leroy et al.
(2008a) for example extensively reviewed the impact of starch-, fat- and protein-rich diets on the
follicular environment and the comprising oocyte. A balanced diet including sufficient nutrients,
minerals and antioxidant vitamins is essential for body growth as well as for normal reproductive
processes (Calsamiglia and Rodríguez, 2012). In this regard, optimal or deficient antioxidant
levels in the blood may be reflected in the follicular micro-environment, possibly influencing
oocyte quality and subsequent embryo developmental competence. To which extent optimal
antioxidant nutrition can contribute to the antioxidative capacity of the oocytes’ microenvironment is not investigated in detail yet.
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3.

FOLLICULAR ENVIRONMENT: THE LINK BETWEEN MATERNAL METABOLIC HEALTH AND
OOCYTE COMPETENCE

The micro-environment in which the oocyte grows and matures, the so-called follicular fluid
(FF), is an ultra-filtrate derived from the blood (Rodgers and Irving-Rodgers, 2010). The
composition of this FF is of high importance to ensure the acquisition of oocyte developmental
competence and subsequent embryo development and quality. Appropriate oocyte development
governs several critical steps in follicular growth and oocyte maturation (Krisher, 2004). In order
to comprehend how the altered maternal metabolic profile might influence oocyte developmental
competence and quality, a thorough understanding of the process of follicular growth
(folliculogenesis), oocyte maturation (oogenesis), communication between the oocyte and
follicle cells and follicle fluid formation is necessary.
Thanks to similarities among most mammalian species, animal models have been used to
understand human ovarian physiology and pathologies. In particular, bovine and human preimplantation reproductive physiology shows many similarities: from the process of
folliculogenesis, oogenesis and ovulation to hormonal control of estrous cycles, fertilization and
pre-implantation embryo development (for extensive reviews, see: Menezo and Herubel (2002)
and Adams et al. (2012)). As a consequence, the description of folliculogenesis, oogenesis and
follicle fluid formation holds true for most mammalian species including the cow.
3.1 FOLLICULOGENESIS
During the second week of embryonic development, primordial germ cells migrate to the
gonads. Once arrived, they differentiate into diploid oogonia that proliferate by means of mitosis.
Once meiosis is initiated, oogonia develop into primary oocytes arrested in prophase I (germinal
vesicle stage). These primary oocytes are surrounded by one layer of flattened follicle cells and a
basement membrane forming the primordial follicles. From sexual maturity on, a cohort of
follicles starts to grow during each cycle and will progress through different follicular
developmental stages (see Fig. 2, p21) (for review, see: Aerts and Bols (2010)).
With primordial follicle activation, the follicular cells surrounding the oocyte resume
mitosis and start to form one layer of cuboidal granulosa cells. These granulosa cells rest on a
basement membrane separating them from the surrounding stroma that will form the theca
folliculi in a later developmental stage (Young and McNeilly, 2010). This entity, comprising the
primary oocyte, surrounded by one layer of cuboidal granulosa cells is called a primary follicle
(Sadler, 2006, Aerts and Bols, 2010).
Follicles are called secondary when the oocyte is surrounded by a layer of glycoproteins,
called the zona pellucida, and two or more layers of granulosa cells. The surrounding stromal cells
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of the ovary differentiate into a theca interna and a theca externa. The stromal cells from the theca
interna transform into steroid producing cells, of which the androgens produced are subsequently
converted into estrogens by the neighbouring granulosa cells (Boron and Boulpaep, 2016). The
presence of follicle stimulating and luteinizing hormone (FSH, LH) receptors have been
documented from this follicular stage on (Tisdall et al., 1995, Aerts and Bols, 2010). However,
follicle dependence on gonadotrophins coincides with differentiation of granulosa cells in mural
and cumulus cell types in a later follicle stage (Richards, 2001). The follicle cells enclosing the
oocyte start to form cumulus cell process endings and cross the zona pellucida. They form
reciprocal gap junctions, allowing transport of small molecules including ions, amino acids,
pyruvate, glucose metabolites, nucleotides, glutathione (GSH) and other signaling molecules such
as cyclic adenosine monophosphate (cAMP) and purines between cumulus cells and the oocyte
(Ackert et al., 2001). This transfer of substances is crucial to sustain oocyte growth and maturation
(Tanghe et al., 2002, Van Soom et al., 2002). Conversely, oocytes also secrete factors that play
crucial roles in the regulation of folliculogenesis, granulosa and cumulus cell growth, cumulus
expansion, cell survival, steroidogenesis, metabolism and even ovulation (Gilchrist et al., 2004).
As a result, the oocyte is a major regulator of follicle growth and proper communication between
the oocyte and its surrounding cumulus cells is of high importance for the acquisition of
developmental competence of the oocyte (Krisher, 2004).
Finally, follicles will develop to the tertiary follicle stage: follicular fluid will accumulate
between the granulosa cells with the subsequent formation of an antrum-like cavity. This
follicular fluid becomes the micro-environment that sustains the growing oocyte with its
surrounding cumulus cells (cumulus-oocyte complex or COC) (Sutton et al., 2003b, Aerts and Bols,
2010) (for a detailed description of follicular fluid formation, see 3.3, p23). This tertiary follicle is
also called an antral follicle. Only one or a limited number of follicles will mature into dominant
follicles possibly due to increased LH responsiveness of the follicle (Fair, 2010). This will result
in one pre-ovulatory or Graafian follicle, ready to ovulate the oocyte into the oviduct. The total
time span from primordial to pre-ovulatory follicle development is estimated at 180 days in the
cow (Smitz and Cortvrindt, 2002, Aerts and Bols, 2010).
A thorough description of the hormonal regulation of follicular growth by gonadotropins
(gonadotropin releasing hormone, LH, FSH) is beyond the scope of this introduction. However, in
the pathogenesis of maternal metabolic disorders, ovarian regulation by the insulin-like growth
factor (IGF) system and the glucose-insulin system is of great importance.
The IGF system is particularly relevant for folliculogenesis and selection for dominance (for
review, see: Scaramuzzi et al. (2011)). Insulin growth factor-1 is mainly produced in the liver and
increases the sensitivity of small secondary and tertiary follicles to gonadotropins, initiating
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further follicular growth. Furthermore, IGF-1 stimulates theca cell steroidogenesis and the
proliferation and differentiation of granulosa cells in vitro. Because of its profound effects on
folliculo- and steroidogenesis, IGF activity within the follicle needs to be tightly controlled. Most
of IGF-1 in the FF is derived from blood, but intra-follicular IGF activity is regulated locally by
intra-ovarian IGF binding proteins. When bound to these binding proteins, IGF is prevented from
binding to its receptor and cannot elicit any effect. Concentrations of follicular IGF binding
proteins decrease throughout follicular growth, allowing further development (Scaramuzzi et al.,
2011).
The follicle has a complete and functional glucose-insulin system comprised of the
necessary insulin receptors and phosphatases, kinases and proteins involved in insulin action. The
presence of the glucose transporter type 4 (GLUT4) in cumulus cells suggests a role of insulinmediated glucose uptake (Nishimoto et al., 2006). The insulin-glucose system has a role in
maintenance of cellular health and integrity throughout the body, but has also been shown to be
implicated in granulosa and theca cell functions. In this context, interrupted insulin signaling can
hamper folliculogenesis in mice (Scaramuzzi et al., 2011). Moreover, insulin is important in
ovarian steroidogenesis, it up-regulates IGF-1 receptors in the ovary, it inhibits the production of
specific IGF binding proteins and it potentiates the effects of gonadotropins (for reviews, see:
Poretsky et al. (1999) and Dupont and Scaramuzzi (2016)). As such, appropriate insulin levels are
crucial for ovarian function. Other metabolic and nutritional factors, like leptin, ghrelin,
adipokines and growth hormone, are also important for folliculogenesis, but a detailed
description is beyond the scope of this introduction (for details, see: Dupont et al. (2014)). In
conclusion, NEB-associated metabolic alterations in circulating insulin, glucose and IGF might
have major impact on the developing oocyte.

Fig. 2. Folliculo- and oogenesis (based on Collado-Fernandez et al. (2012))
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3.2 OOGENESIS
During the follicular developmental stages, the oocyte enclosed by the follicle cells needs to
grow and mature likewise. From the primordial follicle stage on, the bovine oocyte is arrested in
the first meiotic prophase (germinal vesicle). In cattle, oocyte growth mainly proceeds up to the
early antral follicular phase (several weeks to months). From the secondary follicle stage on, the
oocyte is transcriptionally active and intensively accumulates messenger RNA, ribosomes and
proteins, which is crucial to later development. By the time the bovine tertiary follicle reaches
2 – 3 mm and the corresponding oocyte 110 µm in diameter, the oocyte becomes transcriptionally
quiescent. As the size of the so-called dominant follicle approaches its maximum (± 15 mm), the
oocyte lipid content increases and relocation and structural changes of organelles takes place
within the oocyte. These changes occur before the LH surge and are termed pre-maturation or
capacitation of the oocyte (several days). With the LH surge, the dominant follicle continues to
grow and final oocyte maturation is initiated (takes several hours) (for reviews, see: Mermillod
et al. (1999), Fair (2003) and Aerts and Bols (2010)). Cytoplasmic maturation of the oocyte
includes a further increase in lipid content, reorganization of organelles and the acquisition of
mechanisms for sperm penetration and decondensation of the sperm chromatin. Under
endocrine, mural granulosa, theca and oocyte inputs, cumulus cells surrounding the oocyte in the
antral follicle expand, gap junction proteins become phosphorylated and connexins that assemble
gap junctions are down-regulated (for review, see: Russell and Robker (2007)). As a result,
cumulus cells cease their cytoplasmic connections with the oocyte and any transport between
both cell types will be discontinued, initiating final nuclear maturation (for review, see: Tripathi
et al. (2010)). Next to the transfer of metabolites (glucose, pyruvate, amino acids) (Matzuk et al.,
2002) and transcripts (Macaulay et al., 2016) necessary for proper oocyte development, an
important signaling molecule that is interrupted from passing through the gap junctions towards
the oocyte is cAMP. Elevated levels of cAMP will prevent the oocyte from resuming meiosis and
thus retraction of the cumulus process endings will cause a drop in intracellular cAMP in the
oocyte, initiating resumption of meiosis I (germinal vesicle breakdown), the extrusion of the first
polar body and the progression to and arrest in metaphase II until fertilization (for detail
description, see: Russell and Robker (2007)). These final maturation processes allow the oocyte
to successfully resume and complete meiosis once fertilized and allows subsequent successful
embryo development (Ferreira et al., 2009).
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3.3 FOLLICULAR FLUID FORMATION
Follicular fluid is an ultra-filtrate derived from blood flowing through capillaries in the theca
folliculi. In order for the FF to form, fluid from the capillaries in the theca need to cross the socalled ‘blood-follicle barrier’ composed of: endothelium, the subendothelial basal lamina, the
thecal interstitium, the follicular basal lamina or basement membrane, and the mural granulosa
cell layer (Rodgers and Irving-Rodgers, 2010) (Fig. 3). The thecal capillary network develops and
expands as the follicle grows. Interestingly, blood vasculature can differ among follicles of
different quality (Acosta, 2007) and among follicles containing oocytes of different quality (Huey
et al., 1999) possibly affecting the presence of molecules and substrates (such as e.g. glucose,
insulin, antioxidants) in the FF (Schweigert and Zucker, 1988, Landau et al., 2000).
The composition of the FF is similar to serum with respect to low-molecular-weight
molecules (Gosden et al., 1988). Molecular sizes > 100 kDa are not able to cross the blood-follicle
barrier, leading to lower follicular protein concentrations compared with plasma (Shalgi et al.,
1973). Vice versa, follicular molecules > 100 kDa produced by oocytes or granulosa cells cannot
cross this barrier towards the blood either, hereby establishing an osmotic gradient. It is
suggested that production of hyaluronan and versican (large extracellular matrix proteoglycan)
by granulosa cells is mainly responsible for the osmotic force drawing fluid towards the follicular
antrum (Rodgers and Irving-Rodgers, 2010). The only transport proteins for lipophilic substances
small enough (< 100 kDa) to cross the blood-follicle-barrier and to be present in FF are high
density lipoproteins (HDL, 95 kDa) or albumin (± 69 kDa) (Le Goff, 1994, Zhou et al., 2007), which
leads to lower follicular levels of cholesterol, fatty acids and other fat soluble blood components.

Fig. 3. Presentation of a dominant pre-ovulatory follicle (adapted from Valckx (2015))
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It is clear that the process of folliculogenesis and oocyte maturation until the point of
ovulation is a well-controlled and balanced process. Any alterations in this tightly regulated
process can have consequences for oocyte quality, subsequent embryo developmental
competence and even post-natal health (Britt, 1992). As FF is derived from the blood, many blood
components are reflected in the FF and thus alterations in the diet or an altered metabolic profile
can influence the composition of the FF with possible consequences for oocyte quality and
developmental competence.
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4.

PATHWAYS LEADING TO REDUCED OOCYTE QUALITY
Follicles and oocytes use a multitude of energy substrates, provided by the maternal micro-

environment or FF, to sustain growth and development (Collado-Fernandez et al., 2012).
Consequently, this also makes them vulnerable to any alterations of available nutrients or
substrates in the micro-environment. As described above, these alterations can originate from an
altered metabolic profile in mothers suffering from metabolic disorders such as the NEB cow early
post-partum. In addition, the prevalence of metabolic disorders commonly occur in humans as
well (e.g. obesity, type 2 diabetes) (World Health Organisation. Diabetes. Fact sheet N°312, 2016,
World Health Organisation. Obesity and overweight. Fact sheet N°311, 2016). Thanks to the
similarities between bovine and human reproductive physiology (for reviews, see: Menezo and
Herubel (2002) and Adams et al. (2012)), much knowledge on the relationship between maternal
metabolic disorders in women and subfertility has become available by studying the subfertility
problem in animal models including the NEB cow (Langbeen et al., 2015, Leroy et al., 2015).
However, the etiology between bovine and human metabolic disorders may differ significantly
(Fig. 4, p. 27), as well as the metabolic profile reflected in the follicular fluid which subsequently
jeopardizes oocyte and embryo quality. As a consequence, the pathways leading to reduced oocyte
quality are described for both cows suffering from a NEB as well as for women suffering from
metabolic disorders.
The HSL in NEB cows is activated through low insulin levels as a result of low circulating
glucose concentrations (see 2.2 Metabolic factors, p. 16 and Fig. 4, p. 27). In contrast, metabolic
disorders such as obesity and type 2 diabetes are associated with hyperglycemia (as a result of
increased glucogenic diets), causing increased β-cell insulin secretion and thus hyperinsulinemia
(Zhang et al., 2010). Continuously elevated circulating insulin lowers cellular responses to normal
insulin concentrations. This insulin resistant state leads to activation of the HSL resulting in
increased lipolysis and elevated circulating NEFA concentrations (Holm, 2003). Reduced insulin
sensitivity in turn leads to even higher circulating glucose concentrations (for reviews, see:
Bohler et al. (2010) and Bergman and Ader (2000)). Other metabolic alterations include
cholesterol, triglycerides, insulin and insulin growth factor 1, but a detailed description of these
factors is beyond the scope of this thesis.
Clear associations exist between metabolic disorders and oxidative stress. Factors such as
dyslipidemia, insulin resistance, glucose intolerance, altered endocrine profiles, etc. contribute to
cellular dysfunctions and redox imbalance. This pro-oxidative environment leads to damaged
biomolecules and cells, causing tissue dysfunction and in turn contributing to metabolic disease
(for review, see Rani et al. (2016)). In addition, oxidative stress plays a causative role in insulin
resistance in humans suffering from diabetes (Henriksen et al., 2011). Moreover, a recent study
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in periparturient dairy cows also demonstrated associations between oxidative stress and insulin
sensitivity parameters (Abuelo et al., 2016). Similar to NEB cows, obese and diabetic women suffer
from increased systemic oxidative stress (Baynes and Thorpe, 1999, Castillo et al., 2005, Nasiri
et al., 2015), which has been associated with subfertility in women suffering metabolic disorders
(Michalakis et al., 2013).
The impact of the most important metabolic alterations associated with metabolic disorders
on follicle cells, oocytes and embryos are shown in Table 1. Specific pathways to reduced oocyte
and embryo developmental competence and quality in mothers suffering from metabolic
disorders will be described below, with particular interest in the physiological relevance and
pathophysiological consequences of altered concentrations of NEFAs and glucose, but also OS (see
Fig. 4).
Table 1. Direct effects of the main metabolic alterations associated with metabolic
disorders on follicle cells, oocytes and embryos
ALTERATIONS

DIRECT EFFECT ON

REFERENCE

↑ NEFA

Follicle cells

Van Hoeck et al. (2014)

Cumulus-oocyte complex
Embryo
↑↓ GLUCOSE

Cumulus-oocyte complex

Sutton-McDowall et al. (2010)

Embryo

Doblado and Moley (2007)

↑ BHB + ↓ GLUCOSE

Cumulus-oocyte complex

Leroy et al. (2006)

↑ UREA

Cumulus-oocyte complex

Leroy et al. (2008c),
Leroy et al. (2008a)

↑↓ INSULIN / IGF

Cumulus-oocyte complex

Laskowski et al. (2016)

Embryo
↑ OS

Cumulus-oocyte complex
Embryo
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Fig. 4. Major pathways leading to reduced oocyte and embryo quality discussed in this thesis (based on Valckx (2015))
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4.1 A NON-ESTERIFIED FATTY ACID PATHWAY
4.1.1

NON-ESTERIFIED FATTY ACIDS IN THE OOCYTE MICRO-ENVIRONMENT

Two main sources provide increased NEFA levels in the blood: the diet or upregulated
lipolysis of adipose tissue through the action of HSL (Fig. 4, p. 27) (Van Hoeck et al., 2014).
Dietary lipids are transported in the lymphatic system by chylomicrons, after which they
are released in the blood stream. In the circulation, they react with lipoprotein lipase, yielding
lipoprotein precursors which can be taken up by the liver. Lipoproteins of different sizes (VLDL,
LDL, HDL) containing triglycerides, cholesterol, phospholipids and proteins are released from the
liver into the circulation and transport triglycerides throughout the body. Via lipoprotein lipase
action (stimulated by insulin) at the endothelial surface, hydroxylation of triglycerides occur and
glycerol and NEFAs are released after which they can enter the target cells (for reviews, see:
Kwiterovich Jr (2000) and Lopaschuk et al. (2010)).
In the context of metabolic disorders, we predominantly focus on the elevated circulating
NEFAs originating from adipose tissue. The HSL can be activated through reduced circulating
insulin or reduced insulin sensitivity associated with metabolic disorders. Other factors activating
HSL are elevated catecholamines, growth hormone and estrogen and reduced testosterone (for
review, see: Van Hoeck et al. (2014)). Non-esterified fatty acids are released from the adipose
tissue and enter the circulation, where they are mainly bound to albumin to facilitate transport
(Chung et al., 1995, Salway, 1999). In general, albumin bound NEFAs can be taken up by means of
an albumin receptor at the cell surface or they can passively diffuse into e.g. follicle cells. Nonesterified fatty acids can reach the oocyte via the FF and can be taken up by follicle cells and/or
oocytes. Detailed mechanisms of cellular uptake and intracellular trafficking of NEFAs is
thoroughly reviewed by McArthur et al. (1999).
Leroy et al. (2004b) clearly showed a reflection of the blood NEFA profile in the FF in postpartum dairy cows, albeit in concentrations being ± 40 % lower in FF (Leroy et al., 2005). Similar
correlations between serum and follicular fatty acid composition have recently been reported in
women suffering metabolic diseases as well (Robker et al., 2009, Valckx et al., 2012) (Table 2,
p32).
4.1.2

PHYSIOLOGICAL RELEVANCE OF NON-ESTERIFIED FATTY ACIDS

Non-esterified fatty acids in general are pivotal substrates for normal cellular functioning
via several mechanisms (Sturmey et al., 2009b, Dunning et al., 2010) (see Fig. 5, p37).
Intracellularly, NEFAs are converted to acyl-CoA, bound to L-carnitine and taken up in the
mitochondria by carnitine palmitoyl transferase 1B (CPT1B) and 2 (CPT2) at the outer and inner
mitochondrial membrane, respectively. Subsequently, acyl-CoA enters the β-oxidation and
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generates multiple acetyl-CoA molecules, which then serve as a substrate for the tricarboxylic
acid cycle and oxidative phosphorylation generating cellular energy. Up to 106 ATP molecules
can be generated from the complete oxidation of one palmitate molecule (C16:0), providing the
oocyte a lot of energy for oocyte maturation (Sturmey et al., 2009b). Non-esterified fatty acids can
also be converted to triglycerides again, causing lipid droplet accumulation in the oocyte and
cumulus cells (Collado-Fernandez et al., 2012). Acetyl CoA, a metabolite of NEFAs, can be used as
a substrate for phospholipid synthesis (cell membrane biogenesis) or cholesterol synthesis,
which in turn can lead to steroid production (see Fig. 5). Specific NEFAs (namely arachidonic
acid or other C20 poly-unsaturated fatty acids) can be converted to eicosanoids and play an
important role in cell signaling as precursors of prostaglandins, leukotrienes, thromboxanes and
others (McArthur et al., 1999).
Non-esterified fatty acids play an essential role in the acquisition of oocyte developmental
competence and early embryo survival as proven by β-oxidation inhibition studies in oocytes and
embryos (Dunning et al., 2010, Paczkowski et al., 2013). Furthermore, supplementing L-carnitine
during murine in vitro follicle culture and oocyte maturation improved fatty acid β-oxidation,
significantly enhancing oocyte development (Dunning et al., 2010). However, bovine and porcine
oocytes did not display any difference in development when β-oxidation was inhibited during in
vitro oocyte maturation (Sturmey et al., 2006, Van Hoeck et al., 2013), indicating that adaptive
alternative pathways might be activated.
4.1.3

PATHOPHYSIOLOGICAL CONSEQUENCES OF INCREASED NON-ESTERIFIED FATTY ACIDS

The effects of fatty acids in general on reproductive function have often been investigated
using dietary fatty acid supplementation experiments in vivo. These experiments have shown that
dietary fatty acids can change follicular growth, ovarian activity, corpus luteum function and the
follicular and uterine environment. Via this changed oocyte micro-environment, dietary fatty
acids can negatively affect reproductive function at the oocyte and embryo level (for review, see:
Leroy et al. (2014)). However, numerous studies revealed no or even positive effects of dietary
fatty acids on oocyte and embryo development and quality dependent on the type (saturated
and/or unsaturated) and quantity of fatty acids fed (for review, see: Leroy et al. (2014)).
Non-esterified fatty acids originating from increased lipolysis show cytotoxic effects on
somatic cells such as pancreatic β-cells (Cnop et al., 2001), leydig cells (Lu et al., 2003), nerve
growth factor differentiated cells (Ulloth et al., 2003) and hepatocytes in vitro (Wu and
Cederbaum, 2000). They can also exert a negative effect at the level of the ovary (Kruip and Kemp,
1999). Several in vitro studies have unraveled mechanisms by which elevated NEFAs negatively
impact fertility. Elevated NEFAs (combination of saturated palmitic (C16:0), saturated stearic
(C18:0) and/or unsaturated oleic acid (C18:1)) alter the viability and steroidogenesis of bovine
- 29 -

CHAPTER 1: GENERAL INTRODUCTION
granulosa- and theca cells in vitro (Vanholder et al., 2005, Vanholder et al., 2006). In this study,
estrogen production was stimulated by elevated NEFAs and proliferation of granulosa cells was
inhibited possibly due to increased apoptosis. Mu et al. (2001) also showed that saturated fatty
acids (palmitic and stearic acid) induce apoptosis in human granulosa cells in vitro. Interestingly,
arachidonic acid (n-6 poly unsaturated fatty acid) protected these granulosa cells from saturated
fatty acid-induced apoptosis. In line with this it has been shown that unsaturated fatty acids (oleic
acid) might be able to prevent detrimental effects of saturated fatty acids in bovine oocytes in vitro
(Aardema et al., 2011). In contrast, Jorritsma et al. (2004a) did not find any effect of elevated NEFA
concentrations (unsaturated oleic acid) on progesterone production, but did report a reduced cell
proliferation of bovine granulosa cells in vitro. Van Hoeck et al. (2013) could show that elevated
NEFAs (combination of saturated palmitic, saturated stearic and unsaturated oleic acid) during in
vitro maturation of bovine COCs during the final phase of maturation caused remarkable
differences in gene expression profiles in the cumulus cells surrounding the oocyte. In particular,
genes involved in redox regulation were downregulated in NEFA exposed cumulus cells (Van
Hoeck et al., 2013). Since cumulus cells have an important role in safeguarding the oocyte from
e.g. damage induced by ROS by providing sufficient GSH to the oocyte (Geshi et al., 2000), the
altered cumulus gene expression could lead to impaired oocyte quality. Moreover, in vitro NEFA
exposed bovine cumulus cells showed increased apoptosis (Leroy et al., 2005).
Elevated NEFA concentrations also affect bovine oocyte maturation in vitro (Jorritsma et
al., 2004a). Valckx et al. (2014) were the first to show that elevated NEFAs during in vitro murine
follicle growth altered follicle physiology and reduced the developmental competence of the
oocyte. Oocytes actively take up and metabolize NEFAs, hampering oocyte quality. However, the
unsaturated oleic acid improved oocyte developmental competence and could counteract the
negative effects of elevated saturated fatty acids (Aardema et al., 2011). This might be explained
by the increased lipid storage mediated by oleic acid, shunting away the harmful saturated fatty
acids and thus creating a cytoprotective mechanism (Diakogiannaki et al., 2007). Gene expression
analysis pointed out that genes related to redox regulation were also differentially expressed in
NEFA-exposed oocytes, and not only in the surrounding cumulus cells (Van Hoeck et al., 2013).
This strongly suggests that elevated NEFA concentrations alter the redox status in COCs,
which could be related to the observed reduced oocyte quality and development and
altered embryo physiology (Van Hoeck et al., 2011, Van Hoeck et al., 2013).
Even in the subsequent blastocysts, genes involved in de novo DNA methylation,
metabolism, fatty acid synthesis, mitochondrial biogenesis and growth, but also OS were
identified as contributors to the NEFA-induced reduction in embryo development (Van Hoeck et
al., 2011, Van Hoeck et al., 2013). Blastocysts originating from in vitro NEFA-exposed oocytes
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showed decreased oxygen, pyruvate and glucose consumption, while lactate consumption was
increased. This indicates a reduced oxidative metabolism or oxidative phosphorylation in these
blastocysts (Van Hoeck et al., 2011), shunting NEFAs towards lipogenesis pathways as evidenced
by the increased blastocyst intracellular lipid droplets (Van Hoeck et al., 2013). Valckx et al.
(2015) showed that long term exposure of murine early pre-antral follicles to elevated NEFA
concentrations resulted in blastocysts with an altered metabolism. These metabolic changes in
pre-implantation embryos may have repercussions for the metabolic health of the offspring
(Developmental Origin of Health and Disease or DOHaD principle), as shown by Jungheim et al.
(2011), who found that pre-implantation exposure of mouse embryos in vitro to elevated
saturated NEFAs resulted in fetal growth restriction followed by catch-up growth in the offspring.
4.2 A GLUCOSE PATHWAY
4.2.1

GLUCOSE IN THE OOCYTE MICRO-ENVIRONMENT

Several glucose transporters (GLUT 1, 3 and 4) have been detected in bovine follicles
(Nishimoto et al., 2006). As such, glucose easily crosses the blood-follicle barrier towards the FF
in concentrations matching blood glucose levels (Leese and Lenton, 1990) or up to 30 % lower
compared to circulating glucose concentrations (Leroy et al., 2004a). Negative energy balance
cows suffer from hypoglycaemia with circulating and follicular glucose concentrations being
approximately 2.8 mM or lower (Leroy et al., 2004b, Leroy et al., 2006) (Table 2). Significant
differences in glucose concentrations in FF of different follicles from the same animal have been
detected, implying some local regulation mechanism of available glucose. Glucose concentrations
are reported to be higher in larger follicles and highest in pre-ovulatory follicles (Leroy et al.,
2004a). In addition, intra-follicular glucose increased following an ovulatory stimulus (for review,
see: Dupont and Scaramuzzi (2016)).
In contrast to cows, women with metabolic disorders suffer from hyperglycaemia with
glucose concentrations in serum and follicular fluid around 4 mM in obese individuals (Robker et
al., 2009, Valckx et al., 2012) and possibly reaching up to 7 mM or higher in diabetic patients
(American Diabetes Association. Diagnosis and Classification of Diabetes Mellitus, 2010) (Table
2). Consequently, these altered follicular glucose concentrations (too high or too low) can have
repercussions for the developing oocyte (see p. 34).
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Table 2. Serum and follicular NEFA and glucose concentrations in cows and humans under physiological
and pathological conditions

NEFA

GLUCOSE

COW

COW

HUMAN

HUMAN

SERUM

FF

SERUM

FF

Phys

200 µM 1

100 – 300 µM 2

200 – 600 µM 3,4

300 µM 3

Path

400 – 1200 µM 1

200 – 600 µM 2

400 – 2000 µM 3,5

300 µM 3

Phys

3.1 mM 6,a

3.1 mM 6,a

4.1 mM 3

3 mM 3,7

Path

1.4 – 2.8 mM 6,b

1.4 – 2.8 mM 6,b

4.1 mM 3,c – 10 mM d

3.0 – 4.1 mM 3,7,c
≥ 7 mM e

Phys = physiological; Path = pathological; FF = follicle fluid; 1 Meyer (1983), 2 Leroy et al. (2005), 3 Valckx et al. (2012),
4 Wolever et al. (1995), 5 Reaven et al. (1988), 6 Leroy et al. (2004b), 7 Robker et al. (2009), a Later (20 – 46 days) postpartum, b Early (14 days) post-partum, c Women with a body mass index ≥ 30 kg/m², d Women with type 2 diabetes, e
Follicular glucose concentrations in diabetic individuals are not available, but probably reaching up to 7 mM and higher
since they match with serum glucose.

4.2.2

PHYSIOLOGICAL RELEVANCE OF GLUCOSE

Glucose can be metabolized through different pathways to provide the oocyte and cumulus
cells with substrates for different cellular processes (see Fig 5, p35):
1) Providing energy, NADH and pyruvate or lactate through glycolysis and the tricarboxylic
acid cycle;
2) Providing reducing agents (NADPH and GSH, which can be of importance in OS relief) and
nucleic acid precursors through the Pentose Phosphate Pathway;
3) Protein glycosylation and the synthesis of hyaluronic acid for cumulus cell expansion via
the Hexosamine Biosynthetic Pathway;
4) Providing sorbitol and fructose, whose roles remain largely unknown, via the Polyol
Pathway (for review see: Sutton-McDowall et al. (2010)).
Glucose metabolism is crucial for oocyte maturation and subsequent development until the
blastocyst stage (Sutton-McDowall et al., 2010). Despite the presence of facilitative glucose
transporters 1, 3 and 8 in oocytes (GLUT1, 3, 8), oocytes have a poor capacity to metabolize
glucose (Biggers et al., 1967) and thus rely on their supporting cumulus cells to utilize the glucose
provided (for review, see: Sutton-McDowall et al. (2010)). Cumulus cells provide energy
substrates such as pyruvate and lactate to the oocyte (Leese and Barton, 1985), but also a major
amount of GSH precursors and GSH itself (de Matos et al., 1997). As such, an intense bi-directional
communication between the oocyte and its surrounding cumulus cells is pivotal for oocyte
survival and proper development until the blastocyst stage (Collado-Fernandez et al., 2012).
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The cumulus cells express an additional insulin-sensitive glucose transporter (GLUT4), so
that the uptake of glucose is mainly reliant on insulin and insulin-like growth factor levels
(Charron et al., 1989). Insulin plays a major role in the regulation of not only glucose, but also fat
and protein metabolism. As previously described, insulin is of great importance for
folliculogenesis and oocyte development (for reviews, see: Poretsky et al. (1999) and Dupont and
Scaramuzzi (2016)). After binding to its receptor, two main insulin signaling pathways (PI3K/Akt
and MAPK pathway, for details see: Dupont and Scaramuzzi (2016)) are implicated in a multitude
of ovarian functions: cell growth, proliferation and differentiation, cell survival and cycle
progression, the maintenance of a quiescent pool of primordial follicles, the survival of primordial
follicles, folliculogenesis, gene expression in the follicle, resumption of oocyte meiosis, ovulation,
expansion of cumulus cells and disruption of gap junctions, potentiation of LH and FSH functions
and steroidogenesis, etc. In addition, insulin exerts anti-apoptotic effects via intracellular
signaling of the anti-apoptotic Bcl-2 death promotor protein (for reviews, see: Poretsky et al.
(1999) and Dupont and Scaramuzzi (2016)).
At the time of the pre-ovulatory surge of gonadotropins, follicular glycolytic activity steeply
increases in mice to provide the energy needed for meiosis resumption of the oocyte (Harris et al.,
2007). The FF serves as a source of nutrients at the moment when the supply from thecal
capillaries is compromised (Redding et al., 2007). It has been shown that mature bovine COCs
consume up to 2-fold more glucose, pyruvate and oxygen than immature COCs (Sutton et al.,
2003a). Pyruvate is more important as an energy substrate for the oocyte and can be metabolized
in the tricarboxylic acid cycle. Lactate can be oxidized to pyruvate by lactate dehydrogenase, but
this pyruvate does not provide energy through the tricarboxylic acid cycle and oxidative
phosphorylation. Instead, lactate is important for redox regulation in the oocyte (Dumollard et al.,
2007). Early cleavage staged mammalian embryos mostly rely on pyruvate and lactate for energy
provision (ATP) (Sturmey et al., 2009a), but a significant part of pyruvate is converted to lactate,
at least in vitro (Butcher et al., 1998). This conversion of pyruvate to lactate in vitro is proposed
as a mechanism providing the embryo with a selective growth advantage by producing glycolytic
intermediates. These glycolytic intermediates, or lactate, allows the cell to meet critical metabolic
requirements other than ATP production, such as production of nucleic acid precursors and redox
regulation via the pentose phosphate pathway. This phenomenon is called the ‘Warburg effect’
(Krisher and Prather, 2012). During post-fertilisation growth, the embryo becomes more and
more dependent on glucose as it reaches the blastocyst stage (for reviews, see: Collado-Fernandez
et al. (2012) and Leese (2012)).
According to Wolfe (1998), the rate of glucose metabolism is determined by the intracellular
availability of glucose in the body. However, the oxidation of either glucose or fatty acids might
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predominate. Randle et al. (1963) proposed a hypothesis in which they stated that glucose
oxidation is controlled by fatty acid lipolysis. In addition, Wolfe (1998) extended the ‘Randle
hypothesis’ to the ‘glucose-fatty acid cycle reversed’ in which he proposed that fatty acid
oxidation is determined by the availability of glucose. Either way, there is a close coupling
between glucose and fatty acid availability and/or oxidation in the body, which may also apply to
oocytes and embryos. In context of the above described maternal metabolic disorders, fatty acid
and glucose availability in the micro-environment of the oocyte may play an interrelated
role in the acquisition of oocyte developmental competence.
4.2.3

PATHOPHYSIOLOGICAL CONSEQUENCES OF REDUCED GLUCOSE

Research investigating the effect of low circulating glucose on oocyte and embryo quality in
vivo (in women as well as in animal models) is scarce possibly due to the fact that starvationinduced chronic undernutrition primarily exerts a negative effect at the hypothalamic level.
However, direct effects at ovarian level may be present (Chen et al., 1992), and are important to
investigate in order to unravel the pathways responsible for the reduced embryo quality observed
in maternal metabolic disorders. Britt (1992) for example showed that the altered metabolic
profile, including hypoglycemia, in early post-partum cows affects follicle health and the
comprising oocyte which will be ovulated and fertilized later on, jeopardizing the quality of the
subsequent embryo and the establishment of pregnancy (Carvalho et al., 2014). In addition,
restricted maternal nutrition during the Dutch Famine in early gestation resulted in smaller
progeny at birth, with increased disease susceptibility in later life (Roseboom et al., 2006).
However, these in vivo effects cannot exclusively be attributed to the reduced glucose availability.
As emphasized above, glucose is not necessary for oocyte energy provision. However, low
glucose during bovine in vitro oocyte maturation can lead to downregulation of metabolic
pathways causing reduced biosynthesis of important cellular components such as GSH, NADPH,
nucleic acids precursors and hyaluronic acid. Consequently, cumulus cell expansion is
compromised and oocyte maturation is delayed and the COC has a reduced capacity to cope with
OS resulting in poor development of bovine oocytes in vitro (for review of hypo- and
hyperglycaemic related mechanisms in oocytes, see Sutton-McDowall et al. (2010)).
4.2.4

PATHOPHYSIOLOGICAL CONSEQUENCES OF ELEVATED GLUCOSE

The majority of literature found on the direct effects of elevated glucose on oocyte and
embryo development, are from in vivo animal studies using dietary-induced obese mice or
chemically induced type 1 diabetic mice (by injection of streptozotocin/alloxan or by mutation,
causing dysfunction of insulin producing β-cells).
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Dietary-induced obesity in mice leads to increased apoptosis in follicle cells and less
mature oocytes (Jungheim et al., 2010). Maternal obesity prior to conception also resulted in
murine oocytes and zygotes with altered mitochondrial function, increased ROS and reduced GSH
suggestive for OS and reduced embryo development (Igosheva et al., 2010). Moreover, Minge et
al. (2008) showed that embryos derived from oocytes of obese mice had a slower development
and that blastocysts had a reduced inner cell mass to trophectoderm ratio, indicating that
blastomeres were preferentially allocated to placental structures than to the embryo proper.
Finally, pups from obese mice were significantly bigger in size, glucose intolerant and had
increased circulating cholesterol and body fat (Jungheim et al., 2010). In this perspective it is
important to mention that dietary induced obesity generally results in elevated insulin and NEFA
concentrations, but not always in hyperglycaemia (Purcell and Moley, 2011). Nevertheless, these
results emphasize that peri-conceptional obesity-related lipolytic and insulin resistant conditions
may directly jeopardize oocyte and embryo developmental competence and quality with
consequences for the offspring’s health.
Type 1 diabetes is associated with reduced fertility in women (Jonasson et al., 2007). Chang
et al. (2005) showed that follicles of type 1 diabetic (and hyperglycemic) mice were less
developed containing less mature pre-ovulatory oocytes and apoptotic granulosa cells. Cumulus
cells had increased apoptosis and reduced intracellular ATP and citrate suggestive for
mitochondrial dysfunction (Wang et al., 2010). Oocytes from type 1 diabetic mice generally
showed a delayed maturation, chromosome misalignments and spindle defects after retrieval
(Colton et al., 2002, Chang et al., 2005). Hyperglycemic insults in women with obesity and/or
type 2 diabetes also caused delayed oocyte nuclear maturation (Jungheim et al., 2010, SuttonMcDowall et al., 2010). Furthermore, embryos from hyperglycemic mice have increased
concentrations of ROS, reduced GSH levels and show mitochondrial dysfunction (reviewed by
Amaral et al. (2008) and Grindler and Moley (2013)). In this context, increased OS levels have also
been detected in skeletal muscle cells of dietary induced insulin resistant diabetic mice. Bonnard
et al. (2008) found that the increased ROS production was associated with mitochondrial
alterations in the muscles of hyperglycemic mice. Turner and Robker (2015) summarized
evidence that oocytes from obese or insulin-resistant mice exhibit abnormal mitochondrial
morphology and function which may contribute to the transgenerational programming of
metabolic disease. In vivo as well as in vitro experiments have shown that glucose- or lipid-induced
ROS generation caused mitochondrial dysfunction in muscle cells which could be reversed by
normalization of glycemia or antioxidant treatment (Bonnard et al., 2008). The main drawback of
these in vivo experiments is that the effect observed at oocyte and/or embryo level is the result of
a complex interplay of indirect effects at the hypothalamic level and direct effects of several
circulating metabolites. Next to elevated glucose, concomitant altered insulin levels for example
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have been associated with ovarian dysfunction, subfertility and reduced oocyte and embryo
quality as well. A thorough description on the direct effects of altered insulin on follicle cells,
oocytes and embryos is beyond the scope of this thesis and have recently been reviewed by
Laskowski et al. (2016). In vitro experiments may provide more specific knowledge on the actual
effects of elevated glucose on oocytes.
Increased glucose concentrations in vitro would cause bovine oocytes to up-regulate
metabolic pathways and increase metabolic activity. This has been associated with precocious
(resumption of) nuclear maturation, altered cell signaling and increased oocyte ROS leading to
hampered nuclear and cytoplasmic maturation and thus poor developmental capacity of oocytes
(for review, see: Sutton-McDowall et al. (2010)). In addition, genome wide micro-array analysis
of in vitro produced bovine blastocysts exposed to high glucose concentrations during the early
cleavage stages showed that genes controlling the Warburg principle (i.e. built-up of glycolytic
intermediates to meet other metabolic requirements in addition to oxidative phosphorylation)
were altered, which is associated with diabetes and tumorigenesis-related pathways (Cagnone et
al., 2012).
In summary, it is evident that reproductive failure is a multifactorial problem in which a
variety of metabolic factors (glucose, NEFAs, insulin, …) can have profound consequences for
oocyte and embryo developmental competence. As clearly substantiated above, in vivo models
have focussed on the impact of obesity and/or diabetes or a NEB status on follicle cells and oocyte
and embryo developmental competence and quality. However, the effects observed at oocyte and
embryo level in in vivo research are a result of a variety of indirect and direct effects of a
combination of metabolic and endocrine factors. Moreover, the direct effects of high and low
glucose concentrations in in vitro studies were always tested in the absence of NEFAs, and
vice versa. In order to gain more insights in the pathways responsible for the reduced
oocyte and embryo quality in maternal metabolic disorders, a first research question can
be formulated:
Do low or high glucose levels during in vitro oocyte maturation modulate the
effects of lipolysis-like conditions on oocyte developmental competence,
metabolism and physiology?
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Fig. 5. Glucose and fatty acid metabolism in the cumulus-oocyte complex (COC)
Main pathways of glucose and fatty acid metabolism in the oocyte and cumulus cells are presented. Dashed
lines present glycolysis and associated pathways which have a low rate in oocytes due to the lack of
sufficient glycolytic enzymes. The Randle cycle describes the reciprocal relationship between fatty acid and
glucose metabolism (for details, see Lopaschuk et al. (2010)). GLUT = glucose transporters, IRS = Insulin
receptor substrate 1, albumin R = albumin receptor, LPL = lipoprotein lipase, Diff/Protein = diffusion or
protein mediated uptake, HBP = hexosamine pathway, GSH = glutathione, PPP = pentose phosphate
pathway, TCA = tricarboxylic acid, OxPhos = oxidative phosphorylation, PL = phospholipid, TG =
triglycerides, CPT1B&2 = carnitine palmitoyl transferases 1B and 2, IMM = inner mitochondrial membrane,
OMM = outer mitochondrial membrane (Dunning et al., 2010, Lopaschuk et al., 2010, Sutton-McDowall et
al., 2010, Downs, 2015)

- 37 -

CHAPTER 1: GENERAL INTRODUCTION
4.3 AN OXIDATIVE STRESS PATHWAY
Next to lipolytic and glycemic pathways, associated disturbances in redox balance are
another possible pathway to reduced oocyte and embryo quality in maternal metabolic disorders.
In order to comprehend how extrinsic OS (present in follicular fluid) and intrinsic OS (in the
oocyte) can affect oocyte and embryo developmental competence and quality and how
antioxidants can act to safeguard the stressed oocyte, a basic understanding of the principles on
OS is essential. Furthermore, knowledge on the mechanisms of action of antioxidants provides
insight into their potential to improve the quality of metabolically stressed oocytes and embryos
in vivo and in vitro. This is of particular interest later on in this thesis.
4.3.1

OXIDATIVE STRESS: WHAT’S IN A NAME?

Oxidative stress is defined as an imbalance between the production of ROS and antioxidant
defense systems (for reviews, see: Halliwell (2007) and Pruchniak et al. (2016)). The most
important ROS and their sources of origin are described as well as the major antioxidant defense
mechanisms.

Fig. 6. Oxidative stress mechanism
In case of a steady state between reactive oxygen species (ROS) and antioxidants, superoxide (O2•-) and
hydrogen peroxide (H2O2) are scavenged and neutralized by sufficient non-enzymatic (e.g. vitamin C, D, E,
β-carotene) and enzymatic antioxidants (e.g. super oxide dismutase, SOD, glutathione peroxidase, GPx,
peroxiredoxins) resulting in a healthy and functional cell (left panel). However, when ROS production has
increased or antioxidant levels are reduced, the antioxidative capacity of the cell is exceeded and the
increased generation of harmful radicals causes cellular damage and function loss, also known as oxidative
stress (right panel).
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Reactive oxygen species are often oxygen-derived molecules containing a free radical or
unpaired electron. The unpaired electron is a highly reactive molecule that reacts easily with
surrounding molecules (causing oxidative damage) or is passed from molecule to molecule
initiating a chain reaction. Most often the unpaired electron will seize a hydrogen atom from
another molecule, hereby destabilizing it (for reviews, see: Halliwell (2007) and Pruchniak et al.
(2016)).
Reactive oxygen molecules are produced as side-effect of aerobic metabolism. The majority
of ROS is produced in the electron transport chain at the inner mitochondrial membrane (Fig. 5
and 6). As electrons pass through the electron transport chain to produce an electron flux linked
to ATP generation, a small fraction of electrons escapes and reacts with molecular oxygen
resulting in the production of superoxide (O2•-). This superoxide radical can also be produced by
microsomal respiratory chains as well as by the bactericidal activity of immune cells. Superoxide
is then neutralized by the intracellular enzyme superoxide dismutase (SOD) into hydrogen
peroxide (H2O2) (1) which in turn is neutralized by glutathione peroxidase (GPx) present at the
inner mitochondrial membrane (2) (Fig. 6). Hydroxyl radicals (HO•) are produced from the
neutralization of hydrogen peroxides or via the Fenton reaction (3) (for reviews, see: Halliwell
(2007) and Pruchniak et al. (2016)). Additional ROS can be produced through oxidative damage
of e.g. lipids (lipid peroxidation) in a step-wise manner (initiation, propagation and neutralization,
see (4a-c)) resulting in lipid (R•) or peroxyl (ROO•) radicals. Besides the electron transport chain,
other sites of excessive ROS production are: cytoplasmic NADPH-oxidase responsible for
superoxide radical generation in neutrophils to kill bacteria, and the cytochrome P450 enzyme
responsible for the cleavage of e.g. cholesterol which is important in steroidogenesis (Davies,
1995).
(1) 𝑂2− • → 𝑂2 + 𝐻2 𝑂2
(2) 𝐻2 𝑂2 + 𝐺𝑆𝐻 → 𝐺𝑆𝑆𝐺 + 𝐻2 𝑂
(3) 𝐹𝑒 2+ + 𝐻2 𝑂2 → 𝐹𝑒 3+ + 𝑂𝐻 − + 𝑂𝐻 •

(4𝑎) 𝑅𝐻 + 𝑂𝐻 • → 𝑅 • + 𝐻2 𝑂 (𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛)
(4𝑏) 𝑅 • + 𝑂2 → 𝑅𝑂𝑂 • (𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛)
(4𝑏) 𝑅𝑂𝑂 • + 𝑅𝐻 → 𝑅𝑂𝑂𝐻 + 𝑅 • (𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛)
(4𝑐) 𝑅𝑂𝑂 • + 𝑅𝑂𝑂 • → 𝑛𝑜𝑛 − 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛)
(4𝑐) 𝑅𝑂𝑂 • + 𝑅 • → 𝑛𝑜𝑛 − 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛)
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Antioxidants (AO) are molecules that can neutralize free radicals (unpaired electrons) by
donating or accepting an electron (or hydrogen atom) to eliminate the unpaired electron.
Logically, this means that the antioxidant molecule becomes a free radical itself, but often less
reactive than the neutralized radical. Some AO such as GSH can easily donate a hydrogen atom
resulting in the oxidized form GSSG (5) which can subsequently be reduced by glutathione
reductase (6). Aromatic AO can become a free radical itself, but much less reactive (Vitamin E or
α-tocopherol) (7). Antioxidants can also dilute radicals into a stable resonance state (Vitamin C or
ascorbic acid) (8). In addition, the AO Coenzyme Q10, which is part of the electron transport chain,
is able to donate both hydrogen atoms and thereby avoids becoming a free radical (9) (for review,
see: Sies (1993)).
(5) 2 𝑂𝐻 • +2 𝐺𝑆𝐻 → 2 𝐻2 𝑂 + 𝐺𝑆𝑆𝐺
(6) 𝐺𝑆𝑆𝐺 + 𝑁𝐴𝐷𝑃𝐻 + 𝐻 + → 2 𝐺𝑆𝐻 + 𝑁𝐴𝐷𝑃+
(7) 2 𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐸 + 𝐻2 𝑂2 → 2 𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐸 • + 2 𝐻2 𝑂
(8) 𝐴𝑠𝑐𝐻 − + 𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐸 • → 𝐴𝑠𝑐 •− + 𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐸
(9) 𝐶𝑂𝑄𝐻2 + 2 𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐸 • → 𝐶𝑂𝑄 + 2 𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐸
The detoxification of ROS is one of the prerequisites for a healthy cell. Oxidative stress
defense includes 3 levels of protection: prevention, interception and repair. In this perspective,
AO primarily act as scavengers of free radicals thus reducing OS by interception. The AO defense
system comprises of antioxidative enzymes (SOD, catalase (CAT), GPx, peroxiredoxins…),
endogenous non-enzymatic compounds (GSH, uric acid, Coenzyme Q10, …), dietary AO (Vitamin
E, Vitamin C, carotenoids, …) (see Table 3), but also metal sequestration proteins (albumin, …).
The enzymatic AO are all present in the aqueous phase because of their hydrophilic
characteristics. Glutathione peroxidase activity depends on the availability of selenium, an
important non-enzymatic essential AO taken up from the diet. The non-enzymatic antioxidant GSH
is the most abundant endogenous intracellular AO and is synthesized intracellularly from the
constituent amino acids (cysteine). Vitamin E or α-tocopherol is the most important dietary lipidsoluble AO and is a major AO present in plasma membranes of cells (Wang and Quinn, 1999;
2000). It mainly acts as a highly reactive lipid peroxyl radical scavenger and has a unique function
in terminating fatty acid peroxidation in the cell membrane (Traber and Atkinson, 2007). Vitamin
C is an important AO in the aqueous phase and is able to regenerate Vitamin E in the membrane
(8). Β-carotene (bC) has also strong antioxidative properties in the lipid phase and mainly
functions as a quencher of singlet oxygen produced in plants under the influence of UV-light (Stahl
et al., 1997). In addition, bC is also a (lipid) peroxyl radical scavenger thereby acting as a chainbreaking AO (Burton and Ingold, 1984). The conjugated double bonds in the bC molecule are
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highly sensitive to oxidation or attack by peroxyl radicals (ROO•) which results in a carboncentered bC radical (bC•) (see Fig. 7 and (10)). This bC radical reacts rapidly with oxygen hereby
forming a bC peroxyl radical (bCOO•) (11). However, the carbon-centered bC radical is resonancestabilized to such an extent that the latter reaction only shifts towards the bC peroxyl radical in
case of high oxygen tension. As a consequence, bC can effectively lower the concentration of
peroxyl radicals under low oxygen pressure. Ultimately, the relatively stable bC radical can be
removed in a reaction with another peroxyl radical (12) (Burton, 1989).
(10) 𝑏𝐶 + 𝑅𝑂𝑂 • → 𝑏𝐶 • + 𝑅𝑂𝑂𝐻
(11) 𝑏𝐶 • + 𝑂2 ↔ 𝑏𝐶𝑂𝑂 •
(12) 𝑏𝐶 • + 𝑅𝑂𝑂 • → 𝑛𝑜𝑛 − 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

Fig. 7. The peroxyl radical scavenging action of βcarotene resulting in a carbon-centred resonancestabilized β-carotene radical

Moreover, β-carotene is the precursor of the non-antioxidant retinol or Vitamin A. Its main
functions include cellular growth and differentiation and regulation of development and the
anteroposterior body plan (Marshall et al., 1996, Gomez et al., 2006). More particularly, it is shown
that Vitamin A and its metabolites (Fig. 8) affect ovarian growth, steroidogenesis, oocyte
maturation and embryo development via e.g. binding to specific nuclear receptors and regulating
specific target genes (for review, see Ikeda et al. (2005)). Speculations exist whether or not retinol
has antioxidative properties. Theoretically, the conjugated double bonds of the retinol (and retinal
and retinoic acid) molecule can be easily oxidized. Tesoriere et al. (1993) suggest that retinol may
interact with e.g. tocopheroxyl radicals, thereby regenerating the AO α-tocopherol or Vitamin E.
All the above described vitamins and AO need to be taken up from the diet and form one
interrelated and complex network of AO defense mechanisms. As such, optimal AO defense goes
along with sufficient AO intake to sustain the balance between ROS and AO. In addition, the
provision of reducing equivalents throughout the body by means of the NAD(P)H regenerating
system is of crucial importance as well. Other important AO can be found in Table 3 (for review,
see: Sies (1993)).
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Fig. 8. β-carotene and Vitamin A metabolites (Ikeda et al., 2005)

4.3.2

OXIDATIVE STRESS IN THE OOCYTE MICRO-ENVIRONMENT

Metabolic disturbances as present in NEB cows, but also in obese and diabetic women, are
associated with increased systemic OS (Baynes and Thorpe, 1999, Bernabucci et al., 2005,
Pedernera et al., 2010, Sharma et al., 2011, Konvičná et al., 2015). This increased OS status in blood
can lead to an altered oxidative environment in the FF as well (Shaeer et al., 2014, Nasiri et al.,
2015).
Women with abdominal obesity (excessive waist-to-hip ratio due to visceral fat
accumulation) have significant higher amounts of lipid peroxide markers in serum and FF
compared with women without abdominal obesity (Nasiri et al., 2015). Follicular levels of
malondialdehyde (MDA), a lipid peroxide marker, are shown to be significantly increased in obese
women (Shaeer et al., 2014). Moreover, body mass index and follicular MDA are strongly
correlated and increased follicular MDA is associated with negative pregnancy results after intracytoplasmic sperm injection cycles. Consequently, it can be hypothesized that increased OS
present in the follicular fluid of women suffering from obesity or diabetes negatively impacts
oocyte quality.
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Table 3. Enzymatic and non-enzymatic antioxidant defence mechanisms in biological systems
ANTIOXIDANT

MAIN FUNCTION

SOLUBILITY

SOD

Superoxide: O2•-  O2 + H2O2

water

GPx

Peroxides: 2GSH + H2O2  GSSG + 2H2O

water

GSH Reductase

GSSG: GSSG + NADPH + H+  2GSH + NADP+

water

CAT

Peroxides: H2O2  H2O + O2

water

Peroxiredoxin

Peroxides: H2O2  H2O + O2

Water

Selenium

GPx-function

water

GSH

H2O2, OH•, VitC•

water

Vit E

Peroxides

lipid

Vit C

VitE•

water

β-carotene

Singlet oxygen (plants), peroxides

lipid

CoQ10

VitE•, peroxides

lipid

NAD(P)H

GS•, Lipoic acid •

water

Lipoic acid

VitC•, peroxides, chelator of radical-generating metal

lipid

Enzymatic

Non-Enzymatic

4.3.3

PHYSIOLOGICAL RELEVANCE OF OXIDATIVE STRESS

The production of ROS is a feature of normal metabolism in which the balance between
oxidants and antioxidants is necessary for a number of physiological processes. Besides the
involvement of ROS in e.g. immune function and steroidogenesis, they also play a crucial role in
many other processes varying from folliculogenesis, oocyte maturation and ovulation to
luteolysis, fertilization, implantation and embryogenesis (for review see: Agarwal et al. (2005b)).
In contrast to the associations described between OS and subfertility (Shaeer et al., 2014),
increased OS biomarkers have also been associated with successful assisted reproductive
techniques (ART) outcome. Pasqualotto et al. (2004) showed a positive relation between
increased lipid peroxide products in the FF and pregnancy rates. Consequently, they suggest that
lipid peroxidation may be a good marker of metabolic activity in the follicle assuming that
moderate amounts of lipid peroxidation may be necessary to establish pregnancy. In addition,
Attaran et al. (2000) stated that follicular ROS, at low concentrations, may be a potential marker
for predicting success after in vitro fertilization. They showed that patients who became pregnant
after in vitro fertilization had higher follicular ROS levels compared with patients who failed to
become pregnant after in vitro fertilization (Attaran et al., 2000). Higher activity of enzymatic AO,
such as SOD, have been observed in the follicular fluid from women whose oocytes did not become
fertilized after in vitro fertilization than that of women whose oocytes did become fertilized

- 43 -

CHAPTER 1: GENERAL INTRODUCTION
(Sabatini et al., 1999). As a result, it can be assumed that OS has physiological relevance in oocyte
maturation and competence (Agarwal et al., 2005b).
4.3.4

PATHOPHYSIOLOGICAL CONSEQUENCES OF OXIDATIVE STRESS

A certain threshold of OS may be required for successful conception as stated by WienerMegnazi et al. (2004). However, in case of increased systemic and follicular OS, there is a reduced
chance of oocytes becoming successfully fertilized and to sustain a full-term pregnancy. Oocyte
quality can be affected by extrinsic OS parameters present in the follicular fluid of metabolically
compromised mothers, but also by intrinsic OS in the oocyte arising from exposure to extrinsic
OS and/or altered metabolic factors such as eg. elevated NEFAs and/or glucose.
To our knowledge, literature on the direct relation between NEB cows, increased systemic
and follicular (extrinsic) oxidative stress and oocyte developmental capacity is limited. Studies
have tried to identify OS biomarkers in the FF of women undergoing in vitro fertilization related
to the outcome of assisted reproductive procedures. Next to the correlations described above, it
has been demonstrated that GPx and total antioxidative status (TAS) levels were higher in FF that
yielded successfully fertilized oocytes than in FF yielding non-fertilized oocytes (Paszkowski et
al., 1995, Oyawoye et al., 2003). Selenium levels were significantly decreased in women with
unexplained infertility compared with male factor-associated infertile patients. Oxidative stress
can potentially lead to cellular damage of DNA, lipids, carbohydrates and proteins (see Fig. 6),
resulting in membrane damage, lipid peroxidation, protein oxidation, fragmentation, apoptosis
and cell death (Halliwell, 2007, Pruchniak et al., 2016). In this regard, biomarkers for OS-related
DNA damage (8-hydroxy-2’-deoxyguanosine) in granulosa cells from in vitro fertilized cumulusoocyte complexes were negatively correlated with fertilization rates after transfer (Seino et al.,
2002). Agarwal et al. (2012) described in their review that increased intracellular fat
accumulation in case of obesity can disrupt mitochondrial function causing electron leakage from
the electron transport chain and thus increased ROS production in vascular endothelial cells. This
mechanism might be implicated in the reduced pregnancy rates and increased miscarriage rates
seen in obese women. In this perspective, Igosheva et al. (2010) showed that diet induced obesity
in mice resulted in murine oocytes and zygotes with altered mitochondrial function, increased
ROS and reduced GSH leading to embryos with a reduced capacity to successfully develop. These
studies indicate that extrinsic and intrinsic OS can be harmful for oocyte developmental
competence. Whether the origin of OS in the oocyte is important in the pathogenesis of reduced
oocyte quality is not known. Nevertheless, it is clear that excess oxidative stress is an
important mechanism in the pathogenesis of reduced oocyte and embryo quality in
maternal metabolic disorders.
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5.

THE (ANTI-)OXIDATIVE STATUS
It is becoming clear that OS is implicated in the major pathways responsible for reduced

oocyte quality in mothers suffering from metabolic disorders. In an attempt to improve dairy cow
fertility, AO feeding may provide a promising strategy. Prior to investigating this, it is important
to evaluate whether the antioxidative status during the metabolic stress period or NEB can be
improved. To do so, we will first describe how to measure the antioxidative status correctly. Then,
a thorough understanding of the actual antioxidative status around parturition, including the
major influencing factors will be given.
5.1 HOW TO MEASURE THE (ANTI-)OXIDATIVE STATUS?
A variety of techniques are available to estimate the (im)balance between pro-oxidants
(ROS) and AO by measuring the (anti-)oxidative capacity of a biological sample. A thorough
overview of these techniques can be found in literature (Abuja and Albertini, 2001, Hermans et
al., 2007). Only the assays that have been commonly used will be described in this section.
Radicals (ROS) are very unstable and thus difficult to measure. Much easier is the evaluation
of ROS-damage in biological samples such as products of oxidative lipid damage. The most widely
used assay to evaluate lipid peroxidation is the measurement of MDA or thiobarbituric acid
reactive substances (TBARS) (Abuja and Albertini, 2001, Nichi et al., 2016). Briefly, this method
quantifies MDA spectrophotometrically or chromatographically after reaction with thiobarbituric
acid under heat conditions. This assay has been criticized often due to the lack of specificity (MDA
is not a specific product of lipid peroxidation and thiobarbituric acid is not specific for MDA) and
the fact that the intensive sample preparation is prone to artefacts (Gutteridge, 1986, Hermans et
al., 2005). Other detectable peroxidation products of e.g. arachidonic acid (component of
phospholipids in cell membranes) are isoprostanes which are considered to be the best
biomarkers of OS status in vivo (Morrow and Roberts, 1997, Montuschi et al., 2004). However,
isoprostane detection involves complex sample preparations and sophisticated quantification
techniques (Morrow and Roberts, 1997, Hermans et al., 2007). Peroxides can also be measured
using the ROM-test (reactive oxygen metabolites), which measures the total concentration of
hydroperoxides in a sample. Reactive oxygen species can not only damage lipids, but also nucleic
acids. Oxidative DNA damage can be determined by measuring 8-hydroxy-2’-deoxyguanosine.
However, the absolute DNA damage levels detected may vary depending on the method of analysis
used (Collins et al., 2004).
Besides parameters of oxidative damage, several methods have been designed to measure
the sum of all AO present in biological fluids: the Total Antioxidative Status (TAS, based on the
ability of a sample to reduce copper), Ferric Reducing Ability of Plasma (FRAP), Trolox Equivalent
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Antioxidant Capacity (TEAC, trolox is the water-soluble analog of Vitamin E), and others (Abuja
and Albertini, 2001). As described above, living organisms have a large interrelated network of
antioxidant systems to counteract ROS. As it is difficult and time consuming to measure each
antioxidant separately, the determination of the total antioxidative capacity of a biological sample
can be useful. However, caution need to be taken when interpreting the results as depletion of a
particular AO can be masked by the elevation of other AOs. Moreover, some of these assays
measure the total reducing ability of a sample, whereas a reductant is not necessarily an
antioxidant. Finally, it is important to keep in mind that the increase of the total AO capacity might
be the consequence of an increased OS status at an earlier stage (for review see: Hermans et al.
(2007)).
Evaluating the ratio between pro-oxidants (ROS) and antioxidants, the so-called ‘oxidative
stress index’ or OSi, has been proposed as an alternative method to identify OS more accurately
(Abuelo et al., 2013). In addition, determination of concentrations of the AO molecules and
enzymes itself (SOD, CAT, GPx, GSH, Vitamin E, Vitamin C, carotenoids, Coenzyme Q10, …)
provides more specific information on the individual AO levels in vivo and is therefore an
important part in the estimation of the OS status in biological samples (Hermans et al., 2007).
Oxidative stress biomarkers are not only detectable in plasma, serum or tissues, but several
biomarkers have also been measured in red blood cells (especially intracellular SOD, CAT, GPx and
GSH), peritoneal fluid and urine. Moreover, several OS-markers have been reported in follicular
fluid, oviductal fluid, oocytes as well as embryos (see 4.3.3). Throughout this thesis, we tried to
measure several OS parameters such as intracellular enzymatic AO (red blood cell GPx or GSH),
the TAS of a blood sample, intracellular ROS in the oocyte, but emphasis will be on measuring and
evaluating blood and follicular fluid AO concentrations.
5.2 THE (ANTI-)OXIDATIVE STATUS OF NEGATIVE ENERGY BALANCE COWS
During parturition and at the onset of lactation, high yielding dairy cows experience
increased OS (Bernabucci et al., 2005, Castillo et al., 2005). In general, lipid peroxide products such
as plasma MDA, TBARS and ROM are increased early post-partum whereas AO-defense
parameters including VitE, carotenes and GSH are often reduced or altered as in case of SOD and
GPx (Bernabucci et al., 2005, Pedernera et al., 2010, Sharma et al., 2011, Konvičná et al., 2015).
Bernabucci et al. (2005) showed that dairy cows with higher circulating NEFAs and BHB had
increased plasma ROM and TBAR levels and lower AO levels assuming that the OS status in dairy
cows is related to their energy status (see Fig. 9). Evidence exists that plasma AO concentrations,
including bC and VitE (Chawla and Kaur, 2004, Calderon et al., 2007) significantly reduce during
the NEB status in high producing dairy cows. This reduction can be attributed to: 1) the reduced
dry matter intake post-partum (Grummer et al., 2004, Calderon et al., 2007) resulting in less
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antioxidant uptake from the ration, 2) the intake of low quality forages during the dry period with
lower AO concentrations in the diet (Calderon et al., 2007), 3) the loss of AO via placental transfer
during late gestation which can prematurely exhaust AO reserves (Van Saun et al., 1989, Marceau
et al., 2007), 4) the increased use of antioxidants during this NEB state since cows suffer from
elevated OS early post-partum (Bernabucci et al., 2002, Castillo et al., 2005), 5) the massive
increased milk production and loss of fat soluble AO via milk (Calderon et al., 2007), 6) an
increased systemic use due to metabolization by the highly active liver (Sangsritavong et al., 2002)
or 7) health problems such as liver steatosis (resulting in disturbed AO redistribution and
metabolism) (Jorritsma et al., 2004b, Eldaim et al., 2010).

Fig. 9. A schematic presentation of the (anti-)oxidative stress status of peri-parturient dairy cows
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6.

ANTIOXIDANTS APPLIED IN THE DAIRY INDUSTRY
In recent years, optimum vitamin nutrition in the dairy industry has gained more attention

(for overview, see: Calsamiglia and Rodríguez, 2012). A variety of vitamins (fat and water soluble)
are reported to be important in high yielding dairy cattle (McDowell, 1989, Calsamiglia and
Rodríguez, 2012), of which only a few have AO properties (Asensi-Fabado and Munné-Bosch,
2010) (see Table 4 for detailed information). The reported fat-soluble AO are found in fresh grass
in high concentrations (Ballet et al., 2000). To our knowledge, an overview on the average content
of vitamins in concentrates and mineral supplements is not available. Based on detailed
composition of diets of dairy cows, concentrates often contain low amounts of minerals and fatsoluble vitamins (VitA, D and E) and antioxidants (selenium), and no β-carotene. The average daily
vitamin intake via concentrates is estimated to be < 20 % of the daily VitA requirements and < 10
% of the daily VitE needs in the dairy industry (data not published). Also dietary (dry cow)
minerals may contain additional vitamins, but again no β-carotene. These vitamin containing
mineral supplements contribute to a bigger extent to the vitamin requirements of dairy cattle
compared with concentrates (see Table 4). Daily supplementation of especially Vitamin A, E and
D is recommended in dairy cattle and official guidelines have been published by the National
Research Council (NRC, 2001). Calsamiglia and Rodríguez (2012) extensively reviewed these
recommendations based on more recent scientific literature, which has been published in
‘Optimum Vitamin Nutrition’ (Barroeta et al., 2012) and is presented in Table 4. In practice,
vitamin supplementation often occurs via mineral supplementation or via the addition of
commercially available vitamin premixes such as Optimin or Optimix Premium® (Selenium,
Vitamin E, B, β-carotene) (AVEVE, www.aveveagrarisch.be) or Rovimix® β-carotene, E50
(Vitamin E) and Biotin (DSM, www.dsm.com). Interestingly, the industry producing feed
supplements for dairy cows offer β-carotene supplements, whereas concentrates and
supplemental minerals often do not contain any β-carotene. However, no official requirements for
bC have been established yet by the NRC (2001).
From the reported AO, β-carotene (bC) and Vitamin E (VitE) have received great attention
because of their strong antioxidative capacity (Burton and Ingold, 1984, Traber and Atkinson,
2007), high content in fresh grass (Ballet et al., 2000) and promising effects on the health and
reproductive capacity of dairy cows (Baldi et al., 2000, LeBlanc et al., 2004, Gossen and
Hoedemaker, 2005, de Ondarza and Engstrom, 2009) (for details see Table 7, p55). Considering
the fact that OS is one of the main pathways by which follicular elevated NEFAs, glucose and OS
affect bovine oocytes and embryos, AO or more specifically bC and VitE may theoretically improve
oocyte quality. However, in practice, we don’t know whether high yielding dairy cows have
indeed circulating bC and VitE levels below optimal levels? Moreover, what are optimal bC
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and VitE levels? The most recent reference values on optimal plasma bC (Schweigert and Immig,
2007) and VitE concentrations (Baldi, 2005) in dairy cows reported in literature and applied in
practice (for review see Calsamiglia and Rodriguez, 2012) are presented in Table 5.
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Table 4. Overview of major vitamins and antioxidants important in the dairy industry
NAMES

AO? 1

DIETARY
SOURCE 2

SUPP
NRC (2001)

SUPP
DSM OVN
(2012)3

FUNCTIONS 4

Fresh grass >
Fresh forage
+
Fresh grass >
Fresh forage >
minerals >>
concentrates
+
Fresh grass >
Fresh forage
>> minerals
>>
concentrates
+
Dependent on
soil, minerals,
concentrates
Hay > silage >
Fresh forage;
Minerals >
concentrates

-

300-1,000
mg/head/day*

1 O2

76 IU/kg BW
(47,500
IU/head of 625
kg/day)

75,000-150,000
IU/head/day*

0.8 IU/kg BW*
(500 – 1,000
IU/head of 625
kg/day*)

500-3,000
mg/head/day*
(745 – 4490
IU/head/day*5)

30 IU/kg BW
(18,750
IU/head of 625
kg/day)

25,000-50,000
IU/head/day*

++
Ruminal
bacteria;
Minerals

-

-

FAT SOLUBLE VITAMINS & AO
PRO-A,
Β-CAROTENE 6

Yes

A,
RETINOL

No

E,
Α-TOCOPHEROL

Yes

7,8,9

SELENIUM 10

Yes

D

Yes

K 11

Possibly?

quencher
Peroxyl radical
scavenger
Cellular differentiation
Growth
Reproduction
Vision
Peroxyl radical
scavenger & membrane
AO
Immunity

GPx function

Membrane AO
Growth
Calcium homeostasis
Reproduction
Immunity
HO- scavenger
Blood coagulation

WATER SOLUBLE VITAMINS & AO
Intake of most water soluble vitamins is sufficient due to the contribution of synthesis by ruminal microorganisms.
Consequently, supplementation is not needed.
B1 ,
THIAMINE 12,13

Yes

(little in fresh
forage)
+
+

-

-

O2.-/OH- scavenger
Co-factor in metabolism

B2 ,
RIBOFLAVIN 14
B3 ,
NIACIN

Possibly?

-

-

-

5,000-10,000
mg/head/day

Unknown

(little in fresh
forage)
+
++

Redox cofactor
Precursor FAD, FMN
Redox cofactor
Precursor NAD, NADP

B5 ,
PANTOTHENIC
ACID
B6 ,
PYRIDOXINE 15
B7 ,
BIOTIN

-

-

Precursor coenzyme A
Metabolism

Little

+

-

Unknown

+

-

20 mg/head/day

B9 ,
FOLIC ACID 16

Little

++

-

-

B12,
COBALAMIN 17

Possibly?

-

-

C,
ASCORBIC ACID

Yes

-

-

O2.-/1O2 scavenger
Amino acid metabolism
Cell growth
Coenzyme in
metabolism
O2.-/1O2 scavenger
Cell division
Nucleotide synthesis
Metabolism
Growth
Hematopoiesis
H2O2/ OH-/ 1O2
scavenger
Regeneration GSH, VitE
Steroid synthesis

Unknown

++

18
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 Table 4. 1 AO? = does the proposed vitamin have antioxidant properties? (for review: Asensi-Fabado and
Munné-Bosch (2010)); 2 For overview, see: Ballet et al. (2000); 3 Based on Optimum Vitamin Nutrition, DSM
(Calsamiglia and Rodríguez, 2012); 4 McDowell (1989) and Rucker et al. (2008); 5 based on 1.49 IU VitE = 1
mg RRR-α-tocopherol; 6-18 other references than previously mentioned; 6 Stahl et al. (1997); 7,8,9 Muller et al.
(2010), Pascoe et al. (1987), Traber and Atkinson (2007); 10 Tapiero et al. (2003); 11 Mukai et al. (1993);
12,13 Lukienko et al. (2000), Jung and Kim (2003); 14 Ashoori and Saedisomeolia (2014); 15 Suji and Sivakami
(2007); 16 Joshi et al. (2001); 17 Birch et al. (2009); 18 Smirnoff and Wheeler (2000); * Dependent on lactation
stage; BW = body weight; + vitamin present in leaves or grass; ++ vitamin present in high amounts in leaves
or grass. Analyzing total vitamin content in forages or grass is difficult and no common practice. This
explains the lack of information on the dietary source of several vitamins and/or antioxidants in the dairy
industry.
Table 5. Reference values for plasma β-carotene and Vitamin E in dairy cows
Β-CAROTENE

VITAMIN E

> 3,5 µg/ml = optimal

> 3 µg/ml = sufficient

1,5 – 3,5 µg/ml = sufficient

< 3 µg/ml = insufficient

< 1,5 µg/ml = deficient

Nowadays, dairy cows are more frequently housed under zero-grazing conditions in which
cows are fed with conserved forages containing substantially lower bC and VitE levels than fresh
grass (Ballet et al., 2000, Chaveau-Duriot et al., 2005). In order to improve the (anti-)oxidative
status, dairy farmers are forced to supplement their cattle with a variety of antioxidants without
knowing their overall antioxidant status. Moreover, the most recent recommendations on bC and
VitE supplementation in the dairy industry date from 2001 (NRC) and it is unlikely that these
specific vitamin needs are still applicable to modern dairy cows (Barroeta et al., 2012).
Information on the actual antioxidant nutritional management practices in Flanders is lacking. In
this perspective, practically applicable antioxidant supplementation strategies for the dairy
industry are a real challenge to develop, especially due to the lack of a complete understanding
of the variety of interrelating factors influencing the antioxidant status of modern high
yielding dairy cattle. In addition, evaluating the (anti-)oxidative stress status is complex
and requires a lot of prudence. In current practices on antioxidant supplementation, high
variability in antioxidant status of cows in different dairy farms as well as seasonal effects,
parity and production are not taken into account (Noziere et al., 2006). This leads us to a
second research question:
Which variety of factors can influence the antioxidant status of high yielding
dairy cows? How can this antioxidant status be estimated correctly taking into
account all the influencing factors? And last but not least: is the antioxidant
status in Flemish dairy herds optimal based on reference values or is there a
need for improved antioxidant nutritional management?
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7.

ANTIOXIDANT FEEDING AS “THERAPY” FOR OPTIMAL OOCYTE AND EMBRYO QUALITY:
EVIDENCE FROM LITERATURE

Improving fertility in post-partum dairy cows has been a challenge since decades. The
majority of strategies used in the dairy industry include genetic selection, the use of estrous cycle
or ovulation synchronization in combination with timed artificial insemination protocols or the
use of hormones to increase embryo development and survival (Thatcher et al., 2006, Lucy, 2007,
Veerkamp and Beerda, 2007). However, the subfertility syndrome in modern dairying is a
multifactorial problem in which not only genetics and management, but also nutrition plays a
crucial role (Chagas et al., 2007).
You are what you eat – Lindlahr, 1942
Substantial research has been performed on altering dairy cow nutrition in order to
improve fertility (Robinson et al., 2006, Santos et al., 2010, Butler, 2014, Leroy et al., 2014).
Several nutritional management strategies such as glucogenic and insulinogenic diets, diets
specifically designed to increase progesterone production by the corpus luteum or the
supplementation of polyunsaturated fatty acids in the diet, and many others have been tested,
with both positive and negative results on dairy cow fertility (Robinson et al., 2006, Leroy et al.,
2008a, Wullepit et al., 2012). As previously described, optimal bC and VitE nutrition has gained
more attention in the dairy industry and might provide a promising strategy to improve dairy cow
fertility. In order to be able to exert an effect at the level of the oocyte, VitE and bC need to reach
the micro-environment of the oocyte. As such, a brief description on how these AO are transported
in the blood and into the FF is given below. In addition, an overview on the existing literature
regarding the in vivo and in vitro effects of VitE and bC on reproductive function and oocyte and
embryo quality is presented.
7.1 Β-CAROTENE AND VITAMIN E IN THE OOCYTE MICRO-ENVIRONMENT
Vitamin E is the common term used for a group of compounds of which α-tocopherol is the
most abundant naturally occurring isoform with the highest biological activity (Sheppard et al.,
1992). After dietary intake, bC and VitE will be absorbed in the intestines where it can partly be
metabolized (bC metabolization into retinol). In the liver, bC and VitE present in chylomicrons can
be metabolized or temporally stored (Yang et al., 1992, Mardones and Rigotti, 2004, Baldi, 2005).
B-carotene and VitE can subsequently be released in the blood circulation bound to lipoproteins
of which the high density lipoproteins (HDLs) are the major transporter for bC and both HDL and
LDL are the major transporters for VitE in the blood (Schweigert et al., 1987, Kaempf-Rotzoll et
al., 2003). The basal membrane of the blood-follicle barrier allows only passive diffusion of small
HDLs (Perret et al., 1985, Zamah et al., 2009). Subsequent cellular uptake of (VitE containing)
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lipoproteins is thoroughly reviewed by Kaempf-Rotzoll et al. (2003). Whether these cellular
uptake mechanisms also apply to cumulus cells and oocytes is not described in detail yet. Follicle
cells of the follicular wall can actively take up bC present in lipoproteins (Schweigert and Zucker,
1988, Brown et al., 2003), possibly by means of the lipoprotein lipase activity present at the
endothelial cells of thecal capillaries surrounding the follicle cells (Kersten, 2014) and/or by other
mechanisms described for lipophilic substances (McArthur et al., 1999, Kaempf-Rotzoll et al.,
2003). After cellular uptake, granulosa cells can convert bC to its non-antioxidant metabolite
retinol (Schweigert et al., 1988, Brown et al., 2003).
Plasma and follicular bC and VitE concentrations are strongly correlated (Schweigert et al.,
2003). Reported bC levels in dairy cows vary from 0.37 – 2.44 µg/mL in FF and 0.94 – 2.48 µg/mL
in plasma. Plasma and follicular VitE levels in dairy cows vary from 1.50 – 3.01 and 0.87 – 1.69
µg/mL, respectively (Table 6). Circulating retinol concentrations are in the range of 0.15 – 0.67
µg/mL (LeBlanc et al., 2004, Chauveau-Duriot et al., 2010), but no follicular retinol levels were
reported so far.
Table 6. Plasma and follicular β-carotene and vitamin E concentrations in cows
Β-CAROTENE

VITAMIN E

PLASMA

FF

PLASMA

FF

Haliloglu et al. (2002)

1,05

0,41

-

-

Chew et al. (1984)

0,94

0,37

-

-

Schweigert and Zucker (1988)

-

2,44

-

0,87

Schingoethe et al. (1982)

2,35 - 2,48

-

1,50 - 1,76

-

Dobbelaar et al. (2010)

-

-

3,01

1,69

Concentrations are in µg/mL, FF = follicular fluid

7.2 EFFECTS OF VITAMIN E AND Β-CAROTENE ON OOCYTE AND EMBRYO QUALITY
The equivocal effects of antioxidants on health and fertility are one of the reasons to trigger
the formulation of updated antioxidant supplementation guidelines. The effects of VitE on dairy
cow health and fertility are summarized in Table 7 and are univocal. However, when applying in
in vitro embryo production systems, varying effects on oocyte and embryo development were
described (see Table 7 for detailed overview). These sometimes conflicting results may originate
from the different experimental set-ups and varying composition of the oocyte and embryo
culture media used.
Of particular interest are the conflicting results reported about the actual effects of bC on
dairy cow reproduction. The majority of literature described positive effects of bC
supplementation on reproductive function including steroidogenesis and luteal progesterone
production, length and intensity of estrous, but also on milk production and immune responses
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(see Table 7 for detailed overview). However, Folman et al. (1983) showed that supplemental bC
only elicits a positive effect on overall reproduction parameters when cows had low initial
circulating bC concentrations. In contrast, several authors reported no or even negative effects of
bC in the ration on conception rates, estrous length, steroidogenesis or overall reproduction
(Meyer et al., 1975, Folman et al., 1979, Ducker et al., 1985, Akordor et al., 1986, Wang et al., 1988).
Gossen and Hoedemaker (2005) showed that there was no strong relationship between
circulating bC concentrations and fertility in dairy cattle (first service conception rate, pregnancy
index, interval from calving to conception, interval from first insemination to conception and
expected calving interval). Moreover, Meyer et al. (1975) reported that supplemental bC
prolonged the length of the estrous cycle. These contradicting results might be due to: 1)
evaluation of reproductive performance by parameters which are often biased (for review see:
LeBlanc (2010)); 2) the presence of bC in the control ration which can vary significantly (Folman
et al., 1983); 3) differences in the (fat) composition of the ration including the proportion of
concentrates fed (Blomhoff et al., 1991, Weiss et al., 1995), 4) discrepancies in bC metabolism
between different cow breeds (Bremel et al., 1982), 5) differences in milk fat production and thus
possible loss of fat soluble bC through milk or 6) physiological variations between cows. More
detailed in vitro research regarding the impact of bC on oocytes, cumulus cells and embryos cannot
clarify the actual impact of bC on fertility due to the lack of research done in this field (see Table
7). However, granulosa cells possess bC cleavage activity (Schweigert et al., 1988), converting bC
to its non-antioxidant metabolite retinol, which seems to improve oocyte and embryo
development and follicle cell growth (see Table 7 for overview).
It is clear that more research needs to be done in order to reveal the effects of bC on oocyte
quality, physiology and subsequent embryo development. With this knowledge, a first step
towards bC advices in the dairy industry can be formulated. However, before investigating this, it
is important to have more detailed knowledge on the availability of bC in the micro-environment
of the oocyte in post-partum NEB cows. As such, a third research question arises:
Does bC reach the FF and is its availability influenced by the NEB status of the
cow?

Moreover,

can

daily

supplementation

increase

concentrations regardless of the NEB state of the cow?
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Table 7. Literature overview on the effects of vitamin E and β-carotene on in vivo and in vitro (dairy cow) health and fertility

VITAMIN E
(Α-TOCOPHEROL)

Β-CAROTENE

IN VIVO
HEALTH & FERTILITY
+ Overall reproduction (Miller et al., 1993)
+ ↓ Days until first observed estrous (Campbell and Miller,
1998)
+ ↓Calving to conception interval (Baldi et al., 2000)
+ ↓ RP (Harrison et al., 1984)
+ ↓ Number of AIs/conception (Baldi et al., 2000)

IN VITRO
OOCYTES
+ Development of sheep oocytes due to
protection against OS (Natarajan et al.,
2010)
- Bovine oocyte maturation (Marques et
al., 2008)
- Maturation and development of bovine
oocytes (Dalvit et al., 2005)

IN VITRO
FOLLICLE CELLS
- ↑ apoptosis in bovine cumulus
cells surrounding the oocyte
(Marques et al., 2008)

IN VITRO
EMBRYOS
+ Development of sheep embryos due
to protection against OS (Natarajan et
al., 2010)
+ Development of bovine embryos
and improved development after
transfer (Olson and Seidel, 2000)
+ Development of bovine lipoproteinexposed embryos and post-transfer
fetal development (Rooke et al., 2012)

+ Overall reproduction (Iwanska and Strusinska, 1997,
Gossen and Hoedemaker, 2005, de Ondarza and
Engstrom, 2009)
+ Immunity: ↓ mastitis, ↓ RP (Michal et al., 1994, de
Ondarza and Engstrom, 2009)
+ ↑ Milk production (de Ondarza and Engstrom, 2009)
+ ↑ Steroidogenesis (Young et al., 1995)
+ ↑ Length estrous (Meyer et al., 1975)
+ ↓ Number of AIs/conception (Lotthammer, 1979)
+ ↑ Estrous intensity (Lotthammer, 1979)
+ ↑ CL P4 (Ahlswede and Lotthammer, 1978)
(+) Overall reproduction, if low basal bC status (Folman et
al., 1983)
O Overall reproduction (Ducker et al., 1985, Akordor et
al., 1986, Wang et al., 1988)
O Conception rate (Folman et al., 1979)
O Length estrous (Folman et al., 1979)
O Circulating or CL P4 (Folman et al., 1979)
- ↑ length of estrous cycle (Meyer et al., 1975)

No existing literature
on in vitro bC

No existing literature on in
vitro bC

No existing literature
on in vitro bC

Follicle cells: bC  retinol 
retinoic acid (Schweigert et al.,
1988)
Effects of retinoids:
+ Bovine in vitro COCs exposed to 9-cisretinoic acid showed improved
embryonic development (Duque et al.,
2002, Hidalgo et al., 2003)

Effects of retinoids:
+ Cell growth and cell
differentiation (Gomez et al.,
2006)
+ COC development and oocyte
maturation (Ikeda et al., 2005)

Effects of retinoids:
+ regulates transcription of HOX genes
important for embryonic cell
differentiation and the anteroposterior
body plan (Marshall et al., 1996)

+ = positive effect on …; (+) = only positive effect if condition is fulfilled; O = no effect on…; - = negative effect on… Grey text shows in-existing or negative effects of vitamin E or βcarotene on fertility. RP = retained placenta, AI = artificial insemination, OS = oxidative stress, CL = corpus luteum, P4 = progesterone, bC = β-carotene, COC = cumulus-oocyte complex.
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8.

CONCLUSIONS
The metabolic challenging NEB period in high yielding dairy cows is associated with

subfertility. There is increasing evidence to assume that an altered metabolic profile may cause
alterations in the oocyte’s micro-environment, leading to impaired oocyte developmental
competence and quality. In this context, elevated follicular NEFAs, altered follicular glucose and
OS in the oocyte’s micro-environment are major pathways via which oocyte quality is affected in
mothers suffering from metabolic disorders, including obese and diabetic women. Even though
the understanding of the relationship between these maternal metabolic disorders and
subfertility has increased substantially, there remains a lack of information on the combined
effects of elevated fatty acids and high or low glucose on oocyte competence typically present
in diabetic or obese patients and NEB cows, respectively.
Optimizing metabolic health is a first logic step towards improved fertility. Of particular
interest in this dissertation is the optimization of antioxidant nutritional management of the
transitioning high yielding dairy cow, which might provide an interesting window to improve
oocyte and embryo quality. With the increasing herd sizes and decreasing number of pasturebased farms, cows often have deficient levels of circulating vitamins and antioxidants. Updated
antioxidant supplementation guidelines for the modern dairy industry are a real challenge to
develop, principally due to: 1) the lack of knowledge on the current antioxidant status of dairy
herds, 2) the lack of a complete understanding of the factors influencing the antioxidant
status of modern high yielding dairy cattle, 3) the difficulties correctly estimating the (anti)oxidative status and 4) the equivocal effects of antioxidants on health and fertility. More
research in this field will provide us with a first step towards bC advices in the dairy industry.
However, before being able to investigate the ‘curative’ effect of bC on metabolically compromised
oocytes in detail, it is important to have more knowledge on the availability of bC in the microenvironment of the oocyte in the post-partum NEB cow.
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In general, we hypothesize that the micro-environment within the pre-ovulatory
follicle in metabolically compromised mothers jeopardizes oocyte quality and
developmental potential. The antioxidative capacity of this follicular environment can be
improved via optimization of antioxidant feeding, which is a first important step in
developing strategies to improve oocyte quality.
Maternal metabolic disorders are associated with increased circulating NEFAs, which are
reflected in the micro-environment of the oocyte and jeopardize oocyte and subsequent embryo
developmental competence. These lipolysis associated diseases typically coincide with
hyperglycemia (in obese and diabetic women) or hypoglycemia (in negative energy balance
cows). It is not known yet whether these altered glucose concentrations differentially affect the
quality and developmental competence of NEFA-exposed oocytes. Therefore, we specifically
hypothesize that the effects of lipolysis-like conditions (elevated NEFAs) on oocyte
developmental competence during oocyte maturation may be modulated in the presence of low
or high glucose levels. To test this hypothesis, we aimed to:
In vitro mature bovine COCs in the presence of elevated NEFA concentrations together

I)

with high or low glucose concentrations and to investigate the effects on oocyte and
embryo developmental competence, metabolism and physiology (CHAPTER 3).
Oxidative stress is a major pathway linking maternal metabolic disorders with reduced
oocyte quality. Improving AO availability in the micro-environment of the oocyte through better
feeding may form a strategic window to ameliorate oocyte quality and development. Therefore,
we specifically hypothesize that modern high yielding dairy cows suffer from suboptimal
circulating AO levels (in particular β-carotene and Vitamin E) during the peri-partum period due
to a negative energy balance state, which can be overcome by daily β-carotene supplementation,
positively influencing oocyte quality and developmental competence. To test this hypothesis, we
aimed to:
II)

Investigate the current in vivo β-carotene and Vitamin E status of the high producing
Flemish dairy cow and to unravel the effects of lactation status, season and farm type
((zero-)grazing) on blood β-carotene and Vitamin E concentrations (CHAPTER 4A).

III)

Determine the effect of a negative energy balance on in vivo β-carotene concentrations
in blood and follicular fluid in a non-lactating dairy cow model and to investigate how
this effect could be altered by dietary β-carotene supplementation (CHAPTER 4B).

IV)

To design a research model allowing us to investigate if bC can ameliorate the quality
and developmental competence of metabolically stressed oocytes in vitro (CHAPTER 4ANNEX).
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1.

ABSTRACT
Lipolytic metabolic conditions are traditionally associated with elevated non-esterified

fatty acid (NEFA) concentrations, but may also be accompanied by hyperglycemia in obesity, or
by hypoglycemia during a negative energy balance status. Elevated NEFA concentrations disrupt
oocyte and embryo development and quality, but little is known about whether the effects of
lipolytic conditions on oocyte developmental competence are modulated by glucose availability.
To answer this, bovine cumulus oocyte complexes (COCs) were matured under different
conditions: physiological NEFA (72 µM) and normal glucose (5.5 mM), pathophysiologically high
NEFA (420 µM) and normal glucose, high NEFA and high glucose (9.9 mM), high NEFA and low
glucose (2.8 mM). Developmental potential, cumulus expansion and metabolism of COCs exposed
to high NEFA and low glucose were affected to a greater extent compared with COCs matured
under high NEFA and high glucose conditions. High NEFA and high glucose conditions caused a
moderate increase in oocyte reactive oxygen species compared to their high NEFA and low glucose
or control counterparts. Blastocyst metabolism and the transcriptome of metabolic and oxidative
stress related genes were not affected. However, both lipolytic conditions associated with hyperor hypoglycemia led to surviving embryos of reduced quality regarding to apoptosis or blastomere
allocation.

2.

INTRODUCTION
Elevated non-esterified fatty acid (NEFA) concentrations represent a common feature of a

distorted maternal metabolism, due to up-regulated lipolysis (Duncan et al. 2007). Increased
circulating NEFAs are typically present during a period of negative energy balance (NEB) in early
postpartum dairy cows or in (anorectic) women losing weight, but also in obese and diabetic
patients (Dubuc et al. 1998; Leroy et al. 2005a; Duncan et al. 2007). Evidence indicates that these
maternal metabolic disorders in women and cows are associated with subfertility arising from
reduced oocyte and embryo quality (for reviews, see: (Metwally et al. (2007); Leroy et al.
(2008b)). Using a bovine in vitro model, it has been substantiated that elevated NEFA
concentrations play a key role in reduced fertility, jeopardizing cumulus cell functions as well as
oocyte and embryo developmental competence, quality, metabolism and physiology (Leroy et al.
2005a; Vanholder et al. 2005; Aardema et al. 2011; Jungheim et al. 2011a; Van Hoeck et al. 2011;
Van Hoeck et al. 2012). In addition to NEFAs, Moore et al. (2014) showed that subfertile cows have
significantly lower circulating glucose concentrations compared with cows with normal fertility.
Hypoglycemia occurs in high lactating dairy cows due to a direct glucose shunt towards the udder,
decreasing circulating insulin levels and resulting in even more lipolysis (Drackley et al. 2001;
Rosen and Spiegelman 2006) (for review: Leroy et al. (2008a)). In contrast, women suffering from
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obesity and/or type 2 diabetes may have increased circulating glucose concentrations due to
reduced insulin sensitivity, which in turn activates hormone sensitive lipases leading to higher
rates of lipolysis (for reviews: Bohler et al. (2010) and Bergman and Ader (2000)). In this regard,
it is not known if hypo- or hyperglycemia additionally influences oocyte developmental
competence and quality in patients suffering lipolytic disorders.
Glucose is readily available in the follicular fluid (FF) and correlates well with blood glucose
levels with concentrations being a maximum of 21% lower in dominant follicles (Leese and
Lenton 1990; Leroy et al. 2004a). Maintaining optimal physiological concentrations of glucose is
crucial for in vitro oocyte maturation and subsequent development until the blastocyst stage (for
review, see: Sutton-McDowall et al. (2010). Glucose metabolism in cumulus cells and oocytes is
known to be important in (a) providing the oocyte with pyruvate and ATP through glycolysis and
oxidative phosphorylation; (b) providing the oocyte with reducing agents (NADPH and
glutathione, which can be of importance in reactive oxygen species (ROS) neutralization) and
nucleic acid precursors through the Pentose Phosphate Pathway (PPP); (c) oocyte cumulus cell
expansion through the synthesis of hyaluronic acid (Hexosamine Biosynthetic Pathway; HBP) and
(d) cell signaling cascades (for review: Sutton-McDowall et al. (2010)).
Negative energy balance cows suffering from hypoglycemia have circulating and follicular
glucose concentrations approximately 2.8 mM or lower (Leroy et al. 2004b; Leroy et al. 2006),
whereas women with obesity or diabetes may suffer from hyperglycemia with glucose
concentrations in serum and follicular fluid reaching up to 7 mM or higher. Using bovine and
murine in vitro models, it has previously been described that severe hypo- (< 2.3 mM) and
hyperglycemic (> 10 mM) -like conditions compromise the oocyte’s quality and developmental
capacity through different mechanisms (Eppig et al. 2000; Leroy et al. 2006; Sutton-McDowall et
al. 2010). Low glucose during bovine in vitro oocyte maturation would lead to downregulation of
metabolic pathways, whereas high glucose would increase metabolic activity in oocytes (for
review of hypo- and hyperglycemic related mechanisms in oocytes: Sutton-McDowall et al.
(2010)). However, in these models, the direct effects of high and low glucose concentrations are
tested in the absence of pathophysiologically relevant NEFA concentrations, which can also supply
the cumulus oocyte complex (COC) with energy and/or further influence subsequent
developmental capacity of the oocyte.
There has been mounting interest in lipid metabolism and its relation to oocyte
developmental potential (Sturmey et al. 2009; Dunning et al. 2014). Previous bovine and murine
in vitro research has suggested that oocytes depend on fatty acid (FA) oxidation for their
developmental competence (Ferguson and Leese 2006; Dunning et al. 2010). Non-esterified fatty
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acids are broken-down through β-oxidation in the mitochondria, providing acetyl-CoA for further
oxidative phosphorylation and ATP generation (Berg et al. 2006). The relevance of FA oxidation
to in vitro oocyte maturation leads to the question of the relative importance of glucose as energygenerating substrate, as mentioned by Downs (2015). If FA oxidation is inhibited in COCs, glucose
metabolism seems to be up-regulated (Sturmey and Leese 2008), suggesting that COCs have the
capacity to adjust metabolism with regards to the substrate availability in their environment (socalled oocyte plasticity), a process which jeopardizes oocyte developmental competence and
embryo quality (Gardner and Harvey 2015). This further emphasizes the importance of the
interrelationship between glucose and FA metabolism, as described in the ‘glucose-fatty acid
cycle’ by Randle et al. (1963) and Wolfe (1998).
As such, we hypothesized that the effects of pathophysiologically relevant lipolysis-like
conditions on in vitro oocyte developmental competence during oocyte maturation may be
modulated by the presence of low or high glucose levels. To investigate this, we have matured
bovine COCs in vitro in the presence of elevated NEFA concentrations combined with high or low
glucose concentrations and determined functional parameters, including cumulus cell expansion,
apoptosis, oocyte ROS content, COC metabolism and developmental competence, as well as
embryo fragmentation and blastocyst metabolism, cell allocation, apoptosis and gene expression
of key metabolic and oxidative stress related genes.
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3.

MATERIALS AND METHODS
All laboratory materials were obtained from Sigma-Aldrich (Bornem, Belgium) unless

specified otherwise and all compounds and reagents used were of analytical grade.
3.1 EXPERIMENTAL DESIGN AND COMPOSITION OF THE MATURATION TREATMENTS
In line with previous studies (Leroy et al., 2005, Van Hoeck et al., 2011), a combination of
(patho-)physiologically relevant stearic acid (SA), palmitic acid (PA) and oleic acid (OA) were used
in this study. Based on routine in vitro maturation (IVM) media for bovine oocytes that contain 5.5
mM glucose (TCM199) and the follicular glucose concentrations in NEB cows (Leroy et al., 2004)
and diabetic women (American Diabetes Association. Diagnosis and Classification of Diabetes
Mellitus, 2010), the applied low and high glucose concentrations were 2.75 mM and 9.9 mM,
respectively. Consequently, the following IVM treatments were tested in this study:
I) CONT: physiological basal NEFA concentrations (72 µM total NEFA containing 23 µM PA, 28
µM SA and 21 µM OA) and routine IVM glucose (GLUC) concentrations (5.5 mM). Van Hoeck
et al. (2011) has previously shown that the addition of 0.5 v/v % ethanol and the inclusion of
physiological basal NEFA concentrations (equivalent to normal FF concentrations) does not
affect developmental competence of bovine COCs compared to ethanol-free and FA-free
controls, respectively.
II) HI NEFA: pathophysiological concentrations of NEFAs (similar to those observed during
lipolysis, 425 µM total NEFAs containing 150 µM PA, 75 µM SA and 200 µM OA) and routine
IVM GLUC (5.5 mM).
III) HI NEFA + HI GLUC: pathophysiological concentrations of NEFAs (425 µM) and high IVM
GLUC concentrations (9.9 mM).
IV) HI NEFA + LO GLUC: pathophysiological concentrations of NEFAs (425 µM) and low IVM
GLUC concentration (2.75 mM).
The serum-free maturation medium used in this study was based on 50 % v/v TCM199
(containing 5.5 mM glucose; Life Technologies, LT) and 50 % v/v DMEM (containing 0 mM
glucose; LT) resulting in a glucose concentration of 2.75 mM. This medium was supplemented
with 50 µg/mL gentamycin (LT), 0.1 mM cysteamine, 0.75 % v/w FA-free bovine serum albumin
(BSA), 20 ng/mL epidermal growth factor (EGF) and different concentrations of D-glucose (LT)
and NEFAs. Higher glucose concentrations were achieved by adding appropriate amounts of Dglucose. The addition of D-glucose did not change the osmolarity of the maturation medium.
Preliminary experiments (444 COC’s, 2 repeats, data not shown) showed that the use of
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TCM199:DMEM (1:1) resulted in similar rates of embryo cleavage and development to the
blastocyst stage compared to standard laboratory control using TCM199 only (supplemented with
50 µg/mL gentamycin, 0.1 mM cysteamine, 0.2 mM sodium pyruvate (LT), 0.4 mM L-glutamin
(LT), 20 ng/mL EGF), which was previously tested by Leroy et al. (2006).
Stock solutions of SA, PA and OA were prepared in 100 % ethanol (VWR) for physiological
basal control NEFA concentrations (28, 23 and 21 mM, respectively) and for pathophysiological
high NEFA concentrations (75, 150 and 200 mM, respectively). These stock solutions were used
to obtain the final desired NEFA concentrations in maturation medium. Fatty acid-free BSA was
used as a carrier for NEFAs (Salway, 1999). Final NEFA concentrations were confirmed by media
analysis (photometrical analysis using RX Daytona, Randox Laboratories, Crumlin, Ireland; intraassay coefficient of variation (CV) of 2.5 % and inter-assay CV of 4.9 %).
In order to evaluate oocyte and embryo developmental competence and other functional
parameters, different experiments were performed using 4,346 COCs in total:
I)

A total of 1,214 COCs were matured in 6 repeats of which spent medium was used for
the assessment of COC metabolism. Cumulus cell expansion was scored after 24 h of
in vitro maturation. After routine fertilization and culture, cleavage and blastocyst
rates were evaluated.

II)

A total of 187 COCs were matured in 2 repeats and fixed after 24 h of in vitro
maturation to evaluate cumulus cell apoptosis by means of a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining.

III)

A total of 99 COCs were matured in 3 repeats for 22 h after which oocytes were stained
with 2’,7’-dichlorodihydro-fluorescein diacetate (DCHFDA) for intracellular ROS
assessment.

IV)

A total of 1,654 COCs were matured and fertilized in 7 repeats of which a total of 266
blastocysts were evaluated for their metabolic activity. From 3 repeats, 27 normal, 63
expanded and 42 hatched blastocysts were differentially stained with Hoechst 33342,
CDX2 and cleaved caspase-3 to assess cell numbers, allocation and apoptosis.

V)

A total of 1,379 COCs were matured in 4 repeats of which 10 formed expanded
blastocysts per treatment per repeat were pooled. The resulting 16 pooled blastocyst
samples were used to analyze the expression of several key regulatory metabolic
genes.
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3.2 IN VITRO MATURATION
In vitro maturation of bovine oocytes was performed as previously described by Van Hoeck
et al. (2011). Briefly, immature quality-grade I COCs were retrieved from slaughterhouse ovaries
and selected for serum-free IVM. Cumulus oocyte complexes were matured for 24 h in groups of
45 ± 10 COCs (10 µL maturation medium per COC with a minimum of 400 µL and a maximum of
550 µL) in a humified atmosphere containing 5% CO2 at 38.5 °C. Composition of the maturation
media has been described above.
3.3 IN VITRO EMBRYO PRODUCTION
Mature COCs were fertilized for 22 h using frozen semen of a bull with proven in vitro
fertility as described by Leroy et al. (2005). Presumptive zygotes were transferred to HEPESbuffered Tyrode balanced salt solution (HEPES-TALP) and vortexed for 3.5 minutes to remove
cumulus cells. Finally, zygotes were cultured in groups of 25 ± 4 in 75 µL serum-free modified
synthetic oviductal fluid (mSOF) with 2 % w/v FA-free BSA and with 10 µg/mL insulin (LT), 5.5
µg/mL transferrin (LT) and 6.7 ng/mL selenium (LT) (= ITS). Zygotes were incubated in a 96-well
dish (in 90% N2, 5% CO2, 5% O2, 38.5°C at maximum humidity) until day 7 or 8 post insemination
(p.i.) according to the outcome parameter assessed.
3.4 OUTCOME PARAMETER ASSESSMENT
3.4.1

CUMULUS CELL EXPANSION

Cumulus cell expansion was evaluated according to Marei et al. (2012) following 24 h of
IVM. Cumulus expansion was scored (0-3) using an Olympus SZX7 stereomicroscope (Olympus,
Aartselaar, Belgium): not expanded (score 0), poorly expanded (score 1), partially expanded
(score 2) or fully (maximum) expanded (score 3). An average score of all COCs was calculated for
each treatment group.
3.4.2

CUMULUS CELL APOPTOSIS

Apoptosis in COCs was evaluated after 24 h of maturation by means of a TUNEL staining as
described by Yuan et al. (2005) with minor modifications. Briefly, COCs were air dried, fixed,
permeabilized (0.1 % triton-X and 0.05 % Tween-20 in PBS) overnight and stained on a glass slide
according to the manufacturer’s instructions (Roche, Mannheim, Germany). Positive control was
included by exposing COCs to 50 U/mL DNase prior to TUNEL staining. Negative controls were
stained with TUNEL labelling only (no enzyme was added). Nuclei were counter stained with
Hoechst 33342 (50 µg/mL in 1 mg/mL polyvinylpyrrolidone – phosphate buffered saline (PVPPBS)) for 10 min at room temperature. Images of the stained COCs were immediately taken under
a fluorescence Olympus microscope IX71 with green FITC filter (excitation 460-490 nm, emission
520-540 nm, apoptotic cells) and blue DAPI filter (excitation 360-370 nm, emission 420-460 nm,
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total cells). Cumulus cell apoptosis on the total area of COCs was estimated and expressed as mean
percentages ± S.E.M.
3.4.3

OOCYTE INTRACELLULAR ROS LEVELS

Oocyte intracellular ROS levels following maturation were estimated using a 2’,7’dichlorodihydro-fluorescein diacetate (DCHFDA) fluorescence assay based on the protocol
previously described by Nasr-Esfahani et al. (1990). After 22 h of maturation, COCs were vortexed
for 5 min in HEPES-TALP to remove cumulus cells, after which oocytes were transferred back to
their respective maturation treatments for 30 min equilibration. Subsequently, denuded oocytes
were washed in 4 mg/mL PVP-PBS and incubated in 10 µM CM-H2DCFDA (Molecular Probes,
Oregon, U.S.) in PVP-PBS for 30 min at 37 °C in the dark. Positive controls were transferred to
maturation medium containing 10 mM H2O2 whereas the oocytes from different treatments were
transferred to their original maturation medium and incubated for 30 min at 37 °C in the dark.
Oocytes were subsequently washed twice in PVP-PBS and per 2 – 4 loaded on a glass slide in a
drop of DABCO and covered with a cover slip. Images of the stained oocytes were immediately
taken under a fluorescence Olympus microscope IX71 with green FITC filter using the same
exposure and gain settings each time. In each oocyte, fluorescence intensity was quantified using
ImageJ software 1.41 (National Institutes of Health, Bethesda, MD, USA) and expressed in
arbitrary units.
3.4.4

EMBRYO DEVELOPMENTAL COMPETENCE

At 48 h pi, total cleavage rates were recorded as well as 2-cell block and proportions of
embryos with ≥ 4-cell per total cleaved embryos. In addition, proportions of ≥ 4-cell embryos with
signs of fragmentation in ≥ 20 % of their cellular mass were recorded. At Day 7 (D7) and 8 pi,
blastocyst rates were evaluated and presented as the number of blastocysts per total number of
oocytes and per total cleaved embryos (inverted Olympus CKX41 microscope).
3.4.5

OOCYTE AND EMBRYO GLUCOSE AND LACTATE METABOLISM

Bovine COC and embryo glucose consumption and lactate production were determined
using a micro-fluorometric technique adapted from Guerif et al. (2013). Groups of 45 – 55 COCs
were matured in 10 µL maturation medium per COC with different NEFA and GLUC treatments (4
repeats). Spent media were sampled at the end of maturation and blank maturation medium was
used as a reference for calculating consumption and production of glucose and lactate. Samples
were centrifuged for 5 min at 1250 x g and subsequently stored at -80 °C until analysis. To
determine the metabolic activity of individual embryos, Day 7 blastocysts were individually
transferred from their routine serum-free mSOF culture medium to 8 µL droplets of serum-free
mSOF analysis medium under oil. This analysis medium was supplemented with 0.5 mM glucose,
but no lactate was added. Blastocysts were individually cultured for 24 h after which D8
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blastocysts were fixed in 4% paraformaldehyde and stored in 4 mg/mL PBS-BSA. Morphological
stage (young, normal, expanded, hatched) of each individual blastocyst was recorded at D7 and
D8. Culture plates containing spent media droplets and empty droplets (blanks) with the oil
overlay were stored at -80 °C until analysis.
Initial fluorescence of the glucose and lactate cocktails (10 µL) containing all substrates (for
detailed composition see Guerif et al. (2013)) were measured using a Tecan Infinite® M200
spectrophotometer (Tecan Group Ltd., Männedorf, Switzerland) and fluorescent detection with
340 nm and 460 nm being the excitation and emission wavelengths, respectively. Subsequently, 1
µL of sample (spent medium, blanks or commercially available standards) was added. These
mixtures were incubated at 37 °C for 30 min (lactate) or 10 min (glucose) and final fluorescence
was measured. Spent media samples were analyzed in duplicates, while blanks and standards
were analyzed in triplicates. Molarity was calculated by linear equation using a 6 point standard
curve of each metabolite (lactate and glucose, Analox Instruments, London, U.K.) ranging from 0
– 5 mM (for maturation medium) or 0 – 0.5 mM (for mSOF) (intra- and inter assay CV of 5.3 % and
13.4 % for glucose and 5.4 % and 9.4 % for lactate, respectively). Samples expected to have higher
concentrations were diluted (2x) before analysis. Consumption of glucose and production of
lactate over the 24 h period were calculated by the difference between concentrations in blanks
and spent media samples from each embryo. The variability in COC metabolism due to the
variation in COC size is minimized by selection of equal size COCs and by considering the average
glucose and lactate consumption and production calculated from 45 – 55 COCs per repeat
(expressed as mean pmol/COC/hour ± S.E.M.). Due to the variability in blastocyst metabolism
rising from different developmental stages, consumption or production levels of glucose and
lactate were classified per blastocyst stage and expressed as pmol/embryo/hour ± S.E.M. In
addition to the rate of metabolism, lactate/2glucose ratios (1 mol glucose produces 2 mol lactate)
were calculated to estimate by which metabolic pathway glucose was preferentially metabolized
(Berg et al., 2006).
Morphological change of D7 blastocysts individually cultured for metabolic assay was also
calculated as the number of D7 blastocysts that showed further growth within 24 h (progression
through a sequence of young, normal, expanded then hatched blastocyst stage). The proportion of
D7 blastocysts that hatched by D8 of the total of not hatching D7 blastocysts was also calculated.
3.4.6

BLASTOCYST TROPHECTODERM AND INNER CELL MASS CELL NUMBER AND APOPTOSIS

The inner cell mass (ICM) / trophectoderm (TE) cell ratio as well as the apoptotic cell index
were determined by an immunostaining of fixed D8 blastocysts as previously described by
Wydooghe et al. (2011) with some modifications. After an overnight permeabilization in 0.1 %
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Triton X-100 and 0.05 % Tween-20 in PBS at 4 °C, blastocysts were incubated in blocking solution
for 2 h at 4 °C after which they were transferred to a primary antibody mixture containing 1:1
Mouse-anti-CDX2 (ready to use solution, Biogenex, San Ramon, USA) : Rabbit-anti-Cleaved
Caspase-3 (Asp 175, Cell Signaling Technology, 1:250 in blocking solution) and incubated
overnight at 4 °C. Negative control embryos remained in blocking solution. All embryos were
subsequently washed twice at room temperature and incubated overnight at 4 °C in blocking
solution containing a mixture of FITC-labelled Goat-anti-Rabbit (1:200) and Texas Red-labelled
Goat-anti-Mouse (1:100) secondary antibodies (LT). Finally, nuclei of all blastocysts were
counter-stained in Hoechst 33342 (50 µg/ml in 0.1 % w/v PBS-PVP) for 10 min at room
temperature. Embryos were evaluated under a fluorescence Olympus microscope IX71 with a
blue DAPI filter (Hoechst stained total cells), a green FITC filter (cleaved caspase-3 positive
apoptotic cells) and a Red RITC filter (CDX-2 positive TE cells), and cell counts were recorded. The
apoptotic cell index was calculated as the number of apoptotic cells from total cell count and
expressed as percentages. Data were expressed as overall mean ± S.E.M. or classified based on the
stage of the blastocyst.
3.4.7

BLASTOCYST RNA EXTRACTION, REVERSE TRANSCRIPTION AND QUANTIFICATION OF GENE
EXPRESSION BY qPCR

Molecular biology procedures were carried out as previously described by Bermejo-Alvarez
et al. (2008). Pools of ten D7 to D8 expanded blastocysts from each treatment (4 repeats) were
snap frozen and stored for maximum 2 months at -80 °C until further processing. Poly (A) RNA
was extracted using Dynabeads® mRNA DIRECTTM Micro Kits (Ambion® by LT) following the
manufacturer’s instructions with minor modifications (Bermejo-Alvarez et al., 2008).
Immediately after extraction, a high performance reverse transcriptase (RT) reaction was carried
out for cDNA synthesis using poly (T) primers, random primers and MMLV RT enzyme (Epicentre
Technologies Corp., Madison, U.S.A.) in a total volume of 40 µL.
All

primers

were

designed

using

Primer-BLAST

software

(www.ncbi.nlm.nih.gov/tools/primers-blast/) to span exon-exon boundaries when possible.
Quantification of the mRNA transcripts was carried out in duplicate using quantitative Polymerase
Chain Reaction (qPCR) (Rotor-Gene 6000 Real Time Cycler TM, Corbett Research, Sydney,
Australia) by adding 2 µL of each sample to the PCR mix (GoTaq® qPCR Master Mix, Promega
Corporation, Madison, USA) containing the selected primers. Quantification was normalized to
two reference genes, being H2A histone family, member Z (H2AFZ) and actin beta (ACTB) (Robert
et al., 2002, Kasper et al., 2010). Transcript abundance of genes related to carbohydrate uptake
and metabolism (solute carrier family 2 member 1 (SLC2A1), phophofructokinase, muscle (PFKM),
glucose-6-phosphate dehydrogenase (G6PD), lactate dehydrogenase A (LDHA) and pyruvate
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dehydrogenase alpha 1 (PDHA1)), lipid metabolism (carnitine palmitoyltransferase 1B (CPT1B)
and acetyl-CoA carboxylase alpha (ACACA)), oxidative stress (superoxide dismutase 2,
mitochondrial (SOD2), glutathione peroxidase 1 (GPX1), catalase (CAT) and nuclear factor,
erythroid 2-like 2 (NFE2L2), mitochondrial function (transcription factor A, mitochondrial
(TFAM), uncoupling protein 2 (UCP2)) and insulin resistance (insulin-like growth factor 2
receptor (IGF2R)) were analyzed. Primer details are shown in supplementary Table 1. Cycling
conditions were 94 ºC for 3 min followed by 35 cycles of 94 ºC for 15 sec, 56 ºC for 30 sec, 72 ºC
for 10 sec and 10 sec of fluorescence acquisition at optimized primer-specific temperatures. Each
pair of primers was tested to achieve efficiencies close to 1 and then the comparative
quantification cycle (Cq) method, ‘2–ΔΔCq’, was used to quantify expression levels as described by
Livak and Schmittgen (2001). The Cq was determined for each sample in duplicate. The ΔCq value
was determined by subtracting the endogenous control (an average of H2AFZ and ACTB) Cq value
for each sample from each candidate gene Cq value. Then ΔΔCq was calculated using the control
sample ΔCq value as a constant to subtract from all other ΔCq sample values within each repeat.
Finally, the mean fold-change of all studied genes of each duplicate was calculated.
3.5 STATISTICAL ANALYSES
All statistical procedures were carried out in IBM SPSS Statistics 23 (for Windows, Chicago,
IL, USA), unless otherwise stated. Categorical data of developmental competence were compared
among the four treatment groups using a binary logistic regression model. Numerical data of
cumulus cell expansion scores, cumulus cell apoptosis, DCF fluorescence intensity, cell counts,
apoptotic cell indexes, glucose consumption and lactate production were compared among all
treatments using a linear mixed model ANOVA. A chi square test was used to analyze the
treatment effect on the proportion of D7 blastocysts that hatched during the 24 h metabolic assay
of the total of non-hatched D7 blastocysts. Relative transcript abundance (ΔCq) was analyzed with
a one-way ANOVA and post-hoc Student-Newman-Keuls test using SigmaStat (Jandel Scientific,
San Rafael, CA, USA). Prior to ANOVA, data were analyzed for normal distribution and
homogeneity of variances by performing the Kolmogorov-Smirnov and Levene’s test, respectively.
A log transformation was applied to correct for abnormality and inhomogeneity of variances when
necessary (DCF fluorescence intensity and apoptotic cell indexes). Repeat (random factor),
treatment (fixed factor) and the interaction of both factors were taken into account. If the
interaction term was not significant (P ≥ 0.05), it was omitted from the final model. A Bonferroni
post-hoc test was performed to correct for multiple comparisons.
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4.

RESULTS

4.1 CUMULUS CELL EXPANSION
Supplementation of maturation media with high NEFA concentrations inhibited cumulus
cell expansion either in the presence of normal, high or low glucose concentrations compared with
the basal NEFA CONT (P < 0.0001). However, HI NEFA + HI GLUC COCs showed a better cumulus
cell expansion than HI NEFA + LO GLUC COCs (P < 0.01) (Fig. 1).
4.2 CUMULUS CELL APOPTOSIS
Cumulus oocyte complexes exposed to HI NEFA with normal glucose levels showed
significantly increased cumulus cell apoptosis compared with CONT and HI NEFA + LO GLUC
treated COCs (P < 0.0001). Cumulus cells of COCs exposed to HI NEFAs with either HI or LO GLUC
did not show increased apoptosis compared to CONT (P > 0.05) (Fig. 2).
4.3 OOCYTE INTRACELLULAR ROS
Staining intensity of DCF was not affected by HI NEFA exposure with standard or low
glucose levels (P > 0.05). However, HI NEFA + HI GLUC oocytes exhibited a 21% higher DCF
staining intensity compared with HI NEFA + LO GLUC (P < 0.05) and a 25% higher DCF staining
intensity compared with HI NEFA oocytes (P < 0.05) (Fig. 3 and 4).

Fig. 3. Presentation of the intracellular hydrogen
peroxide content (DCF) of oocytes matured in the
following conditions: (A) CONT, (B) HI NEFA, (C) HI
NEFA + HI GLUC and (D) HI NEFA + LO GLUC
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Fig. 1
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Fig. 1. Mean Cumulus cell Expansion Score (CES) ± S.E.M. in the 4 treatment groups are presented (452 COCs in CONT, 517 in HI NEFA, 558 in HI NEFA + HI GLUC,
623 in HI NEFA + LO GLUC, 9 repeats). Cumulus cell Expansion is determined after 24 h of IVM (0 = not expanded, 3 = fully expanded). a,b,c Bars with different letters
are significantly different (P < 0.05).
Fig. 2. Mean cumulus cell apoptosis ± S.E.M. in the 4 treatment groups are presented (46 COCs in CONT, 50 in HI NEFA, 43 in HI NEFA + HI GLUC, 48 in HI NEFA + LO
GLUC, 2 repeats)
Fig. 4. Mean oocyte intracellular hydrogen peroxide (H2O2) content ± S.E.M. in the 4 treatment groups are presented (23 COCs in CONT, 23 in HI NEFA, 28 in HI NEFA
+ HI GLUC, 25 in HI NEFA + LO GLUC, 3 repeats). Fluorescence intensity of DCF is presented in arbitrary units. a,b Bars with different letters are significantly different
(P < 0.05).
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4.4 EMBRYO DEVELOPMENTAL COMPETENCE
Treatment of COCs with HI NEFAs did not affect the capacity of the oocytes to cleave after
fertilization (P > 0.05). The proportion of embryos blocked at the 2-cell stage was also similar
between HI NEFA and CONT treatments (P > 0.05). However, 48 h after fertilization, the HI NEFA
treatment significantly reduced the proportion of ≥ 4-cell embryos and doubled fragmentation
rates compared with CONT (P < 0.05; Table 1). Development to the blastocyst stage was not
significantly lower in oocytes exposed to HI NEFA compared with CONT (P > 0.05). Oocyte
exposure to HI NEFA + LO GLUC reduced ≥ 4-cell embryo formation and aggravated fragmentation
rates and additionally reduced total cleavage rates compared with CONT (P < 0.05). Development
of these HI NEFA + LO GLUC oocytes into D7 and D8 blastocysts was also significantly reduced
compared with CONT (P < 0.05). In contrast, HI NEFA + HI GLUC oocytes had total cleavage, ≥ 4cell cleavage and fragmentation rates similar to HI NEFA and also similar to CONT (P < 0.05).
Blastocyst rates on D7 and D8 were not affected although a tendency to a reduced percentage of
cleaved embryos developing to the blastocyst stage by D7 was observed, compared with CONT (P
< 0.1; Table 1).
The proportion of D7 blastocysts which developed into a more advanced stage by D8 during
individual culture was similar among all treatment groups (79.3 %, 80.0 %, 72.3 %, and 69.7 % in
CONT, HI NEFA, HI NEFA + HI GLUC and HI NEFA + LO GLUC, respectively; P > 0.05). However,
hatching rates from D7 to D8 embryos were significantly lower in blastocysts derived from HI
NEFA + LO GLUC compared with CONT embryos (53.5 %, 39.3 %, 35.2 %, and 18.2 % in CONT, HI
NEFA, HI NEFA + HI GLUC and HI NEFA + LO GLUC, respectively; P < 0.05).
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Table 1. Oocyte and embryo developmental competence

Total number of oocytes used
Total cleaved (%)

CONT

HI NEFA

HI NEFA
+ HI GLUC

HI NEFA
+ LO GLUC

289

300

304

321

197 (68.17) a

197 (65.67) a

205 (67.43) a

174 (54.21) b

2-cell block /
38 (19.29) a
38 (19.29) a
47 (22.93) a
40 (22.99) a
cleaved embryos (%)
≥ 4-cells /
111 (56.35) a 84 (42.64) b
92 (44.88) ab
68 (39.08) b
cleaved embryos (%)
Fragmented /
20 (15.27) a
47 (35.88) b
32 (25.81) ab
34 (33.33) b
≥ 4-cells embryos (%)
D7 blastocysts /
78 (26.99) a
66 (22.00) ab
58 (19.08) ab
48 (14.95) b
total oocytes (%)
D7 blastocysts /
78 (39.59) a $ 66 (33.50) ab 58 (28.29) ab $
48 (27.59) b
total cleaved (%)
D8 blastocysts /
97 (33.56) a
92 (30.67) a
82 (26.97) ab
65 (20.25) b
total oocytes (%)
D8 blastocysts /
97 (49.24) $
92 (46.70)
82 (40.00)
65 (37.36) $
total cleaved (%)
Data are presented as total numbers (and proportions between brackets, %). In total 1214 cumulus
oocyte complexes were matured in 6 repeats. Cleavage parameters were determined 48 h post
insemination (p.i.). Blastocysts were scored at day 7 p.i. (D7) and day 8 p.i. (D8). a,b Data with different
superscripts in the same row differ significantly amongst treatment groups (P < 0.05). $ Data marked
with dollar sign in the same row tend to be different from each other (P < 0.1)

4.5 COC GLUCOSE AND LACTATE METABOLISM
Treatment with HI NEFAs did not affect COCs glucose consumption and lactate production
when compared to CONT (P > 0.05; Fig. 5 A, B). However, exposure to HI NEFA + HI GLUC
significantly increased the amount of lactate produced, but did not alter glucose metabolism
compared with CONT and HI NEFA COCs (P < 0.01). HI NEFA + LO GLUC COCs had significantly
reduced glucose consumption and lactate production compared with all other treatment groups
(P ≤ 0.001). This resulted in significant higher lactate/2glucose ratios in HI NEFA + HI GLUC and
HI NEFA + LO GLUC COCs compared with CONT and HI NEFA treatments (P < 0.01; Fig. 5 C).
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Fig. 5. Glucose consumption (A), lactate production (B) and
lactate/2glucose ratio (1 mol glucose produces 2 mol lactate) (C) of
cumulus oocyte complexes (316 COCs in CONT, 335 in HI NEFA,
210 in HI NEFA + HI GLUC, 440 in HI NEFA + LO GLUC, 4 repeats) ±
S.E.M. a,b,c Bars with different letters are significantly different (P <
0.05).
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4.6 BLASTOCYST GLUCOSE AND LACTATE METABOLISM
Glucose and lactate metabolism of individual D7 blastocysts of different developmental
stages (normal, expanded or hatched) were analysed. Irrespective of blastocyst stage, the overall
mean glucose consumption and lactate production as well as the lactate/2glucose ratio of
blastocysts was similar among all treatment groups (P > 0.05). When data were split according to
the blastocyst stage, young blastocysts from HI NEFA + HI GLUC exposed oocytes produced
significantly more lactate compared with young blastocysts from HI NEFA exposed oocytes (P <
0.05). However, the more advanced normal blastocysts resulting from HI NEFA + HI GLUC exposed
oocytes produced less lactate compared with their CONT counterparts (P < 0.01), resulting in a
tendency to a lower lactate/2glucose ratio compared with CONT (P < 0.1). Hatched blastocysts
from HI NEFA + HI GLUC exposed COCs followed the same metabolic profile, but the glucose and
lactate metabolism of expanded blastocysts was not altered (see Supplementary Table 2).
When only growing blastocysts from D7 to D8 were considered, we observed a similar
increase in lactate production in young blastocysts from HI NEFA + HI GLUC treated oocytes
compared with young blastocysts from HI NEFA exposed oocytes (P < 0.01). Expanded blastocysts
originating from HI NEFA exposed oocytes showed a significant higher lactate production
compared with their CONT counterparts (P < 0.05). The lactate/2glucose ratios were statistically
similar among all treatment groups (see Supplementary Table 3).
4.7 BLASTOCYST TROPHECTODERM AND INNER CELL MASS CELL NUMBER AND APOPTOSIS
Total cell counts, ICM and TE counts were similar in D8 blastocysts among treatment groups
when the blastocyst stage was not taken into account, but also within each blastocyst stage
(normal, expanded, hatched) (P > 0.05) (Table 2). However, HI NEFA + HI GLUC exposed oocytes
resulted in hatched blastocysts with a significant higher TE/ICM ratio compared with hatched
blastocysts from HI NEFA exposed oocytes (P < 0.01). This increased TE/ICM ratio was not evident
in hatched blastocysts from HI NEFA + LO GLUC exposed oocytes.
Treatment with HI NEFAs showed no effect on apoptotic cell index (P > 0.05). However, HI
NEFA + LO GLUC significantly increased overall mean apoptotic cell indexes (Fig. 6), which was
particularly evident in normal and hatched blastocysts, compared with blastocysts from HI NEFA
treated oocytes (P < 0.021). HI NEFA + HI GLUC treated oocytes tended to have overall higher
apoptosis in D8 blastocysts compared with HI NEFA blastocysts (P < 0.1) (Table 2 and Fig. 6).
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Table 2. Quality of Day 8 Normal, Expanded and Hatched blastocysts

Total number of
blastocysts examined
Overall TOT cell count
Overall TE cell count
Overall ICM cell count
Overall TE/ICM ratio
Overall Apoptotic cell Index (%)
Number of
Normal blastocysts
TOT cell count
TE cell count 1
ICM cell count 1
TE/ICM ratio 1
Apoptotic cell Index (%)
Number of
Expanded blastocysts
TOT cell count
TE cell count
ICM cell count
TE/ICM ratio
Apoptotic cell Index (%)
Number of
Hatched blastocysts
TOT cell count
TE cell count
ICM cell count
TE/ICM ratio
Apoptotic cell Index (%)

CONT

HI NEFA

HI NEFA
+ HI GLUC

HI NEFA
+ LO GLUC

42

37

34

19

131 ± 9 a
88 ± 8 a
43 ± 4 a
2.19 ± 0.15 a
2.03 ± 0.42 a

115 ± 7 a
82 ± 6 a
42 ± 3 a
2.05 ± 0.14 a
1.65 ± 0.34 a $

113 ± 8 a
83 ± 6 a
34 ± 2 a
2.55 ± 0.18 a
3.43 ± 0.35 ab $

113 ± 10 a
82 ± 9 a
40 ± 3 a
2.24 ± 0.27 a
5.20 ± 1.17 b

6

6

8

7

74 ± 15 a
37 ± 9 a
27 ± 10 a
1.62 ± 0.28 a
3.43 ± 1.35 ab

90 ± 8 a
66 ± 0 a
49 ± 0 a
1.35 ± 0.00 a
0.38 ± 0.25 a

66 ± 6 a
42 ± 4 a
25 ± 3 a
1.89 ± 0.38 a
3.63 ± 0.81 ab

74 ± 6 a
47 ± 6 a
32 ± 4 a
1.56 ± 0.34 a
6.25 ± 0.85 b

21

19

15

8

122 ± 10 a
75 ± 8 a
39 ± 6 a
2.23 ± 0.26 a
1.44 ± 0.60 a

99 ± 8 a
67 ± 8 a
33 ± 4 a
2.15 ± 0.25 a
2.08 ± 0.60 a

107 ± 10 a
78 ± 7 a
34 ± 4 a
2.55 ± 0.26 a
3.30 ± 0.58 a

126 ± 10 a
86 ± 9 a
40 ± 5 a
2.46 ± 0.46 a
3.04 ± 0.72 a

15

12

11

4

165 ± 16 a
116 ± 13 a
52 ± 5 a
2.32 ± 0.20 ab
2.15 ± 0.60 a

153 ± 9 a
101 ± 7 a
52 ± 3 a
1.98 ± 0.12 a
1.61 ± 0.34 a

155 ± 10 a
115 ± 9 a
41 ± 3 a
2.98 ± 0.26 b
3.46 ± 0.56 ab

158 ± 28 a
112 ± 24 a
46 ± 6 a
2.46 ± 0.40 ab
7.70 ± 5.34 b

Data are presented as means ± S.E.M (3 repeats). Total number of cells per blastocysts (TOT) as well as
number of trophectoderm cells (TE), inner cell mass cells (ICM) and the ratio TE/ICM is presented.
Apoptotic cell indexes are calculated as the number of apoptotic cells on total cells. 1 TE and ICM of some
embryos couldn’t be differentiated successfully. As such, no post-hoc test could be performed due to the low
number of Normal blastocysts evaluated for these parameters (4 in CONT, 1 in HI NEFA, 7 in HI NEFA + HI
GLUC and 4 in HI NEFA + LO GLUC. a,b Data with different letters in the same row differ significantly amongst
treatment groups (P < 0.05). $ Data marked with dollar sign in the same row tend to be different from each
other (P < 0.1)

- 93 -

CHAPTER 3A: NEFAs AND GLUCOSE AFFECT OOCYTE QUALITY

Fig. 6. Presentation of the total cell count (Hoechst, first column), the trophectoderm cell count (CDX-2,
second column), the number of apoptotic cells (Cleaved Caspase-3, third column) and the inner cell mass
cell count (merged picture, last column) of blastocysts originating from oocytes matured in the following
conditions: (A) CONT, (B) HI NEFA, (C) HI NEFA + HI GLUC and (D) HI NEFA + LO GLUC

- 94 -

CHAPTER 3A: NEFAs AND GLUCOSE AFFECT OOCYTE QUALITY
4.8 BLASTOCYST RNA EXTRACTION, REVERSE TRANSCRIPTION AND QUANTIFICATION OF GENE
EXPRESSION

Since the basal CONT has previously never been evaluated for alterations in expression
patterns of the present candidate genes compared to a FA-free CONT treatment, a standard FAfree lab CONT (TCM199, 5.5 mM glucose) was included in these experiments. Preliminary
experiments showed no significant differences in mRNA expression of the selected genes between
these two control treatments (data not shown).
Messenger RNA transcript abundance of genes involved in carbohydrate uptake and
metabolism, lipid metabolism, oxidative stress, mitochondrial function and insulin resistance
were equally expressed among all treatment groups (fold changes < 2; P > 0.05; Fig. 7).
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HI NEFA + LO GLUC

2,0
1,8
1,6
1,4
1,2
1,0
0,8
0,6
0,4
0,2
0,0
PKFM

G6PD

LDHA

PDHA1

SCL2A1

CPT1B

ACACA

Lipid
metabolism

Carbohydrate metabolism
2,0
1,8

Fold change

1,6
1,4
1,2
1,0
0,8
0,6
0,4
0,2
0,0
SOD2

GPX1

CAT

Oxidative stress

NFE2L2

UCP2

TFAM

Mitochondrial
function

IGF2R
Insulin
resistance

Fig. 7. Gene expression patterns of Day 7 to Day 8 Expanded blastocysts
arising from bovine oocytes matured in the presence of CONTROL, HI NEFA,
HI NEFA + HI GLUC and HI NEFA + LO GLUC (4 repeats). Data are presented
as fold change ± SEM, with reference to the CONTROL treatment (fold
change of 1).
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5.

DISCUSSION
In this study, we hypothesized that the detrimental effects of lipolysis-like conditions during

in vitro oocyte maturation on oocyte developmental competence may be modulated according to
glucose availability. We could corroborate this by demonstrating that high NEFAs alone or in
combination with low glucose concentrations significantly decreased the proportion of good
quality ≥ 4-cell embryos and increased embryo fragmentation at day 2 post-fertilization, whereas
HI NEFA + HI GLUC allowed better development at this stage, comparable to the controls. Later in
development, we found that HI NEFA + LO GLUC exposure hampered embryo development to the
blastocyst the most and increased blastocyst apoptosis compared with all other treatment groups.
Differential effects of high or low glucose concentrations in the presence of elevated NEFAs were
detected at the level of the COC at the end of maturation, particularly on cumulus cell apoptosis,
COC metabolism, and intra-oocyte ROS accumulation. These differential effects (see Table 5 for a
summary diagram) may explain the subsequent impact on embryo development and provide
further understanding of the dynamics by which the oocyte and its cumulus investment respond
to altered nutrient availability in the surrounding micro-environment.

Fig. 8. General interpretation of the main results compared to CONTROLs.
d = days; pi = post insemination; ∆ = altered; ↑ = increased; ↓ = reduced; “=” = no
effect
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5.1 IMPACT OF OBESITY AND/OR DIABETES RELATED CONDITIONS DURING OOCYTE MATURATION
Hyperlipidaemia and hyperglycaemia are common metabolic features in obese and diabetic
patients (Eckel, 2013). In the present study, exposure of COCs to elevated NEFA concentrations,
equivalent to follicular fluid concentrations in patients with hyperlipidaemia (Valckx et al., 2012),
significantly inhibited cumulus cell expansion and increased cumulus cell apoptosis. Similar
effects were previously reported in human (Jungheim et al., 2011b) and cattle (Leroy et al., 2005).
In this study, elevated NEFA exposure did not cause any difference in COC glucose and lactate
metabolism nor in ROS accumulation in the oocyte compared to controls. However, exposure to
high NEFAs in the presence of high glucose concentrations partially recovered cumulus cell
expansion and apoptosis. Although glucose consumption was not altered in these COCs, lactate
production was significantly increased. High lactate concentrations were also present in follicular
fluid from obese women (Robker et al., 2009) and may reflect a compensatory response to control
the observed increase in OS. The increased lactate/2glucose ratio showed that the majority of
glucose consumed was used in anaerobic glycolysis yielding lactate (ratios approach 1). This
mechanism of sparing glucose from energy production and using it for other metabolic pathways
such as the PPP is referred to as the ‘Warburg effect’ (Krisher and Prather, 2012) in which
glutathione and reducing equivalents (NAD(P)H) may be synthesized to cope with OS. The
Warburg mechanism is well described in embryos, but it is also observed in COCs as suggested by
Downs (2015). Lactate appears to be vital for oocyte maturation and embryo development, since
oocyte development was reduced when the conversion from lactate to pyruvate was inhibited (Xie
et al., 2016). The results presented here indicate that the ability of COCs to spare glucose and
maximise lactate production in the presence of elevated NEFAs is dependent on the glucose
availability.
Apparently, the observed increase in lactate production in HI NEFA + HI GLUC exposed COCs
was efficient in improving cumulus cell viability as evidenced by reduced cumulus cell apoptosis
and a relatively better cumulus cell expansion. Cumulus cell viability is crucial for oocyte
cytoplasmic maturation and its developmental competence (Luciano et al., 2004). Good cumulus
cell expansion via the synthesis of hyaluronic acid is important for meiotic resumption of the
oocyte and subsequent blastocyst development (Goud et al., 1998, Marei et al., 2012). Together,
the increased lactate production and improved cumulus cell viability in HI NEFA + HI GLUC
exposed COCs may explain the relatively higher proportions of good quality embryos and reduced
embryo fragmentation rates compared with HI NEFA and normal GLUC exposed COCs. This is in
line with findings of Wallace et al. (2012) who reported that oocytes originating from follicles with
high lactate concentrations successfully developed after fertilization.
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High levels of ROS were detected in the oocytes from HI NEFA + HI GLUC exposed COCs
compared to COCs exposed to HI NEFAs only. However this increase in oocyte ROS was limited
and not different from controls. Intracellular ROS in the oocyte may activate AMP kinase, which is
a metabolic sensor turning on catabolic pathways such as FA oxidation to produce ATP (Choi et
al., 2001, Downs, 2015). This upregulated β-oxidation of the excess NEFAs present in the microenvironment of the oocyte can subsequently increase mitochondrial activity (Iossa et al., 2002),
which in turn leads to an even higher production of ROS (Burton et al., 2003). ROS play crucial
roles in signalling pathways and regulation of cellular metabolism (for review: Agarwal et al.
(2012)). Intolerable levels of ROS exceeding the antioxidant capacity of the oocyte can be
detrimental due to OS damage. Increased OS levels have previously been reported in bovine
oocytes exposed to elevated glucose concentrations (Hashimoto et al., 2000) and in oocytes from
obese (Igosheva et al., 2010) and diabetic mice (Colton and Downs, 2004) which may impair
oocyte developmental competence (Combelles et al., 2009). In contrast, the mild increase in ROS
levels detected in the HI NEFA + HI GLUC oocytes did not hamper embryo development suggesting
that oocytes did not experience oxidative damage.
Altered blastocyst carbohydrate metabolism has been linked with reduced embryo quality.
For example, blastocysts from obese women consumed significantly less glucose compared with
blastocysts from healthy weight women (Leary et al., 2015). We could not corroborate this in our
study in which the effect of elevated NEFAs with either normal, high or low glucose concentrations
during oocyte maturation on expanded blastocyst’s metabolism was minimal. This can be related
to the plasticity in embryonic energy metabolism resulting in successful embryonic development
(Gardner, 1998, Sturmey and Leese, 2008, Gardner and Harvey, 2015). Moreover, transcript
abundance of carbohydrate- and lipid-related key regulatory genes was not affected by high or
low glucose levels during lipolysis-like conditions. Together with the unchanged transcriptome
level of genes associated with mitochondrial function, insulin resistance and oxidative stress in
expanded blastocysts, it can be assumed that once the expanded stage is reached, blastocysts are
equally viable. However, oocytes matured under obesity and/or diabetes related conditions
produced blastocysts with an increase in apoptosis and in TE/ICM ratio, suggesting that these
embryos may compensate for the metabolic insult earlier in development by relatively enlarging
their TE. Such alterations of increased cell allocation to TE cell-lines (future placental structures)
have been shown in other animal models to be correlated with smaller offspring with
compromised health (for review, see: Robker (2008)). It has been shown that the increased
follicular glucose concentrations in diabetic or obese subjects are associated with poor oocyte
viability in mice with long-term consequences resulting in increased abortion rates and congenital
abnormalities (Moley et al., 1998, Jungheim and Moley, 2008, Wyman et al., 2008). Moreover,
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maternal metabolic disorders may alter the epigenetic profile of the resulting blastocysts (Van
Hoeck et al., 2011, Van Hoeck et al., 2013, Desmet et al., In press). Murine, as well as bovine and
human research could demonstrate that an altered metabolic profile peri-conception and during
early embryonic development might program the offspring’s susceptibility to disease (Jungheim
et al., 2011a, González-Recio et al., 2012, Lehnen et al., 2013, O'Doherty et al., 2014).
5.2 IMPACT OF NEGATIVE ENERGY BALANCE RELATED CONDITIONS DURING OOCYTE MATURATION
Cumulus oocyte complexes matured in the presence of elevated NEFA and low glucose
concentrations showed lower rates of glucose consumption and lactate production compared
with COCs exposed to high NEFA and high glucose concentrations and compared with controls.
Despite the low glucose consumption, similarly high lactate/2glucose ratios were observed
compared to HI NEFA + HI GLUC exposed COCs. When glucose is scarce, the conversion of pyruvate
to acetyl-CoA is suppressed. As such, glucose can be conserved for other crucial pathways than
ATP generation and preferential oxidation of FAs for energy production can occur (Holness and
Sugden, 2003), as described by Wolfe (1998) in the ‘glucose-fatty acid cycle reversed’. Glucose (or
lactate) can then be prioritized for the PPP to guarantee synthesis of nucleic acid precursors,
important for final oocyte maturation and glutathione production for REDOX regulation. This
mechanism may be responsible for the reduced oocyte ROS levels and cumulus cell apoptosis
observed in COCs exposed to HI NEFA + LO GLUC. However, little glucose was consumed by COCs
in the presence of elevated NEFAs and low GLUC. In addition, Downs et al. (1998) stated that a
reduced glucose metabolism via the PPP during oocyte maturation may be associated with a lower
embryo developmental potential. As such, it can be suggested that NEFAs, as an alternative energy
source in the case of low available glucose, cannot support oocyte developmental competence as
they cannot provide the COC with e.g. nucleic acid precursors or sufficient OS defence (SuttonMcDowall et al., 2010).
Low oocyte glucose consumption may have contributed to the inability of the oocyte to
reach the 2-cell stage and to develop in time into a good quality ≥ 4-cell embryo without
fragmentation. Glucose is essential for proper oocyte development as inhibition of glucose
metabolism via the PPP or glycolysis significantly hampered murine COC development until the
blastocyst stage. This effect was partially attributed to reduced ATP production (Xie et al., 2016).
These effects persisted during early embryo development as evident in the reduced D7 and D8
blastocyst and D8 hatching rates. Fragmentation is shown to be related to chromosomal
abnormalities (Chavez et al., 2012), apoptosis and preimplantation embryonic death (Jurisicova
et al., 1996). Hatched blastocysts are more likely to implant and to successfully generate offspring.
The observed increase in apoptosis in the surviving hatched blastocysts in this study may
therefore have long-term implications hereby eliminating potentially unviable progeny in later
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stages of development (Hardy, 1997). Regardless of the fact that nutrition and metabolic state can
have profound effects on (epi-)genetic processes in early stages of embryo development and
metabolism (Sinclair and Singh, 2007), no effects could be detected on gene expression patterns
of several key-regulatory metabolic genes in D7 blastocysts in the present study due to a
hypoglycemic lipolytic-like environment.
Concentrations of nutrients in physiological fluids, including the FF, are maintained due to
a constant blood flow. In contrast, static in vitro culture conditions provide only limited amounts
of substrates. Routine bovine in vitro maturation media contain 5.5 mM glucose which is
considered a supra-physiological concentration. However, this is crucial to avoid total glucose
depletion as COCs were shown to consume about 3-4 mM of glucose during 24 h of maturation
(Sutton-McDowall et al., 2004). Consequently, physiologically relevant low NEB glucose
concentrations and, compared to optimal IVM glucose levels, relatively higher glucose
concentrations mimicking diabetic conditions were used in this study, but taking into account that
in vitro glucose concentrations exceeding 10 mM severely hampers oocyte development (SuttonMcDowall et al., 2010).
Establishing animal models to study the effects of (human) maternal metabolic conditions
in vitro, with particular interest in the effects of available glucose and FAs, are difficult as these
disorders are complex and multifactorial. In this study, we only focused on the follicular microenvironment and oocyte vulnerability during the final phase of oocyte maturation. However,
obesity or NEB related hyper- or hypoglycemia is normally present throughout follicular growth,
oocyte maturation and embryo development, possibly causing a more pronounced effect on
oocyte quality and subsequent pre-implantation embryo development and quality than the effects
seen in our in vitro study. Britt (1992) already hypothesized this long term ‘carry over’ effect of
folliculogenesis under disturbed maternal metabolic conditions many years ago. Only recently, it
was shown in an in vivo study that cows going through a more severe NEB period during the first
weeks after calving had a significant lower chance of producing a good quality embryo 3 to 4
months later (Carvalho et al., 2014).
5.3 CONCLUSIONS
We showed that lipolytic-like conditions combined with high or low glucose, mimicking
respectively an insulin resistant state (obesity, diabetes) or a NEB state, differentially influenced
oocyte and embryo development and quality. Developmental potential, cumulus expansion and
metabolism of COCs exposed to NEB-related conditions were affected to a greater extent
compared with COCs matured under obese and/or diabetic conditions. Blastocyst metabolism and
the transcriptome of important key-regulatory metabolic and oxidative stress related genes were
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not affected. However, both lipolytic conditions associated with high or low glucose resulted in
surviving embryos of reduced quality regarding to blastomere apoptosis and allocation to the ICM
and TE.
These results further highlight the importance of the glucose and fatty acid availability in
the micro-environment of the maturing oocyte, influenced by the maternal metabolic health, on
oocyte developmental competence and quality. Further research is required to unravel
mechanisms regulating the interaction between glucose and elevated NEFAs on oocyte
development.
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Supplementary Table 1. Details of primers used for RT- qPCR
GENE SYMBOL

GENE NAME

ACCESSION NO.

FORWARD PRIMER (5'-3')

REVERSE PRIMER (5'-3')

PRODUCT
LENGTH

ACACA

Acetyl-CoA carboxylase alpha

FN185963.1

AAGCAATGGATGAACCTTCTTC

GATGCCCAAGTCAGAGAGC

196

ACTB

Actin, beta

AF191490.1

GAGAAGCTCTGCTACGTCG

CCAGACAGCACCGTGTTGG

264

CAT

Catalase

NM_001035386.2

GAATATGGCTCCCGCATCCAGG

TTCACAAGCGGACGGCAACGTG

169

CPT1B

Carnitine palmitoyltransferase 1B

NM_001034349.2

CTGCCCGCCTGGGAAATGCTGT

CAGTCTCTCCTCCCCGGGCTGG

332

G6PD

Glucose-6-phosphate
dehydrogenase

NM_001244135.1

CGCTGGGACGGGGTGCCCTTCATC

CGCCAGGCCTCCCGCAGTTCATCA

347

GPX1

Glutathione Peroxidase 1

NM_174076.3

GCAACCAGTTTGGGCATCA

CTCGCACTTTTCGAAGAGCATA

116

NM_174809

AGGACGACTAGCCATGGACGTGTG

CCACCACCAGCAATTGTAGCCTTG

209

NM_174352.2

GCTGCGGTGTGCCAAGTGAAAAAG

AGCCCCTCTGCCGTTGTTACCT

201

NM_174099.2

TTCTTAAGGAAGAACATGTC

TTCACGTTACGCTGGACCAA

310

NM_001011678.2

CAGGACATTGAGCAAGTTTGG

GTGGAAAGGATGCTGTTGAAG

234

NM_001101046.2

TGGAAAGAGCAGCAGCCAGCAC

GCGAGATTGCTGTTCACCATCC

295

NM_001075268.1

AAGAACGTGCTGGGCCACATG

CTTCAGCCACCACTGCTCCTTG

268

NM_174602.2

CTGATCCTGGGTCGCTTCAT

ACGTACATGGGCACAAAACCA

68

S67818.1

GCTTACAGATTGCTGCTTGT

AAGGTAATAAGCATGCTCCC

101

NM_001034016.2

CAAATGATGGAAGTTGGACG

AGCTTCCGGTATTGAGACC

150

NM_001033611.2

CGCTCGCAATGCCATTGTCAAC

CAGGATCCCAAGCGGAGAAAG

302

H2AFZ
IGF2R
LDHA
NFE2L2
PDHA1
PKFM
SCL2A1

SOD2
TFAM
UCP2

H2A histone family,
member Z
Insulin-like growth factor 2
receptor
Lactate dehydrogenase A
Nuclear factor,
erythroid 2-like 2
Pyruvate dehydrogenase
(lipoamide) alpha 1
Phosphofructokinase, muscle
Solute carrier family 2 (facilitated
glucose transporter) member 1
(former GLUT1)
Superoxide Dismutase 2,
Mitochondrial
(former MnSOD)
Transcription factor A,
mitochondrial
Uncoupling protein 2
(mitochondrial, proton carrier)
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Supplementary Table 2. Glucose consumption and lactate production by individual embryos split by D7 blastocyst stage in each treatment
D7 STAGE
(ALL EMBRYOS)
YOUNG

GLUCOSE CONSUMPTION
LACTATE PRODUCTION
LACTATE/2GLUCOSE RATIO
(pmol/embryo/h)
(pmol/embryo/h)
a
ab
CONT
21.32 ± 6.84 (7)
11.54 ± 3.77 (12)
0.37 ± 0.13 (7) a
a
a
HI NEFA
25.39 ± 4.92 (12)
9.15 ± 3.57 (12)
0.17 ± 0.06 (12) a
a
b
HI NEFA + HI GLUC
29.86 ± 6.41 (12)
18.82 ± 3.82 (14)
0.42 ± 0.19 (12) a
a
ab
HI NEFA + LO GLUC
27.38 ± 8.23 (10)
14.15 ± 3.37 (10)
0.35 ± 0.20 (10) a
a
a
NORMAL
CONT
23.33 ± 2.20 (22)
16.71 ± 3.79 (23)
0.41 ± 0.10 (22) $
a
ab
HI NEFA
20.62 ± 1.95 (17)
11.39 ± 2.82 (18)
0.30 ± 0.10 (17)
HI NEFA + HI GLUC
30.75 ± 5.25 (16) a
8.86 ± 2.34 (21) b
0.13 ± 0.06 (16) $
a
ab
HI NEFA + LO GLUC
22.32 ± 6.95 (10)
10.73 ± 3.07 (14)
0.39 ± 0.13 (10)
EXPANDED
CONT
29.77 ± 2.56 (35) a
24.75 ± 3.29 (39) a
0.44 ± 0.08 (35) a
a
a
HI NEFA
32.74 ± 2.83 (30)
28.79 ± 3.32 (31)
0.48 ± 0.07 (30) a
a
a
HI NEFA + HI GLUC
31.51 ± 2.82 (15)
27.83 ± 4.04 (17)
0.56 ± 0.15 (15) a
a
a
HI NEFA + LO GLUC
23.57 ± 3.42 (11)
27.56 ± 3.36 (15)
0.61 ± 0.13 (11) a
1
1
HATCHED
CONT
40.10 ± 5.06 (9)
36.20 ± 8.15 (9)
0.62 ± 0.21 (9) 1
1
1
HI NEFA
33.01 ± 14.16 (3)
40.90 ± 22.25 (3)
0.64 ± 0.48 (3) 1
1
1
HI NEFA + HI GLUC
42.56 ± 21.19 (3)
12.36 ± 7.24 (2)
0.34 ± 0.24 (2) 1
1
1
HI NEFA + LO GLUC
44.92 (1)
32.04 (1)
0.36 (1) 1
Data are presented as means ± S.E.M (7 repeats). Number of embryos evaluated are indicated between brackets. 1 Numbers of embryos in these
groups are too low to perform statistical analysis. a,b Data with different superscripts in the same column within 1 stage are significantly different
(P < 0.05). $ Data marked with dollar sign in the same column within 1 stage tend to be different from each other (P < 0.1).
TREATMENT
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Supplementary Table 3. Glucose consumption and lactate production by individual growing embryos (developing to a more advanced stage from
Day 7 to Day 8) per D7 stage in each treatment
D7 STAGE
GLUCOSE CONSUMPTION
LACTATE PRODUCTION
TREATMENT
LACTATE/2GLUCOSE RATIO
(GROWING EMBRYOS)
(pmol/embryo/h)
(pmol/embryo/h)
YOUNG
CONT
21.32 ± 6.84 (7) a
12.39 ± 4.02 (11) ab
0.37 ± 0.13 (7) a
HI NEFA
25.39 ± 4.92 (12) a
9.15 ± 3.57 (12) a
0.17 ± 0.06 (12) a
HI NEFA + HI GLUC
30.72 ± 6.96 (11) a
18.92 ± 3.66 (12) b
0.46 ± 0.20 (11) a
HI NEFA + LO GLUC
29.69 ± 8.84 (9) a
14.96 ± 3.66 (9) ab
0.33 ± 0.22 (9) a
NORMAL
CONT
24.94 ± 2.31 (19) 2
20.24 ± 4.14 (19) 2
0.47 ± 0.11 (19) a
HI NEFA
22.05 ± 1.91 (15) 2
10.27 ± 3.11 (15) 2
0.24 ± 0.09 (15) a
HI NEFA + HI GLUC
30.67 ± 4.34 (13) 2
10.85 ± 2.55 (17) 2
0.17 ± 0.07 (13) a
HI NEFA + LO GLUC
29.51 ± 10.82 (6) 2
12.18 ± 4.11 (10) 2
0.33 ± 0.09 (6) a
EXPANDED
CONT
30.25 ± 2.60 (28) 1
24.05 ± 3.79 (31) a
0.41 ± 0.08 (28) 1
HI NEFA
36.28 ± 3.21 (21) 1
32.97 ± 3.79 (21) b
0.51 ± 0.08 (21) 1
HI NEFA + HI GLUC
31.95 ± 3.24 (10) 1
27.52 ± 4.88 (12) ab
0.48 ± 0.15 (10) 1
HI NEFA + LO GLUC
10.36 (1) 1
34.06 ± 6.56 (3) ab
1.05 (1) 1
Data are presented as means ± S.E.M (7 repeats). Number of embryos evaluated are indicated between brackets. 1 Numbers of embryos in these
groups are too low to perform statistical analysis. ² Statistical analysis cannot be performed due to a significant interaction Treatment*Repeat (the
effect of the treatment was dependent on the experimental repeat). a,b Data with different superscripts in the same column within 1 stage are
significantly different (P < 0.05).
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1.

ABSTRACT
Extensive in vitro research has shown that elevated non-esterified fatty acid (NEFA)

concentrations in the oocytes’ micro-environment are implicated in the reduced oocyte and
embryo quality observed in individuals suffering from lipolytic metabolic disorders. Recent
studies performed in our lab could not confirm these negative effects at oocyte and embryo level.
Moreover, based on literature, it was surprising that the in vitro maturation of oocytes under
obesity and diabetes related conditions did not hamper development to a greater extent (CHAPTER
3A). This led us to assume that our routine in vitro embryo culture system, in which insulin (antiapoptotic and mitogenic), transferrin and selenium (both antioxidants) (ITS) was used, might be
able to alleviate some of the negative effects induced during maturation. As such, the previously
performed experiments (CHAPTER 3A) were repeated, but this time without the supplementation
of ITS during culture, hypothesizing that ITS may mask (or recover) some of the negative effects
induced during maturation. We showed a more pronounced effect of the metabolically
compromising treatments on development. However, we were still not able to indicate a
significant negative effect of elevated NEFAs on oocyte developmental potential. Interestingly,
blastocysts from metabolically compromised oocytes were of good quality regarding to apoptosis
and cell allocation when ITS was not supplemented during embryo culture. This was not the case
when experiments were performed with ITS during culture, where embryos from metabolically
compromised oocytes showed increased apoptosis and altered cell allocation. In conclusion, the
presence of supporting substrates such as ITS during embryo culture of metabolically
compromised oocytes seem to support the development of the preimplantation embryo without
improving blastocyst quality. These results emphasize the impact of embryo culture conditions
on the development of metabolically compromised oocytes, which might be of high importance in
clinical practices helping obese and diabetic women to conceive via in vitro fertilisation.
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2.

INTRODUCTION
Van Hoeck et al. (2011) have previously shown that supplementation of elevated NEFAs

during oocyte maturation compromised subsequent embryo development to the blastocyst stage.
However, we could not confirm this in our study (De Bie et al., Accepted) (CHAPTER 3A), where
elevated NEFA concentrations increased fragmentation rates and decreased the development of
good quality embryos (≥ 4-cells) 48 h after fertilization, but did not significantly affect cleavage or
blastocyst rates. Moreover, based on previous in vivo research (Colton and Downs, 2004, Jungheim
and Moley, 2008, Wyman et al., 2008, Igosheva et al., 2010), it is surprising that in vitro maturation
of oocytes under obesity and diabetes related conditions, as described by De Bie et al.
(Accepted)(CHAPTER 3A), did not hamper pre-implantation embryo development to a greater
extent.
In vivo research showed that zygotes collected from obese mice lagged behind at the twocell stage, as compared to zygotes from non-diabetic mice. Interestingly, this delay in embryonic
development could be overcome by in vivo administering the hypo-insulinemic mice with insulin
(Diamond et al., 1989). It has also been shown that bovine blastocysts exposed to insulin-like
growth factor-1 had a higher chance to develop, following transfer into recipient cows under heatstressed conditions (Block and Hansen, 2007). This led us to assume that our routine in vitro
embryo culture system, in which insulin (anti-apoptotic and mitogenic (Augustin et al., 2003)),
transferrin and selenium (both antioxidants (Barnes and Sato, 1980)) (ITS) was used, might be
able to alleviate some of the negative effects induced during maturation. In addition, Dallemagne
M. et al. (2015) showed that bovine embryos cultured in the presence of ITS as serum substitute
were more resistant to an external oxidative stress insult than those cultured in 5 % serum. This
may be important as previously performed experiments by Van Hoeck et al. (2011) contained 5%
serum instead of ITS during culture of NEFA exposed oocytes.
ITS is routinely used in serum-free culture media to support embryo development. Bowles
and Lishman (1998) and George et al. (2008) reported an increase in blastocyst rates after embryo
culture in the presence of ITS. These effects can be attributed to the mitogenic and anti-apoptotic
effect of insulin (Augustin et al., 2003, Dupont and Scaramuzzi, 2016) and/or to the antioxidant
properties of transferrin (Gutteridge, 1989) and selenium (Tapiero et al., 2003). Elevated NEFAs
are known to alter mitochondrial function and increase reactive oxygen species accumulation
leading to oxidative stress in cells, including oocytes, ultimately causing apoptosis (Iossa et al.,
2002, Burton et al., 2003, Van Hoeck et al., 2013). Whether the presence of ITS during culture may
compensate or even cure these metabolically compromised oocytes is not known yet. As we could
not substantiate a significant negative effect of elevated NEFAs on oocyte and embryo
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development, we repeated the previously performed experiments (De Bie et al., Accepted)
(CHAPTER 3A), but this time without the supplementation of ITS during culture, hypothesizing that
ITS may mask (or recover) some of the negative effects induced during maturation.

3.

MATERIALS AND METHODS

3.1 EXPERIMENTAL DESIGN AND COMPOSITION OF THE MATURATION TREATMENTS
The experimental design and composition of the maturation treatments is similar to the
experiments previously described by De Bie et al. (Accepted) (see CHAPTER 3A). Briefly, the
following maturation treatments were performed:
I)

CONT: physiological basal NEFA concentrations (72 µM total NEFA containing 23 µM PA,
28 µM SA and 21 µM OA) and routine IVM glucose (GLUC) concentrations (5.5 mM).

II) HI NEFA: pathophysiological concentrations of NEFAs (similar to those observed during
lipolysis, 425 µM total NEFAs containing 150 µM PA, 75 µM SA and 200 µM OA) and routine
IVM GLUC (5.5 mM).
III) HI NEFA + HI GLUC: pathophysiological concentrations of NEFAs (425 µM) and high IVM
GLUC concentrations (9.9 mM).
IV) HI NEFA + LO GLUC: pathophysiological concentrations of NEFAs (425 µM) and low IVM
GLUC concentration (2.75 mM).
3.2 BOVINE IN VITRO EMBRYO PRODUCTION
In vitro maturation of bovine oocytes was performed as previously described by Van Hoeck
et al. (2011) with minor modifications (SEE CHAPTER 3A). Briefly, 936 immature bovine COCs were
collected from slaughterhouse ovaries and matured in groups of 45 ± 10 COCs (10 µL serum-free
maturation medium per COC) in 3 repeats. Oocytes were routinely fertilized and presumptive
zygotes were subsequently cultured in groups of 25 ± 4 embryos in 75 µL serum-free modified
synthetic oviductal fluid (mSOF) with 2 % w/v FA-free BSA, but without insulin, transferrin and
selenium.
3.3 BOVINE OOCYTE AND EMBRYO QUALITY PARAMETERS
At 48 h pi, total cleavage rates were recorded as well as 2-cell block and proportions of
embryos with ≥ 4-cell per total cleaved embryos. Proportions of ≥ 4-cell embryos with signs of
fragmentation in ≥ 20 % of their cellular mass were recorded. At Day 7 (D7) and 8 pi, blastocyst
rates were evaluated and presented as the number of blastocysts per total number of oocytes and
per total cleaved embryos (inverted Olympus CKX41 microscope). The proportion of D7
blastocysts that hatched by D8 of the total of not hatching D7 blastocysts was also calculated.
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The trophectoderm (TE) / inner cell mass (ICM) ratio as well as the apoptotic cell index
were determined by an immunostaining of fixed D8 blastocysts as previously described by
Wydooghe et al. (2011) with some modifications (see De Bie et al. (Accepted) or CHAPTER 3A). The
apoptotic cell index was calculated as the number of apoptotic cells from total cell count and
expressed as percentages. Data were expressed as overall mean ± S.E.M. or classified based on the
stage of the blastocyst.
3.4 STATISTICAL ANALYSES
All statistical procedures were carried out in IBM SPSS Statistics 23 (for Windows, Chicago,
IL, USA). Categorical data of developmental competence were compared among the four
treatment groups using a binary logistic regression model. Numerical data of cell counts, apoptotic
cell indexes and cell numbers were compared among all treatments using a linear mixed model
ANOVA. Replicate (random factor), treatment (fixed factor) and the interaction of both factors
were taken into account. If the interaction term was not significant, it was omitted from the final
model. A chi square test was used to analyze the treatment effect on the hatching rates from D7 to
D8. A Bonferroni post-hoc test was performed to correct for multiple comparisons. Statistical
significance was set at P > 0.05.
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4.

RESULTS
Without using ITS during embryo culture, maturation of COCs in the presence of HI NEFAs

did not affect the capacity of the oocytes to cleave after fertilization. The quality of these embryos
and the capacity to reach the blastocyst stage was also similar between HI NEFA and CONT
treatments (Table 1). Oocyte exposure to HI or LO GLUC in presence of HI NEFA significantly
reduced the capacity of the oocyte to cleave after fertilization, but did not significantly affect the
quality of the embryo 48 h after fertilization compared with CONT. Development of these HI NEFA
+ HI GLUC and HI NEFA + LO GLUC oocytes into D7 and D8 blastocysts was significantly reduced
compared with CONT. Moreover, D7 blastocyst development from oocytes exposed to HI NEFA +
LO GLUC was significantly reduced compared with HI NEFA + HI GLUC exposed oocytes (Table 1).
Hatching rates from D7 to D8 were not significantly different among the 4 treatments (43.8 %,
40.0 %, 41.9 %, and 31.4 % in CONT, HI NEFA, HI NEFA + HI GLUC and HI NEFA + LO GLUC,
respectively).
Total cell, ICM and TE counts, as well as TE/ICM ratios and apoptotic cell indexes were
similar in D8 blastocysts among all treatment groups (Table 2).
Table 1. Oocyte and embryo developmental competence cultured in absence of ITS

Total number of oocytes used
Total cleaved (%)

CONT

HI NEFA

HI NEFA
+ HI GLUC

HI NEFA
+ LO GLUC

163

217

254

302

122 (76.64) a

147 (67.77) ab

163 (64.75) b

163 (53.99) c

2-cell block /
27 (22.75) a
34 (23.07) a
34 (20.57) a
48 (29.93) a
cleaved embryos (%)
≥ 4-cells /
50 (43.07) a
63 (42.65) a
70 (43.18) a
52 (31.84) a
cleaved embryos (%)
Fragmented /
12 (19.44) a
15 (19.25) a
15 (18.87) a
23 (30.29) a
≥ 4-cells embryos (%)
D7 blastocysts /
35 (21.17) a
39 (17.88) abc
40 (15.66) b
24 (7.94) c
total oocytes (%)
D7 blastocysts /
35 (28.23) a
39 (26.27) ab
40 (24.43) ab
24 (14.44) b
total cleaved (%)
D8 blastocysts /
46 (28.68) a
57 (26.07) a
53 (20.64) b
51 (16.88) b
total oocytes (%)
D8 blastocysts /
46 (37.85) a
57 (38.43) a
53 (32.48) a
51 (30.75) a
total cleaved (%)
Data are presented as numbers (and percentages between brackets). In total 936 cumulus oocyte complexes
were matured in 3 repeats. Cleavage parameters were determined 48 h post insemination (p.i.). Blastocysts
were scored at day 7 p.i. (D7) and day 8 p.i. (D8). a,b Data with different letters in the same row differ
significantly amongst treatment groups (P < 0.05).
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Table 2. Quality of Day 8 Normal, Expanded and Hatched blastocysts cultured in the absence of ITS
CONT

HI NEFA

HI NEFA
+ HI GLUC

HI NEFA
+ LO GLUC

Total number of
39
32
31
19
blastocysts examined
Overall TOT cell count
158 ± 10
180 ± 9
161 ± 10
145 ± 13
Overall TE cell count
110 ± 7
122 ± 7
110 ± 7
103 ± 10
Overall ICM cell count
48 ± 3
56 ± 4
49 ± 4
42 ± 5
Overall TE/ICM ratio
2.48 ± 0.13
2.40 ± 0.19
2.45 ± 0.17
2.71 ± 0.27
Overall Apoptotic cell Index (%)
2.82 ± 0.32
2.80 ± 0.35
3.17 ± 0.41
2.30 ± 0.41
Number of
4
2
6
2
Normal blastocysts
TOT cell count
103 ± 24
106 ± 26
75 ± 11
91 ± 10
TE cell count
73 ± 17
72 ± 18
48 ± 10
57 ± 2
ICM cell count
30 ± 7
34 ± 8
27 ± 5
34 ± 8
TE/ICM ratio
2.40 ± 0.15
2.15 ± 0.01
1.91 ± 0.47
1.80 ± 0.40
Apoptotic cell Index (%)
2.30 ± 0.82
1.89 ± 1.89
6.76 ± 0.75
2.97 ± 2.97
Number of
18
14
9
10
Expanded blastocysts
TOT cell count
131 ± 8
158 ± 13
153 ± 15
118 ± 10
88 ± 6
102 ± 8
107 ± 8
83 ± 7
TE cell count
ICM cell count
43 ± 4
54 ± 7
46 ± 7
35 ± 4
TE/ICM ratio
2.20 ± 0.12
2.30 ± 0.43
2.66 ± 0.28
2.59 ± 0.25
Apoptotic cell Index (%)
3.16 ± 0.59
2.87 ± 0.59
2.28 ± 0.52
2.47 ± 0.56
Number of
17
16
16
7
Hatched blastocysts
TOT cell count
200 ± 14
208 ± 9
193 ± 9
198 ± 21
TE cell count
143 ± 11
145 ± 7
133 ± 7
143 ± 14
ICM cell count
57 ± 6
61 ± 4
59 ± 5
55 ± 10
TE/ICM ratio
2.78 ± 0.24
2.51 ± 0.16
2.50 ± 0.23
3.15 ± 0.62
Apoptotic cell Index (%)
2.58 ± 0.35
2.85 ± 0.44
2.55 ± 0.41
1.85 ± 0.46
Data are presented as means ± S.E.M (3 repeats). Total number of cells per blastocysts (TOT) as well as
number of trophectoderm cells (TE), inner cell mass cells (ICM) and the ratio TE/ICM is presented.
Apoptotic cell indexes are calculated as the number of apoptotic cells on total cells. No significant differences
were found.
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5.

DISCUSSION
Comparing results of the experiments performed in the presence (CHAPTER 3A) and absence

of ITS, we observed a more pronounced detrimental effect of HI NEFA + HI GLUC on the ability of
oocytes to cleave and develop into a blastocyst when no ITS was added during culture. No
differences in cell allocation to TE or ICM, total cell numbers or apoptotic cell indexes were
observed in any of the treatment groups when ITS was absent during embryo culture. Without the
use of ITS during culture, we showed that HI NEFA + LO GLUC during oocyte maturation, as
present in NEB cows, jeopardized embryo development to a greater extent compared to COCs
exposed to HI NEFA + HI GLUC (obese/diabetic situation), similarly to what we observed in the
experiments using ITS during culture. Clearly, the maturation treatments reduced the chance of a
zygote to develop till blastocyst when cultured in the absence of ITS, but those that did develop
further were of good quality with respect to blastocyst cell numbers, cell allocation and apoptosis.
Yet, we were not able to indicate a significant negative effect of elevated NEFAs only on oocyte
developmental potential, which might be related to the chemically undefined serum added during
embryo culture in the previous NEFA experiments conducted by Van Hoeck et al. (2011). Serum,
rich in triglycerides, fatty acids, lipoproteins, and others, might have aggravated the impact of the
metabolic stress during maturation. This may be explained by the excessive lipid accumulation in
the embryo through an increased lipid uptake altering mitochondrial function, as observed in
embryos cultured in serum and/or lipid rich containing media (Ferguson and Leese, 1999, Kim et
al., 2001, Abe and Hoshi, 2003, Leroy et al., 2005).
In order to be able to draw solid conclusions on the reparative effect of ITS on metabolically
compromised oocytes, the experimental set-up of this study should have been performed with
and without ITS during culture in the same repeat. Parallel to this study, Smits et al. (2016)
performed experiments in which they exposed bovine COCs to elevated saturated palmitic acid
(combined with physiologically low concentrations of stearic and oleic-acid) or HI NEFA and
cultured them with or without ITS. Supplementation of ITS during embryo culture tended to
increase blastocyst rates of PA-exposed COCs to levels similar to controls. However, ITS
supplementation could not significantly improve development of HI NEFA exposed oocytes.
Interestingly, they found that ITS during culture could not alleviate the HI NEFA induced apoptosis
in blastocysts, which is in line with our observations in blastocysts originating from HI NEFA and
HI or LO GLUC treated oocytes.
In conclusion, the presence of supporting substrates such as a cocktail of insulin, transferrin
and selenium during embryo culture of metabolically compromised oocytes seems to support the
development of the preimplantation embryo without improving blastocyst quality. These results
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emphasizes the impact of embryo culture conditions on the development of metabolically
compromised oocytes, which might be of high importance in clinical practices helping obese and
diabetic women to conceive via in vitro fertilisation.
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1.

ABSTRACT
With the increased use of conserved forages, antioxidant intake (β-carotene (bC) and

Vitamin E (VitE)) from fresh feed decreased steeply. Moreover, most recent supplementation
guidelines date from 2001 (NRC) and thus there is a need to re-evaluate the vitamin supply to
support optimal health and fertility. We aimed to: 1) unravel the effects of lactation status, season
and farm type on blood bC and VitE concentrations, 2) investigate the current bC and VitE status
of Flemish dairy cows and 3) provide an ‘on farm’ analyzing strategy to estimate the antioxidant
status of a dairy herd. Seven grazing and 7 zero-grazing dairy farms were visited during autumn,
winter and summer. During each visit, blood was randomly sampled from 5 dry cows (2–4 w prepartum), 5 cows in early lactation (0–3 w post-partum) and 5 cows in mid lactation (± 12 w postpartum), and analyzed on bC, VitE, glutathione peroxidase, non-esterified fatty acids and βhydroxybutyrate concentrations. We showed that lactation status, farm type and season are all
interrelated factors influencing bC and VitE concentrations. Dietary fresh grass could not resolve
the negative energy balance-induced decline in plasma bC and VitE, but grazing positively altered
the bC and VitE status of dry cows in particular. One third of Flemish dairy cows had deficient
circulating bC and VitE levels, especially early lactating cows and cows housed on zero-grazing
farms. To estimate a herd’s antioxidative status, bC (using the under field conditions validated
iCheckTM) and VitE of 3 cows per lactation stage per season are suggested to be evaluated. These
findings can help updating AO recommendations since it is clear that there is a need for
optimization of AO nutritional management in the Flemish dairy industry in order to feed for
optimal dairy cow health and fertility.

2.

INTRODUCTION
With the onset of lactation, cows enter a period of negative energy balance (NEB) with

increased lipolysis resulting in elevated serum non-esterified fatty acid (NEFA) concentrations
(Adewuyi et al., 2005). This NEB status is associated with increased oxidative stress (OS) and has
been linked with subfertility (Leroy et al., 2008, Leblanc, 2010). One of the important recognized
mechanisms responsible for NEFA-related inferior oocyte and embryo quality is OS (Van Hoeck et
al., 2014). Therefore, antioxidants (AO) can be a promising solution to protect oocytes and
embryos under metabolically compromised conditions. Unfortunately, the antioxidative capacity
of NEB cows is insufficient (Castillo et al., 2005), and can be further reduced by heat stress
(Bernabucci et al., 2010). Antioxidants such as β-carotene (bC) and vitamin E (VitE) are present
in high concentrations in fresh grass (Ballet et al., 2000) and positively influence dairy cow fertility
(Miller et al., 1993, de Ondarza and Engstrom, 2009). Most recent supplementation guidelines
date from 2001 (NRC), and with the continuous decline in the number of pasture-based dairy
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farms (Reijs et al., 2013), bC and VitE intake decreased steeply (Chauveau-Duriot et al., 2005).
Practically applicable AO supplementation strategies are a real challenge to develop, especially
due to the lack of a complete understanding of the interrelating factors influencing the AO status
of modern high yielding dairy cows. Information on the actual AO management practices (with
emphasis on Flanders, the North of Belgium) is lacking and a quick ‘on farm’ analyzing strategy to
estimate the AO status of a dairy herd would improve the detection of deficiencies. Consequently,
the aims of the present study were: 1) to investigate the interrelated effects of lactation status,
type of farm ((zero-)grazing), season, supplemented vitamins, parity and calving interval on bC
and VitE concentrations in dairy cows, 2) to investigate the current bC and VitE status in the
Flemish dairy industry and 3) to validate the cow-side iCheckTM bC-test under field conditions and
to provide an ‘on farm’ analyzing strategy to estimate the AO status of a dairy herd.

3.

MATERIALS AND METHODS

3.1 SELECTION OF DAIRY FARMS
Dairy farms in Flanders were invited to participate in a survey to estimate the AO status of
high yielding dairy cows through a call on the website of Dierengezondheidszorg Flanders (DGZ,
Drongen, Belgium) in September 2014 (http://www.dgz.be/nieuwsbericht/veepeiler-zoektgemotiveerde-veehouders-om-deel-te-nemen-aan-project-rond-antioxidante).

Out

of

48

interested farms, a total of 14 were selected, diffusely located in Flanders: 7 grazing (presence of
fresh grass in the ration) and 7 zero-grazing farms (no access to fresh grass). Only dairy farms
with a minimum of 50 lactating animals and a minimum annual milk yield per cow of 8.500 kg
were included in the study (the average Flemish dairy farm in 2015 counts 71 cows and has an
annual milk yield per cow of 8.515 kg (CRV, 2015)).
3.2 ANIMALS, BLOOD COLLECTION AND STUDY DESIGN
For an overview of the study design, see Figure 1. All 14 dairy farms were visited three
times: 1) at the beginning of autumn (AUT, Oct-Nov) immediately after the grazing season, 2) at
the end of winter (WIN, Feb-Mar) when stalled during the whole season and 3) during summer
(SUM, Jul-Aug) when cows on grazing farms had access to fresh grass and day temperature and
temperature humidity indexes (THI) increased (official air temperature and humidity at the day
of sampling was used to calculate the THI with www.abstechservices.com/?pages=calc4). Each visit,
5 dry cows (DRY, 2–4 weeks before calving), 5 cows in early lactation (EARLY LACT, 0–3 weeks
after calving, only multiparous cows) and 5 cows in mid lactation (MID LACT, at time of artificial
insemination ± 12 w after calving) were randomly chosen on each farm. After disinfecting the skin
with 70% ethanol, plasma was sampled from the udder vein in EDTA tubes (BD Vacutainer®
K2EDTA, BD, Plymouth, UK) and gently mixed. Serum was sampled in clot activating tubes (BD
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Vacutainer® SSTTM II Avance tubes). After collection, all blood tubes were transported in the dark
at room temperature until further processing. Parity, days after calving and body condition score
(BCS) of each individual cow as well as the THI in summer at the moment of blood sampling was
recorded. Additionally, next to farm type (grazing or zero-grazing), it was recorded if the cow was
stalled or grazing on pasture at the moment of sampling.

Fig 1. Study design. Boxes in light grey represent input variables, boxes in dark grey represent output
variables. Dry = 2-4 w pre-partum, Early lactation = 0-3 w post-partum, Mid lactation = at time of artificial
insemination, bC = β-carotene, VitE = Vitamin E, GPx = Glutathione Peroxidase, NEFA = Non-esterified Fatty
Acids, BHB = β-hydroxybutyrate, BCS = Body Condition Score, sup = supplementation, CI = Calving Interval
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Dietary supplementation of AO is reflected in the blood (De Bie et al., 2016b). As such, the
composition of the ration can significantly influence circulating AO concentrations. However, in
accordance to LeBlanc et al. (2004), it was not feasible to collected detailed information on diets
in a large, multi-herd field study. Diet composition may vary significantly between farms and
within farms over time due to changing availability and prices of feed ingredients. Furthermore,
AO content of roughages may vary in time as well, influenced by conservation time, UV (season),
pH and others (Ballet et al., 2000). The actual intake of fresh grass, concentrates, roughages and
other components of the ration are hard to determine under field conditions, as they rely on the
number of hours grazing, the appetite of the cow, availability and reachability of food at the feed
bunk, competition between animals, etc. As such, exact food uptake and detailed food composition
was not taken into account in this exploratory field study. We specifically aimed to broadly screen
the circulating bC, VitE and GPx concentrations as a measure of the antioxidative status of an
average dairy farm in Flanders. To do so, we specifically took into account the following
objectively measurable dietary factors under field conditions: 1) the presence of fresh grass
(pasture or freshly cut grass, regardless the proportion of this fresh grass in the total ration), 2)
the availability of pasture at the moment of blood sampling, 3) the presence of vitamin
supplements of any kind (regardless the amount) and 4) the use of bC supplements in particular
(regardless the amount). The average calving interval (CI) of the dairy herd was included in the
study as well. In addition, the number of dairy cows per farm and the mean annual milk yield per
cow of each farm was recorded.
3.3 ANALYSIS OF BLOOD PARAMETERS
Inter-assay coefficients of variation (CV) are indicated between brackets. Plasma bC was
photometrically analyzed with the iCheckTM (BioAnalyt GmbH, Germany) (2.3 %) according to
Schweigert et al. (2007). Serum vitamin E (9.5 %) was analyzed by means of liquid-liquid
extraction and HPLC with UV detection at 292 nm (1260 Infinity, Agilent Technologies, Santa
Carla, USA). NEFAs (5 %) and BHB (3.5 %) were colorimetrically and enzymatically determined
(Randox Laboratories, CrumLin, United Kingdom) in serum with a GalleryTM Plus Automated
Photometric Analyzer with detection at 550 nm and 340 nm (Thermo Fisher Scientific, Waltham,
USA), respectively. Plasma concentrations of glutathione peroxidase (GPx; 1.8 % intra-assay, 6.8
% inter-assay CV) were routinely analyzed according to Paglia and Valentine (1967) by means of
a commercially available GPx kit (Randox Laboratories) and spectrophotometrically detected
(Cobas 8000, Rotkreuz, Switzerland).
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3.4 DEFINING A COW SIDE PROTOCOL TO ESTIMATE THE ANTIOXIDANT STATUS OF DAIRY COWS
A portable spectrophotometer (iCheckTM) was used to assess the blood bC concentrations
of each cow. This method was evaluated by analyzing identical samples on blood bC with: 1) the
portable ‘on farm’ iCheckTM method (612 cows), 2) a laboratory chromatographic method (liquidliquid extraction and HPLC with UV-VIS detection at 450 nm, 6.1 % CV, Surveyor LC Pump Plus,
Autosampler Plus and PDA Detector, Thermo Fisher Scientific) (54 cows) and 3) a laboratory
spectrophotometric method (with UV detection at 450 nm, 4.5 % CV, DR3900, Hach Lange, Berlin,
Germany) (612 cows). Additional to this, blood was also sampled from the tail vein (40 cows) in
order to evaluate whether the source of blood (udder vs. tail vein) influences the iCheckTM bC
analysis. The number of sampled animals necessary to correctly estimate the antioxidant status
within a dairy farm is calculated based on the variances in bC (and VitE) plasma concentrations in
cows.
The most recent reference values on optimal serum bC (< 1.5 µg/mL = deficient, 1.5 – 3.5
µg/mL = sufficient, > 3.5 µg/mL = optimal; Schweigert and Immig, 2007) and VitE concentrations
(< 3 µg/mL = insufficient, ≥ 3 µg/mL = sufficient; Baldi, 2005) in dairy cows reported in literature
and applied in practice (for review see Calsamiglia and Rodriguez, 2012) were used to evaluate
the antioxidative status of the sampled cows.
3.5 STATISTICS
The influence of lactation stage, season and farm type on bC, VitE, GPx, logNEFA, and logBHB
(hereafter referred to as ‘the outcomes’) was modeled using linear mixed models. For each of the
5 outcomes, the linear mixed model was build using a stepwise backward approach, starting from
a full model including lactation stage, season, farm type and their pairwise interactions. In
addition, main effects of parity, bC supplementation, vitamin supplementation and CI were
included in the initial model. To account for the dependence between observations in the same
cow (random sampling of identical cows occurred occasionally) and for observations within the
same farm, a random intercept for cow and farm ID was included plus random slopes for season
and lactation stage. In case of a significant pairwise interaction, the data were split according to
one of the interacting variables and the effect of the other interacting variable was reported in the
separate groups. If the pairwise interaction was non-significant, the interaction term was
removed from the model and significance of the main effects was tested using the F-test with
KenwardRoger correction for the number of degrees of freedom.
Body condition scores were compared between lactation stages using a mixed model
ANOVA. Pairwise correlation between iCheckTM bC and laboratory analysed bC values were
expressed using the Pearson correlation coefficient. All data are presented as means ± SEM.
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Analyses were carried out in IBM SPSS Statistics 23 for Windows (Chicago, IL, USA) or in R 3.2.1
(R Core Team, 2014).

4.

RESULTS
To model the effect of lactation stage, season and farm type on bC, VitE, GPx, logNEFA, and

logBHB, linear mixed models were fitted. The significant terms from these models for each
outcome parameter are shown in Table 2. Means ± SEM are shown in Tables 3-7 including
significance, taking into account the interacting variables.
4.1 ANIMALS
A total of 612 cows from 14 farms situated in Flanders were sampled. The total of sampled
cows in each lactation stage (DRY, EARLY LACT and MID LACT) as well as mean days post-partum,
parity and BCS are presented in Table 1. Body condition scores were significantly different with
lowest scores in MID LACT and highest scores in DRY cows (P < 0.01). The dairy farms included
in this study counted a mean of 106 ± 12 cows and had an average annual milk yield per cow of
9,280 ± 188 kg. The mean annual milk yield per cow on each farm did not significantly differ
between grazing (9,166 ± 256 kg) and zero-grazing farms (9,394 ± 290 kg) and was therefore not
further taken into account in the final statistical model.
Table 1. Details of cows in each lactation stage

DRY

LactStatus
EARLY LACT

MID LACT

TOTAL NUMBER OF COWS
198
206
208
MEAN DAYS POST-PARTUM
392.4 ± 6.5
17.8 ± 0.9
79.8 ± 2.2
MEAN PARITY
2.3 ± 0.1
3.0 ± 0.1
2.7 ± 0.1
MEAN BCS
3.27 ± 0.04 a
2.75 ± 0.04 b
2.57 ± 0.03 c
The total number of cows in each lactation stage is presented as well as the mean days
post-partum, mean parity and mean body condition score (BCS). abc Statistics were only
performed on BCS and showed significant differences between all lactation stages.

4.2 Β-CAROTENE
The final model for bC included significant interactions between lactation status
(LactStatus), type of farm (FarmType) and Season, as well as main effects for vitamin
supplementation (VitSupp) and Parity (see Table 2 for exact P-values). Since there are no main
effects of LactStatus, FarmType and Season on plasma bC, we report the effect of LactStatus
separately by season and FarmType in Table 3 (I). Regardless FarmType or season, EARLY LACT
was associated with a significantly lower plasma bC compared with MID LACT. Only in zerograzing farms, DRY cows had significant lower plasma bC in each season compared with MID LACT
cows. In grazing farms, DRY cows had significant lower bC concentrations compared with MID
LACT cows in WIN only. In grazing farms in AUT and SUM, DRY cows had significant higher bC
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concentrations compared with EARLY LACT cows, which was not the case in cows from zerograzing farms. Similarly, when focusing on the effect of FarmType in each Season and LactStatus
(Table 3 (II)), only in DRY cows in AUT and SUM bC concentrations were significantly higher in
cows from grazing compared with cows from zero-grazing farms. No significant effect of type of
farm could be detected in EARLY LACT and MID LACT. Additionally, when focusing on the effect
of Season in each LactStatus and FarmType (Table 3 (III)), bC concentrations in cows from grazing
farms were significantly lower in SUM compared with AUT. Interestingly, this reduction in
circulating bC during SUM was not present in cows housed under zero-grazing conditions.
As mentioned earlier, VitSupp significantly influenced plasma bC concentrations.
Interestingly, VitSupp contributed to increased plasma bC in DRY cows from grazing farms (+1.25
± 0.28 µg/mL bC), but not in cows from zero-grazing farms. In contrast, VitSupp in MID LACT in
all seasons and both in zero-grazing and grazing farms was significantly linked to reduced plasma
bC concentrations (-1.27 ± 0.49 µg/mL bC in grazing farms and -1.04 ± 0.49 µg/mL bC in zerograzing farms). Also parity was a factor influencing plasma bC, with a slightly reduced plasma bC
concentration (negative effect sizes) with increased parity.

MAIN EFFECTS

INT

Table 2. Linear Mixed Model building

LINEAR MIXED MODEL

BC

VITE

GPX

LOGNEFA

LOGBHB

P(LactStatus*FarmType)
P(FarmType*Season)
P(Season*LactStatus)

0.023
< 0.0001
0.002

0.011
N.S.
N.S.

0.0001
N.S.
N.S.

N.S.
N.S.
N.S.

N.S.
N.S.
0.0004

P(LactStatus)
P(FarmType)
P(Season)

-

N.S.

N.S.

< 0.0001
0.03
< 0.0001

N.S.
-

P(bCSupp)
P(VitSupp)
P(Parity)
P(CI)

N.S.
< 0.0001
0.04
N.S.

N.S.
< 0.0001
0.01
N.S.

0.03
< 0.0001
N.S.
N.S.

N.S.
0.0006
0.02
0.01

N.S.
0.001
0.02
N.S.

Significant predictors in the linear mixed models for each of the five outcome parameters (bC, VitE,
GPx, logNEFA and logBHB) are presented. No P-values for main effects are shown if the factor
lactation status (LactStatus), type of farm (FarmType) or Season was part of a significant interaction
(Int) term (although the main effect term itself was kept in the regression model). For each outcome
parameter, non-significant factors (P > 0.05; N.S.) were removed from the model, as described in the
methods section. bC = β-carotene; VitE = Vitamin E; GPx = glutathione peroxidase; NEFA = nonesterified fatty acids, BHB = β-hydroxybutyrate; FarmType = type of farm (zero-grazing or grazing
farm); LactStatus = lactation status (dry cows, early in lactation or in mid lactation); Season (autumn,
winter or summer); bCSupp = β-carotene supplementation (presence of bC supplement of any kind
in the ration); VitSupp = Vitamin supplementation (presence of vitamin supplement of any kind in
the ration, including bC); CI = calving interval.
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Table 3. Mean plasma β-carotene concentrations (± SEM, µg/mL) split according to FarmType, Season and LactStatus

I) FarmType

Season

Grazing (2.90 ± 0.09)

AUT (3.63 ± 0.17)
WIN (2.53 ± 0.12)
SUM (2.37 ± 0.14)
AUT (2.60 ± 0.15)
WIN (2.74 ± 0.15)
SUM (2.31 ± 0.08)
Season

Zero-Grazing (2.54 ± 0.07)
II) LactStatus
DRY (2.62 ± 0.10)
EARLY LACT (2.09 ± 0.07)

MID LACT (3.40 ± 0.11)
III) FarmType
Grazing (2.90 ± 0.09)

Zero-Grazing (2.54 ± 0.07)

AUT (3.21 ± 0.22)
WIN (2.24 ± 0.13)
SUM (2.37 ± 0.11)
AUT (2.26 ± 0.12)
WIN (2.20 ± 0.14)
SUM (1.79 ± 0.08)
AUT (3.87 ± 0.23)
WIN (3.43 ± 0.18)
SUM (2.85 ± 0.15)
LactStatus
DRY (3.23 ± 0.17)
EARLY LACT (2.12 ± 0.11)
MID LACT (3.37 ± 0.17)
DRY (2.15 ± 0.09)
EARLY LACT (2.06 ± 0.09)
MID LACT (3.41 ± 0.15)

LactStatus
DRY
4.40 ± 0.28 a
2.28 ± 0.16 a
2.73 ± 0.21 a
2.05 ± 0.18 a
2.21 ± 0.20 a
2.19 ± 0.12 a
FarmType
Grazing
4.40 ± 0.28 a
2.28 ± 0.16 a
2.73 ± 0.21 a
2.48 ± 0.19 a
2.04 ± 0.20 a
1.73 ± 0.09 a
4.04 ± 0.32 a
3.22 ± 0.21 a
2.69 ± 0.30 a
Season
AUT
4.40 ± 0.28 a
2.48 ± 0.19 a
4.04 ± 0.32 a
2.05 ± 0.18 a
2.04 ± 0.16 a
3.70 ± 0.32 a

EARLY LACT
2.48 ± 0.19 b
2.04 ± 0.20 a
1.73 ± 0.09 b
2.04 ± 0.16 a
2.36 ± 0.19 a
1.83 ± 0.11 a

MID LACT
4.04 ± 0.32 a
3.22 ± 0.21 b
2.69 ± 0.30 a
3.70 ± 0.32 b
3.64 ± 0.28 b
2.96 ± 0.15 b

Zero-Grazing
2.05 ± 0.18 b
2.21 ± 0.20 a
2.19 ± 0.12 b
2.04 ± 0.16 a
2.36 ± 0.19 a
1.83 ± 0.11 a
3.70 ± 0.32 a
3.64 ± 0.28 a
2.96 ± 0.15 a
WIN
2.28 ± 0.16 b
2.04 ± 0.20 ab
3.22 ± 0.21 ab
2.21 ± 0.20 a
2.36 ± 0.19 a
3.64 ± 0.28 a
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SUM
2.73 ± 0.21 b
1.73 ± 0.09 b
2.69 ± 0.30 b
2.19 ± 0.12 a
1.83 ± 0.11 a
2.96 ± 0.15 a

Based on the significant pairwise
interactions between lactation stage
(LactStatus), type of farm
(FarmType) and Season in the linear
mixed model with β-carotene (bC) as
outcome (LactStatus*FarmType,
FarmType*Season and
Season*LactStatus; see Table 2),
mean plasma bC ± SEM (µg/mL) is
split according to the interacting
variables and the effect of the other
interacting variable (last column) is
reported. I) The mean plasma bC
concentrations and the main effects
of LactStatus are shown within each
season and FarmType, II) mean bC
and the main effects of FarmType are
shown within each season and
LactStatus and III) mean bC and the
main effects of season are shown
within each LactStatus and
FarmType. ab Data marked with
different letters in the same row
differ significantly.
DRY = dry period; EARLY LACT =
early lactation; MID LACT = mid
lactation; WIN = winter; AUT =
autumn; SUM = summer; SEM =
standard error of the mean.
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4.3 VITAMIN E
Whereas season did not alter VitE concentrations, LactStatus and FarmType significantly
interacted and influenced plasma VitE concentrations (see Table 2 for exact P-values). Similarly
to bC, VitSupp and Parity significantly affected plasma VitE concentrations as well and were
included as a dependent variable in the final model with VitE as outcome. The main effects of
LactStatus and FarmType on plasma VitE could not be calculated separately and thus the effect of
LactStatus in each FarmType was investigated and shown in Table 4 (I). The effects of LactStatus
and FarmType on VitE concentrations were similar to the effects observed on circulating bC. VitE
concentrations were significantly lower in EARLY LACT compared with MID LACT cows in both
types of farms. Also DRY cows from zero-grazing farms had significant lower plasma VitE
concentrations compared with MID LACT cows from zero-grazing farms. In grazing farms DRY
cows had significant higher plasma VitE compared with EARLY LACT cows, which was not the
case in cows from zero-grazing farms. Similarly, when focusing on the effect of FarmType in each
LactStatus (Table 4 (II)), VitE concentrations were significantly higher in DRY cows in grazing
farms compared with zero-grazing farms. No significant influence of type of farm on VitE
concentrations could be detected in EARLY LACT and MID LACT.
VitSupp in DRY cows positively influenced plasma VitE concentrations (+1.00 ± 0.28 µg/mL
VitE), but not in EARLY LACT or MID LACT cows. Increasing parity was linked with reduced
plasma VitE concentration (-0.18 ± 0.06 µg/mL VitE), but only in cows on grazing farms.
Table 4. Mean plasma vitamin E concentrations (± SEM, µg/mL) split according to
FarmType and LactStatus

I) FarmType
Grazing (4.10 ± 0.10)
Zero-Grazing (3.90 ± 0.10)
II) LactStatus
DRY (3.90 ± 0.10)
EARLY LACT (3.00 ± 0.10)
MID LACT (5.20 ± 0.10)

LactStatus
DRY
4.50 ± 0.20 a
3.40 ± 0.10 a
FarmType
Grazing
4.50 ± 0.20 a
2.90 ± 0.20 a
5.00 ± 0.20 a

EARLY LACT
2.90 ± 0.20 b
3.00 ± 0.10 a

MID LACT
5.00 ± 0.20 a
5.30 ± 0.20 b

Zero-Grazing
3.40 ± 0.10 b
3.00 ± 0.10 a
5.30 ± 0.20 a

Based on the significant pairwise interaction between lactation stage (LactStatus) and
type of farm (FarmType) in the linear mixed model with vitamin E (VitE) as outcome
(LactStatus*FarmType; see Table 2), mean plasma VitE ± SEM (µg/mL) is split
according to the interacting variables and the effect of the other interacting variable
(last column) is reported. I) The mean plasma VitE concentrations and the main effects
of LactStatus are shown within each FarmType, II) mean VitE and the main effects of
FarmType are shown within each LactStatus. ab Data marked with different letters in
the same row differ significantly. DRY = dry period; EARLY LACT = early lactation; MID
LACT = mid lactation; SEM = standard error of the mean.
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4.4 GLUTATHIONE PEROXIDASE
LactStatus and FarmType significantly interacted and affected plasma GPx concentrations
(see Table 2 for exact P-values). Season did not influence plasma GPx concentrations. VitSupp and
bCSupp, but not Parity significantly altered plasma GPx concentrations as well and were included
as a dependent variable in the final model with GPx as outcome. The main effects of LactStatus
and FarmType on plasma GPx could not be calculated separately and thus the effect of LactStatus
in each FarmType was investigated and is shown in Table 5 (I). Only in cows from zero-grazing
farms GPx concentrations were significantly lower in EARLY LACT compared with MID LACT. Also
DRY cows from zero-grazing farms had significant lower plasma GPx concentrations compared
with MID LACT cows. In contrast, DRY cows from grazing farms had significant higher plasma GPx
levels compared with MID LACT cows, but also compared with EARLY LACT cows. Regardless of
these findings, no significant impact of type of farm was found in DRY cows, nor in EARLY LACT
or MID LACT cows (Table 5 (II)).
Additionally, VitSupp and bCSupp were significantly linked to reduced plasma GPx
concentrations, but only in cows from grazing farms (-80.76 ± 27.29 U/gHb GPx when
supplemented with vitamins and -159.02 ± 46.36 U/gHb GPx when supplemented with bC).
Table 5. Mean red blood cell glutathione peroxidase concentrations (± SEM, U/gHb) split according to
FarmType and LactStatus

I) FarmType
Grazing (510.90 ± 12.20)
Zero-Grazing (499.90 ± 10.40)
II) LactStatus
DRY (512.40 ± 15.30)
EARLY LACT (480.90 ± 12.50)
MID LACT (521.1 ± 13.5)

LactStatus
DRY
556.70 ± 25.00 a
480.90 ± 18.80 a
FarmType
Grazing
556.70 ± 25.00 a
471.40 ± 19.20 a
509.40 ± 18.70 a

EARLY LACT
471.40 ± 19.20 b
488.5 ± 16.50 a

MID LACT
509.40 ± 18.70 b
530.40 ± 19.20 b

Zero-Grazing
480.90 ± 18.80 a
488.50 ± 16.50 a
530.40 ± 19.20 a

Based on the significant pairwise interaction between lactation stage (LactStage) and type of farm
(FarmType) in the linear mixed model with glutathione peroxidase (GPx) as outcome
(LactStatus*FarmType; see Table 2), mean red blood cell GPx ± SEM (U/gHb) is split according to the
interacting variables and the effect of the other interacting variable (last column) was reported. I) The
mean plasma GPx concentrations and the main effects of LactStatus are shown within each FarmType,
II) mean GPx and the main effects of FarmType are shown within each LactStatus. ab Data marked with
different letters in the same row differ significantly. DRY = dry period; EARLY LACT = early lactation;
MID LACT = mid lactation; SEM = standard error of the mean.
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4.5 BLOOD PARAMETERS FOR ENERGY BALANCE
4.5.1

NON-ESTERIFIED FATTY ACIDS.

Plasma NEFA concentrations were heavily skewed and subsequently log transformed in the
final model. None of the 3 main factors (LactStatus, FarmType and Season) significantly interacted
for logNEFA concentrations, but they all had a significant main effect on plasma logNEFA
concentrations (see Table 2 for exact P-values). VitSupp, parity and CI significantly influenced
plasma logNEFA as well and are included as a dependent variable in the final model with logNEFA
as outcome. Mean NEFA concentrations ± SEM in each group of interest are shown in Table 6.
Circulating NEFAs were significantly higher in EARLY LACT cows compared with DRY and MID
LACT cows. Plasma NEFA concentrations were also significantly higher in the DRY period
compared with cows in MID LACT. Plasma NEFA levels were significantly higher in cows from
zero-grazing farms compared with cows from grazing farms and in cows during SUM compared
with AUT and WIN. Additionally, VitSupp was linked to reduced plasma NEFA concentrations,
whereas increasing parity and CI were associated with increased circulating NEFAs.
Table 6. Mean plasma non-esterified fatty acid concentrations (± SEM, mM) in each LactStatus, FarmType and
Season

I) LactStatus
DRY
0.24 ± 0.02 a
II) FarmType
Grazing
0.24 ± 0.02 a
III) Season
AUT
0.18 ± 0.02 a

EARLY LACT
0.36 ± 0.02 b

MID LACT
0.14 ± 0.01 c

Zero-Grazing
0.25 ± 0.01 b
WIN
0.22 ± 0.02 a

SUM
0.34 ± 0.02 b

Based on the non-significant pairwise interactions between
lactation stage (LactStage), type of farm (FarmType) and
Season in the linear mixed model with non-esterified fatty
acids (NEFAs) as outcome (LactStatus*FarmType,
FarmType*Season and Season*LactStatus; see Table 2),
mean serum NEFA ± SEM (mM) and the main effects of I)
LactStatus, II) FarmType and III) Season are presented. abc
Data marked with different letters in the same row differ
significantly. DRY = dry period; EARLY LACT = early
lactation; MID LACT = mid lactation; WIN = winter; AUT =
autumn; SUM = summer; SEM = standard error of the mean.
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4.5.2

Β-HYDROXYBUTYRATE.

Plasma BHB concentrations were heavily skewed and subsequently log transformed in the
final model. Season and LactStatus significantly interacted and affected plasma logBHB
concentrations (see Table 2 for exact P-values). FarmType did not influence plasma logBHB
concentrations. VitSupp and parity significantly affected plasma logBHB levels as well and are
included as a dependent variable in the final model with logBHB as outcome. Mean BHB
concentrations ± SEM dependent on LactStatus and season are shown in Table 7. Only in WIN and
SUM, EARLY LACT cows had significantly higher plasma BHB concentrations compared with MID
LACT cows. In EARLY LACT cows BHB levels were significantly increased in SUM compared with
AUT, but not when compared to WIN. Regardless a significant main effect of VitSupp and Parity
on BHB levels (Table 2), no differences were found in plasma BHB in cows in different lactation
stages nor seasons due to VitSupp or Parity.
Table 7. Mean plasma β-hydroxybutyrate concentrations (± SEM, mM) split according
to Season and LactStatus

I) Season
AUT (0.68 ± 0.04)
WIN (0.70 ± 0.04)
SUM (0.80 ± 0.05)
II) LactStatus
DRY (0.73 ± 0.04)
EARLY LACT (0.88 ± 0.05)
MID LACT (0.57 ± 0.02)

LactStatus
DRY
0.80 ± 0.10 a
0.66 ± 0.05 ab
0.74 ± 0.06 ab
Season
AUT
0.80 ± 0.10 a
0.63 ± 0.04 a
0.61 ± 0.06 a

EARLY LACT
0.63 ± 0.04 a
0.91 ± 0.09 a
1.10 ± 0.13 a

MID LACT
0.61 ± 0.06 a
0.52 ± 0.03 b
0.59 ± 0.03 b

WIN
0.66 ± 0.05 a
0.91 ± 0.09 ab
0.52 ± 0.03 a

SUM
0.74 ± 0.06 a
1.10 ± 0.13 b
0.59 ± 0.03 a

Based on the significant pairwise interaction between lactation stage (LactStage) and
Season in the linear mixed model with β-hydroxybutyrate (BHB) as outcome
(Season*LactStatus; see Table 2), mean serum BHB ± SEM (mM) is split according to the
interacting variables and the effect of the other interacting variable (last column) was
reported. I) The mean serum BHB concentrations and the main effects of LactStatus are
shown within each season and II) mean serum BHB concentrations and the main effects
of season are shown within each LactStatus. WIN = winter; AUT = autumn; SUM =
summer; DRY = dry period; EARLY LACT = early lactation; MID LACT = mid lactation;
SEM = standard error of the mean.
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4.6 DEFINING A COW SIDE PROTOCOL TO ESTIMATE THE ANTIOXIDANT STATUS OF DAIRY COWS
The iCheckTM bC concentrations (n = 612) correlated significantly with the
spectrophotometric bC concentrations (n = 612) (R = 0.798) and the chromatographic bC
concentrations (n = 54) (R = 0.769). B-carotene in blood sampled from the udder vein (3.55 ± 0.24
µg/mL, n = 40) was similar to blood bC concentrations withdrawn from the tail vein (3.63 ± 0.25
µg/mL, n = 40). Calculated variances between cows for bC (0.34) and VitE (0.19) were smaller
than the variances between farms (3.29 for bC, 1.08 for VitE).
Results of the bC and VitE status of Flemish dairy cows are presented in figure 2 a and b.
When bC reference values were applied, 20 % of the sampled cows had an optimal bC level of >
3.5 µg/mL whereas 23 % of the cows had deficient bC concentrations < 1.5 µg/mL. The majority
of cows had sufficient levels of bC (between 1.5 and 3.5 µg/mL). In case of VitE, 64 % of the cows
had sufficient levels of VitE (≥ 3 µg/mL), but 36 % of the sampled cows showed insufficient
circulating VitE concentrations (< 3 µg/mL). Notably, the majority of cows with deficient bC and
insufficient VitE levels were EARLY LACT cows (54 % for bC and 59 % for VitE), while DRY cows
accounted for 34 % (bC) and 30 % (VitE) and MID LACT cows for 12 % (bC) and 11 % (VitE). In
total 77 % of the cows deficient in bC and 59 % of the cows with insufficient VitE levels were cows
from zero-grazing farms.
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B

Fig 2: β-carotene (A) and vitamin E (B) status in the Flemish dairy industry. Beta-carotene and vitamin E values of each individual cow are presented
according to lactation stage (DRY = dry cows, 2 to 4 weeks before calving; EARLY LACT = early lactation cows from 0 to 3 weeks after calving; MID LACT
= mid lactation cows at the moment of artificial insemination). 1Reference values for beta-carotene are based on Schweigert and Immig (2007): < 1.5
µg/mL = deficient, 1.5 – 3.5 µg/mL = sufficient, > 3.5 µg/mL = optimal. ²Reference values for vitamin E are based on Baldi (2005): < 3 µg/mL = insufficient,
> 3 µg/mL = sufficient. Percentages of cows in each category are indicated between brackets.
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5.

DISCUSSION
Β-carotene and VitE have been proposed as important antioxidants in metabolically

stressed high yielding dairy cows, improving health and fertility outcomes. However, knowledge
on the actual bC and VitE status in modern dairying as well as the interrelationship of factors
influencing that antioxidant status is lacking. In this perspective, we showed that the main factors
influencing the levels of plasma bC and VitE are: lactation status of the cow, type of farm (grazing
or zero-grazing), season, supplemented vitamins and the cow’s parity. Moreover, one third of
Flemish dairy cows had deficient circulating bC and VitE concentrations. The ‘cow side’ bC test
(iCheckTM) was evaluated and a protocol to estimate the antioxidant status of dairy herds was
proposed.
Plasma bC and VitE levels reached their nadir early post-partum, whereas serum NEFAs
and BHB were highest in early lactation cows in NEB (Drackley et al., 2001). This reduction in bC
and VitE concentrations peri-partum was reported previously by others (Weiss et al., 1990,
Chawla and Kaur, 2004, Calderon et al., 2007, Sharma et al., 2011) and can be attributed to: 1) the
reduced dry matter intake post-partum (Nockels et al., 1996, Grummer et al., 2004, Calderon et
al., 2007) resulting in less antioxidant uptake from the ration, 2) the increased use of antioxidants
during this NEB state since cows suffer from elevated OS early post-partum (Bernabucci et al.,
2002) or 3) the massive increased milk production and loss of fat soluble antioxidants via milk
(Calderon et al., 2007, Kankofer and Albera, 2008).
The type of farm influences plasma bC and VitE concentrations in dry cows only, which
implies that grass-based diets high in bC and VitE are able to increase plasma levels in dry cows,
as shown by Calderon et al. (2007). Dry cows at grazing farms are often kept on fields with low
quality pasture. The observed higher AO levels in dry cows on grazing farms may be the result of
a built-up of excess bC and VitE in fat storages , which is subsequently released around parturition,
and which will not be excreted in dry cows via milk. In this study, grazing could not increase bC
and VitE levels in NEB cows in early lactation, neither in cows in mid lactation. Previous research
(De Bie et al., 2016a) showed that plasma bC concentrations increased significantly after daily
intake of 2,000 mg bC (similar to bC intake at grazing; Kawashima et al., 2010) regardless of the
energy state. The latter study was performed in non-lactating dairy cows, in which a NEB state
was induced by dietary restriction. Consequently, we assume that the factor lactation and thus the
loss of bC and VitE via milk (Calderon et al., 2007, Kankofer and Albera, 2008) can be an important
factor explaining the absence of any positive effect of fresh grass in the diet on bC and VitE levels
in lactating cows. Furthermore, plasma bC and VitE levels were reduced with increasing parity,
which can be attributed to the increased milk yield with advancing parity (Lee and Kim, 2006)
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and thus increased loss of fat soluble AO via milk. In turn, this may influence dairy cow health,
production and reproduction at later stages in the cow’s lifespan (Furken et al., 2015).
Season had a significant impact on plasma bC concentrations, but only in cows from
grazing-farms. Unexpectedly, bC levels in cows from grazing farms were not highest during SUM
when all cows were grazing, but in AUT when 52% of the cows were already stalled and
temperature cooled down. In 4 out of 5 grazing farms in SUM, blood was collected at a moment
when the THI reached a mean of 79 ± 4, indicating moderate stress due to heat (Armstrong, 1994).
The presence of shade in stables can reduce heat stress drastically (Armstrong, 1994), which
might corroborate the fact that no effect of season was observed in cows from zero-grazing farms.
Remarkably, season did not alter VitE concentrations. Fresh grass consists of high concentrations
of both bC and VitE (Ballet et al., 2000, Chauveau-Duriot et al., 2005), with similar decreasing
concentrations due to plant maturity and climatic conditions such as increased UV (for review see:
Ballet et al., 2000). Furthermore it has been shown that the conversion of bC into vitamin A
increases when dietary intake declines (Nadai, 1968, Bondi and Sklan, 1984), as in the case of a
NEB, whereas VitE has no such conversion step. In contrast to the bC levels, which were
significantly reduced during WIN in dry cows on grazing farms (all cows from grazing farms were
housed inside during WIN), VitE levels in dry cows were not influenced by season. As such, it
seems that the VitE status of dry cows is less prone to periods of reduced vitamin intake, compared
with the bC status. Taking into account the half-life of VitE (2.3 days), which is about 3-fold lower
compared to the half-life of bC (5 - 7 days) (Schwedhelm et al., 2003, Traber and Atkinson, 2007),
the underlying mechanism responsible for the high VitE levels regardless of VitE intake via grass
must originate from other sources. The main body pool of bC is localized in adipose tissue out of
which bC is easily mobilized during lipolysis, but VitE is most abundant in the liver and release
from fat depots seems to be a much slower process (Baldi, 2005, Noziere et al., 2006).
Interestingly, we only observed an effect of farm type, and thus decreased fresh grass intake in
zero-grazing compared with grazing farms, on circulating bC and VitE during the dry period or
late pregnancy. This makes us assume that placental transfer might be responsible for the
reduction in circulating bC and VitE when they were not continuously provided by the diet. In this
context, several investigators have found placental transfer of VitE and bC in several species
including cows (Van Saun et al., 1989, Bortolotti et al., 1990, Marceau et al., 2007, Kim et al., 2011).
Next to dietary antioxidants, GPx (present in e.g. erythrocytes) is an important intracellular
enzyme which represents a major antioxidant defense mechanism. Peroxides, resulting from
increased peroxidation of membrane lipids or neutralization of oxygen radicals by super oxide
dismutase, are neutralized by GPx. As such, GPx plays an intrinsic key role in protecting cells
against increased ROS levels (Cohen and Hochstein, 1963, Michiels et al., 1994). Moreover,
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erythrocytes have been shown to be an appropriate and sensitive cell type to study OS
(Bernabucci et al., 2002). We observed a decline in red blood cell GPx during early lactation which
is consistent with other reports (Sordillo et al., 2007, Festila et al., 2013, Konvičná et al., 2015).
This decline early post-partum can be explained by the significant shift of Selenium towards milk,
which is an important co-factor for GPx functionality (Surai, 2006). Interestingly, contrasting GPx
profiles were seen in dry cows when comparing dry cows from grazing and zero-grazing farms.
Similar to Bernabucci et al. (2005), we observed lowest GPx concentrations in dry cows from zerograzing farms. Additional to the selenium shift towards milk, placental transfer of selenium might
also contribute to the loss of selenium and thus GPx functionality in dry cows (Pavlata et al., 2003).
Opposite to this, highest GPx concentrations were observed in dry cows from grazing farms. As
mentioned by Bernabucci et al. (2005) and Stefanon et al. (2005), increases in GPx have also been
observed during times of metabolic stress and have been suggested as a protective response
resulting from increased oxidative stress. But, as this rise in GPx was only evident in cows from
grazing farms, we can assume that the availability of fresh grass during (and/or prior to) the dry
period is able to increase the capacity of defense mechanisms against OS, which can be
emphasized by the earlier described high bC and VitE levels in dry cows from grazing farms only.
As such, the quality of the ration prior to and/or during the dry period seems to be of high
importance for the circulating bC, VitE and GPx levels of dry cows in particular. In this regard,
most recent supplementation guidelines recommend higher supplementation of bC and VitE
during the dry and early lactation period than in late post-partum cows (Calsamiglia and
Rodríguez, 2012). Moreover, several studies showed that bC and VitE supplementation during the
dry period improves immune function and reduces health problems such as mastitis, metritis and
retained placenta post-partum (Harrison et al., 1984, Johnston and Chew, 1984, Smith et al., 1984,
Weiss et al., 1997, LeBlanc et al., 2004).
As described above, bC and VitE levels in dairy cows vary according to lactation stage, farm
type and season, but type of forage or nutritional vitamin uptake is the predominant factor
affecting circulating bC and VitE (Noziere et al., 2006). As such, the influence of vitamin and bC
supplements was taken into account in this survey. Increasing bC and VitE levels were detected
when vitamins were specifically supplemented in the ration, but only in dry cows. In contrast,
plasma bC and red blood cell GPx concentrations were reduced with the provision of a vitamin
and/or bC supplement in the ration of mid lactating cows and cows of grazing farms, respectively.
However, vitamin supplements often contain a combination of vitamins which can have synergetic
effects (Niki et al., 1995, Böhm et al., 1997, Halliwell, 2000). Caution needs to be taken when
interpreting these results, especially because farmers with herd problems (of any kind like e.g.
health, reproduction, production) may supplement their cows more easily. As such, the factor
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‘vitamin supplementation’ can include bias and is not necessarily associated with healthier herds
or herds with increased plasma vitamin levels.
In search for the bC status of cows in the Flemish dairy industry, an easy applicable cow side
test (iCheckTM) was used and validated under field conditions. This portable spectrophotometer
allows direct on farm analysis of whole blood samples within 5 mins which provides the dairy
farmer and the veterinarian with a highly efficient analyzing strategy to rapidly screen the bC
status of its herd (Schweigert and Immig, 2007). Based on bC and VitE variances in the Flemish
dairy industry seen in this study, it is recommended to sample blood of 3 cows per lactation stage,
per farm and per season in order to have a representative idea on the bC and VitE status of cows
within a dairy farm. These blood bC and VitE concentrations contribute to the AO defense systems
(Sies, 1993), which provides an indication of the AO status of cows within a farm. Results of this
screening showed that about one fourth of all cows were deficient in circulating bC levels while
one third of the cows had insufficient VitE levels. Not surprisingly, the majority of the cows
deficient in bC and VitE were cows in early lactation and housed in zero-grazing farms.
Nevertheless, still a significant number of cows on grazing farms (± one third) had insufficient bC
and VitE concentrations. As previously discussed, it is clear that the early lactation status is
responsible for these insufficiencies in bC and VitE both in grazing as well as in zero-grazing farms.
This NEB induced reduction in AO levels is reflected in the oocyte’s micro-environment as well
(De Bie et al., 2016b). However, strategically supplied bC can improve antioxidant concentrations
in the follicular fluid regardless of the energy state of the cow, which provides a windows for
improvement of fertility. Recently, ‘Optimal Vitamin Nutrition in Dairy Cattle’ extensively
summarized the vitamin recommendations in the dairy industry over the past 28 years
(Calsamiglia and Rodríguez, 2012). Nowadays, vitamin requirements established by the industry
have substantially increased, with an obvious need for increases in daily bC and VitE
supplementation per head. Despite the existence of these commercial advices and the awareness
of the importance of optimal vitamin nutrition by dairy farmers (reflected by the fact that 71% of
the Flemish dairy farms in this study supplemented their cows with vitamins of any kind), still 25
to 35% of the Flemish dairy cows have insufficient bC and VitE levels. Possibly, the lack of
knowledge on the factors influencing these circulating antioxidants and thus the ignorance on
when to supplement and which cows to supplement might be responsible for the deficiencies
observed in the dairy industry. Moreover, the NRC concluded in 2001 that there was insufficient
knowledge on the bC action in dairy cattle and the factors influencing its presence to formulate
any official requirements for dairy cows (NRC, 2001). The above described knowledge can help
formulating new bC and VitE recommendations since it is clear that there is a need for
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optimization of antioxidant nutritional management in the Flemish dairy industry, especially in
early lactating cows and cows from zero-grazing farms.
The farms included in this study are representative for Flanders, based on average milk
yield and mean number of cows per farm. Models predict that the number of grazing-farms in
North-West Europe will keep on declining from 2/3th of the cows currently grazing in The
Netherlands to only 1/3th grazing in 2025 (Reijs et al., 2013). Consequently, these results possibly
also apply to other countries throughout Europe and beyond, which follow the same trend of a
reduced number of grazing farms and an increased use of silages. This furthermore emphasizes
the growing importance of the optimization of AO nutrition in the dairy industry in general.
In conclusion, we revealed that the factors influencing circulating bC and VitE are all
interrelated and mainly depend on the physiological state of the cow and management practices
of the farmer: lactation status of the cow, farm type (grazing and zero-grazing farms), season,
supplemental vitamins and parity. The presence of fresh grass in the ration could not resolve the
NEB induced decline in circulating bC and VitE, but it seems that dry cows in particular benefit
most from being housed on a grazing farm. Finally, we could show that at least one third of Flemish
dairy cows had deficient circulating bC and VitE concentrations, especially cows in early lactation
and cows housed under zero-grazing conditions. The easy applicable and validated cow side bC
test (iCheckTM) is ideal to easily asses a cow’s bC status. Moreover, a protocol has been proposed
to estimate the AO status of a herd in which a minimum of 3 cows per lactation stage and per
season is suggested to be sampled. This study emphasizes that more attention on antioxidant
nutrition in the (Flemish) dairy industry is required, which provides an important possible
window for improvement of health and fertility of the modern high yielding dairy cow kept under
rapidly evolving management conditions.
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1.

ABSTRACT
Maternal metabolic pressure due to a cow’s negative energy balance (NEB) has a negative

effect on oocyte quality as a result of increased oxidative stress. In this study, we hypothesized
that a NEB status may negatively affect the availability of β-carotene (bC) in the microenvironment of the oocyte or follicular fluid (FF) and that daily bC supplementation can increase
bC availability. We aimed to: 1) determine the effect of a nutritionally induced NEB on bC
concentrations in serum and FF as well as on the presence of bC metabolites, oxidative stress
levels and follicular growth in a non-lactating dairy cow model and 2) investigate how this effect
could be altered by dietary bC supplementation. Six multiparous non-lactating Holstein Friesian
cows were subjected to 4 consecutive dietary treatments, 28 days each: 1) 1,2 x maintenance (M)
or positive energy balance (PEB) without bC supplement (PEB-bC), 2) 1,2 x M with daily
supplement of 2000 mg bC comparable to the level of bC intake at grazing (PEB+bC), 3) 0,6 x M
with 2000 mg bC (NEB+bC) and 4) 0,6 x M (NEB-bC). At the end of each treatment, oestrous cycles
were synchronized and blood and FF of the largest follicle were sampled and analysed for bC,
retinol, α-tocopherol, non-esterified fatty acids (NEFA), estradiol and progesterone. Serum
cholesterol, triglycerides, urea, insulin growth factor 1, growth hormone, total antioxidant status
(TAS) and red blood cell glutathione (RBC GSH) concentrations were determined as well. All cows
lost body weight during both energy restriction periods and showed increased serum NEFA
concentrations, illustrating a NEB. A dietary induced NEB reduced FF bC, but not plasma bC or
plasma and FF retinol concentrations. However, bC and retinol concentrations drastically
increased in both fluid compartments after bC supplementation. Follicular diameter was
increased in supplemented PEB cows. Energy restriction reduced the TAS and RBC GSH, whereas
daily bC supplementation could restore GSH concentrations, but not the TAS, to levels present in
healthy PEB cows.
In conclusion, daily bC supplementation can substantially improve bC and retinol
availability in the oocyte’s microenvironment, irrespective of the energy balance, which may affect
follicular development and oocyte quality in the presence of maternal metabolic stress. This
knowledge can be of importance to optimize nutritional strategies in the dairy industry to feed for
optimal oocyte quality and fertility.

2.

INTRODUCTION
The dairy industry has evolved drastically: due to decades of selection towards milk

production, the modern high-yielding dairy cow produces up to 10.000 liters of milk per lactation
(CRV, 2012). This, together with a reduced appetite postpartum and thus reduction in dry matter
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intake, contributes to the disability of a cow to compensate for the high loss of glucose through
the udder. As a result, cows enter a period of negative energy balance (NEB) and increased
metabolic stress that is associated with reduced fertility (Rukkwamsuk et al., 1999, Butler, 2003,
Wathes et al., 2003, Drackley et al., 2005, Leroy et al., 2012). One important identified factor in the
pathogenesis of subfertility during this period is the negative impact of metabolic stress due to
the NEB (Bernabucci et al., 2005) on ovarian follicle and oocyte development (Beam and Butler,
1997, Kendrick et al., 1999, Dupont et al., 2014). During this NEB, upregulated lipolysis of fat
stores results in increased serum non-esterified fatty acid (NEFA) concentrations (Drackley et al.,
2001). These NEFAs are reflected in the follicular fluid (Leroy et al., 2004a), in which the oocyte
matures, jeopardizing granulosa cell viability (Vanholder et al., 2005), oocyte developmental
competence and subsequent embryo quality and thus dairy cow fertility (Leroy et al., 2005, Van
Hoeck et al., 2011, Van Hoeck et al., 2012). Gene expression analysis and functional assays of NEFA
exposed oocytes, cumulus cells and subsequent blastocysts pointed out the importance of
pathways related to oxidative metabolism, redox status and oxidative stress (OS) (Van Hoeck et
al., 2013).
The above described subfertility syndrome in modern dairying is a multifactorial problem
in which not only genetics and management, but also nutrition plays a crucial role (Chagas et al.,
2007). Substantial research has been performed on altering dairy cow nutrition in order to
improve fertility (Santos et al., 2010, Leroy et al., 2014). In recent years, optimum vitamin
nutrition in the dairy industry has gained more attention (for overview see Calsamiglia and
Rodríguez, 2012). Interest has been rising on dietary β-carotene (bC) (provitamin A, precursor
of retinol) because of its strong antioxidative properties and promising results on pregnancy rates
in dairy cows following daily supplementation (Iwanska and Strusinska, 1997, Arechiga et al.,
1998, Gossen and Hoedemaker, 2005, de Ondarza and Engstrom, 2009). Nowadays, dairy cows
are more frequently housed under zero-grazing conditions in which cows are fed with conserved
forages containing substantially lower bC levels than fresh grass (Chaveau-Duriot et al., 2005),
emphasizing the rise of interest in the use of bC in the dairy industry. Considering the fact that
oxidative stress is one of the main pathways by which elevated NEFAs affect bovine oocytes and
embryos (Van Hoeck et al., 2013), bC might be a promising solution to ameliorate oocyte and
embryo quality and thus dairy cow fertility. In contrast to the lack of in vitro research on bC and
its effects on oocyte and embryo development, substantial in vivo research has been done
investigating the effect of bC on dairy cow fertility. However, conflicting results about the actual
effects of bC on dairy cow reproduction exist possibly due to: 1) evaluation of reproductive
performance by biased parameters as extensively reviewed by LeBlanc (2010); 2) the presence of
bC in the control ration (Folman et al., 1983); 3) differences in the composition of the ration
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(Warner et al., 1970, Blomhoff et al., 1991, Yeum et al., 2000), 4) discrepancies in bC metabolism
between different cow breeds (Bremel et al., 1982) and 5) differences in milk fat production and
thus possible loss of fat soluble bC through milk. Additionaly, the most recent recommendations
on bC supplementation in the dairy industry date from 2001 (National Research Counsil, NRC)
and it is unlikely that these specific vitamin needs are still applicable to modern dairy cows
(Barroeta et al., 2012). This stresses the need for more in depth information on bC
supplementation and its effect on dairy cow reproduction.
Extensive research on the addition of antioxidants with the aim to optimize in vitro oocyte
maturation and embryo culture media (reviewed in Premkumar and Agarwal, 2012) or to reduce
reactive oxygen species in follicle cells, oocytes and embryos show beneficial effects (Pascoe et al.,
1987, Olson and Seidel, 2000, Natarajan et al., 2010, Tao et al., 2010, Lin et al., 2013). It has been
assumed that bC present in the follicular fluid (FF) can protect follicle cells and oocytes from ROS
mediated cytotoxicity (Ikeda et al., 2005). Moreover, in vitro research has shown that fatty acid
induced toxicity at the embryo level can be counteracted by the addition of antioxidants to the
culture medium such as α-tocopherol (vitamin E) (Rooke et al., 2012). Consequently, the
antioxidant capacity of bC can possibly reduce the OS in the oocyte as a consequence of a NEB
state. However, little is known about the availability of bC in the FF, the micro-environment of the
maturating oocyte, and how oral supplementation can affect this. Furthermore, it can be
hypothesized that the status of a NEB negatively affects serum and FF bC concentrations due to a
higher systemic use (Sangsritavong et al., 2002). The NEB is primarily determined by a reduced
dry matter intake (DMI) in the cow (Santos et al., 2010), rather than the increased energy loss
through milk production. However, the significant rise in milk production can corroborate to the
bC loss during NEB through milk. Consequently, a cow’s milk production level and the
concomitant metabolic stress status postpartum might complicate the understanding of how bC
can reach the FF (Akar and Gazioglu, 2006, Calderon et al., 2007). A first important step that can
contribute to clarify the impact of these confounders on the presence of bC in serum and FF is to
unravel the underlying mechanisms in a fully controlled ‘non-lactating dietary induced NEB cow
model’. As such we will investigate the effect of underfeeding and the subsequent NEB on the bC
availability in blood and FF. Therefore, we aimed to: 1) determine the effect of a nutritionally
induced NEB on bC concentrations in serum and FF as well as on the presence of bC metabolites,
oxidative stress levels and follicular growth in a non-lactating dairy cow model and 2) investigate
how this effect could be altered by dietary bC supplementation.
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3.

MATERIALS AND METHODS
All chemicals were obtained from Sigma-Aldrich (Bornem, Belgium) unless specified

otherwise and all compounds and reagents used for high performance liquid chromatography
were of analytical grade. Results are shown as means ± SEM.
3.1 ANIMALS AND IN VIVO EXPERIMENTAL DESIGN
Six healthy multiparous non-lactating dairy cows (3.8 ± 0.2 years old; 545 ± 25 kg) were
used for this experiment. All procedures were performed at the department of Veterinary
Sciences, University of Antwerp. The experimental protocol was approved by the Ethical
Committee on Animal Experimentation (ECD 2013-15, University of Antwerp).
The experimental design of this study is shown in Figure 1. After a 6 week acclimatization
period prior to the start of the experiment, in which the animals were fed ad libitum (hay and
concentrates), cows were subjected to 4 consecutive dietary treatments of 28 days each: 1) 1,2 x
maintenance (M) or positive energy balance (PEB) without bC supplement (PEB-bC), 2) 1,2 x M
with daily supplement of 2000 mg bC comparable to the level of bC intake at grazing (Kawashima
et al., 2010) (20 g ROVIMIX® β-carotene 10%, DSM Nutritional Products, Kaiseraugst,
Switzerland) (PEB+bC), 3) 0,6 x M with 2000 mg bC (NEB+bC) and 4) 0,6 x M (NEB-bC). Due to
the relative long half-life of bC, being approximately 5 days (Dimitrov et al., 1986, Schwedhelm et
al., 2003), a 6 week wash-out period (ad libitum feed intake) was included after the third
treatment in order to reduce blood bC concentrations to basal levels. During the experimental
period cows were fed twice daily. Cows were individually tied up in a stable next to each other in
order to have full control of their proper energy intake. Five times a week, during half a day, cows
had a paddock at their disposal with no grass available. Rations were calculated per body weight
and consisted of average quality hay, chopped straw and concentrates (15 % crude protein, 4 %
crude fat, 7.5 % crude ash and 14.5 % crude cellulose) (Table 1). Body weight was monitored
weekly.
To synchronize the moment of ovulation in all cows, a progesterone releasing intravaginal
device (PRID) (1,55 g progesteron, CEVA, Brussels, Belgium) was used. During the last 9 days of
each dietary period, cows were synchronized by placing a PRID for 7 days and a prostaglandin
F2α injection (PGF2α) (Dinolytic, Pfizer, Elsene, Belgium) on day 6 after PRID insertion (Figure
1B). Together with follicular fluid collection 36 hours after PRID removal, blood was sampled.
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Table 1: Diet composition calculated for non-lactating Holstein Friesian cows with
average body weight of 600 kg.
PEB

NEB

(1.2 X M)

(0.6 X M)

HAY OF AVERAGE QUALITY a (KG DM)

7.26

3.63

CHOPPED STRAW b (KG DM)

1.90

0.95

CONCENTRATE BOVIMIX 15% PROTEIN c (KG DM)

1.55

0.77

± 41.4

± 20.7

NET ENERGY (MJ/DAY)

PEB = positive energy balance; NEB = negative energy balance; M = maintenance; DM = dry matter.
aHay contains 3,419 kJ net energy per kg dry matter; bStraw contains 3,043 kJ net energy per kg dry
matter; cConcentrates contain 15 % crude protein, 4 % crude fat, 7.5 % crude ash and 14.5 % crude
cellulose on a dry matter basis and 6,964 kJ net energy per kg dry matter (Quartes, Roeselaere,
Belgium)

3.2 SAMPLING OF FOLLICULAR FLUID AND BLOOD
At the end of each dietary period, 36 hours after PRID removal, FF was collected (Figure 1).
Dominant follicles (>8mm) were punctured as they contain all nutrients necessary for the oocyte
ready to ovulate. Follicular fluid was sampled using the ultrasound guided transvaginal oocyte
pick-up method as described by Leroy et al. (2004b). Briefly, the rectum was emptied and the
external genitalia were carefully disinfected. All cows received an epidural injection (5 ml Procain
HCl 4 %, VMD, Arendonk, Belgium) to prevent them from straining. An ultrasound device with 7.5
MHz electronic sector transducer (Pie Medical Imaging, Maastricht, The Netherlands) and needle
guidance system was inserted into the vagina. Through rectal manipulation, both ovaries were
visualized and the diameter of the dominant follicle was recorded. The dominant follicle was
positioned on the biopsy line, punctured and FF was aspirated by means of a 5 ml syringe
connected to the needle by a stainless steel connector to a thin silicone tube (Bols et al., 1995).
Samples contaminated with blood were omitted from the study. Immediately after aspiration, the
collected FF samples were cooled on melting ice till further processing (4 °C). Within 3 hours, FF
was centrifuged for 10 min (10,000 x g, 4 °C; Leroy et al., 2004b) and supernatant was frozen (-80
°C) until further analysis on retinol, α-tocopherol (aT), bC, NEFA, estrogen (E2) and progesterone
(P4) concentrations.
Plasma and serum samples were collected from each cow on the day of FF sampling. Plasma
was sampled from the jugular vein in EDTA tubes (Vacuette, 9 ml K2E, Greiner Bio-One, Wemmel,
Belgium) and serum in clot activating tubes (Vacuette, 9 ml Serum Clot Activator). After gently
mixing the EDTA blood tubes, they were immediately put on ice till further processing. The
coagulated blood samples were kept at room temperature for minimum 1 h. Within 3 hours, clot
activating tubes were centrifuged for 30 min (1,400 x g) and EDTA tubes were centrifuged for 10
min (1,000 x g; 4°C) after which plasma, red blood cells (RBC) and serum was collected. 50 % (v/v)
50 mM phosphate-buffer (20 mM NaH2PO4, 30 mM Na2HPO4, Carl Roth, Karlsruhe, Germany) with
- 155 -

CHAPTER 4B: Β-CAROTENE IN FOLLICULAR FLUID OF NEB COWS
2 mM EDTA was added to all RBC samples. All samples were stored at -80 °C until they were
analyzed for plasma retinol, aT and bC concentrations, RBC glutathion (GSH) concentrations and
serum biochemical parameters [Total antioxidative status (TAS), NEFA, triglycerides (TG), total
cholesterol (CH), urea, insulin growth factor 1 (IGF-1), growth hormone (GH), E2 and P4].
3.3 BIOCHEMICAL ANALYSES
Within and between coefficient of variations are indicated between brackets as percentages.
Urea (1.7, 2.2), TG (1.3, 2.3) and total CH (1.1, 1.4) were enzymatically determined with
photometric analysis (c16000 analyzers, Abbott, Illinois, United States). Estrogen (2.1, 2.2) and
P4 (2.0, 3.8) were analyzed using a chemiluminescent particle immunoassay (i2000 analyzers,
Abbott). Radioimmunoassay kits were used to measure IGF-1 (9.8, 10.4) and GH (4.4, 8.9)
concentrations (Diasource, Louvain-La-Neuve, Belgium). Non esterified fatty acids (2.5, 4.9) and
TAS (9.0, between run variation) were measured photometrically using RX Daytona (Randox
Laboratories, Crumlin, Ireland).
3.4 GLUTATHIONE ANALYSES
Within 2 weeks after collection, RBC samples containing 50 % phosphate/EDTA were
thawed, immediately centrifuged (5,000 x g, 10 min, 4 °C) and supernatant was transferred to
centrifuge filter tubes (VWR, Leuven, Belgium) after which they were centrifuged again (14,000 x
g, 20 min, 4 °C). The RBC filtrate was diluted 1/320 with mobile phase A (3 % (v/v) methanol
(Fisher Scientific, Aalst, Belgium); 97 % (v/v) HPLC grade water; 25 mM NaH2PO4; 1,4 mM OSA;
pH 2,7) and 5 % (v/v) H3PO4 was added. A negative control (phosphate/EDTA-buffer) was
included with each analytical procedure. Samples (100 µl) were injected by a Gilson 234
autosampler with 832 sample cooler at 7 °C and analyzed on a Gilson 321-H1 HPLC system with
ESA-5600A CoulArray 8-channel electrochemical detector with Thermal Organizer. Mobile phase
B consisted of 50 % (v/v) methanol (Fisher Scientific); 50 % (v/v) HPLC grade water; 25 mM
NaH2PO4 and 1,4 mM OSA (pH 2,7). The HPLC flow rate was set at 0.7 ml/min and the gradient
profile consisted of a 25 min linear gradient from 0 to 50 % mobile phase B, a 5 min linear gradient
from 50 to 100 % mobile phase B and 5 min isocratic at 100 % mobile phase B before returning
to initial conditions in 5 min ending with 5 min isocratic at 0 % mobile phase B. Cell potentials
were set at 500, 580, 660, 740, 820, 900, 980 and 0 mV versus palladium reference. A C18 reversed
phase column (4 x 250 mm; 5 µm; Merck, Darmstadt, Germany) was used.
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Fig. 1. In vivo experimental design. (A) Presentation of the 4 consecutive dietary treatments including a 6 week wash-out period inserted before the last
treatment. (B) Presentation of the synchronization protocol during the last 9 days of each dietary treatment. PEB = positive energy balance; NEB =
negative energy balance; FF = follicular fluid; supp = supplementation; bC = β-carotene (2,000 mg/day or 20 g ROVIMIX® β-carotene 10%, DSM
Nutritional Products, Kaiseraugst, Switzerland); w = week; PRID = Progesteron Intravaginal Device; PGF2α = Prostaglandin F2α
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3.5 VITAMIN ANALYSES
Plasma samples were analyzed on fat soluble vitamins as described by Hermans et al.
(2005) with minor modifications, using a validated HPLC 8-coulometric method. Briefly, fat
soluble vitamins were extracted from plasma and standards by means of n-hexane (Fisher
Scientific). A negative control was included with each analytical procedure. Following
centrifugation (4,000 x g, 10 min), supernatant was collected and this extraction procedure was
repeated twice. All supernatant was evaporated by vacuum centrifugation and the residue was
redissolved in ethanol and analyzed on a Gilson 321-H1 HPLC system with ESA-5600A CoulArray
8-channel electrochemical detector with Thermal Organizer. During the analysis, samples were
cooled at 7 °C. Mobile phase A consisted of Methanol (Fisher Scientific): HPLC grade water: 1 M
ammonium acetate (Merck) (90:8:2; pH 4,4). Mobile phase B consisted of Methanol: 1-propanol
(Labscan, Samutsakorn, Thailand): 1 M Ammonium acetate (78:20:2; pH 4,4). The HPLC flow rate
was 0.6 ml/min and the gradient profile consisted of a 5 min constant gradient at 0 % mobile
phase B, a 21 min linear gradient from 0 to 80 % mobile phase B, a 10 min linear gradient from 80
to 100 % mobile phase B and 14 min isocratic at 100 % mobile phase B before returning to initial
conditions in 5 min. Cell potentials were set at 200, 400, 500, 700, 800, -1000, 200 and 500 mV
versus palladium reference. An ODS Hypersil 150 column (3 x 150 mm; 3 µm; Thermo Scientific,
Aalst, Belgium) was used and the system temperature was set at 37 °C.
3.6 STATISTICAL ANALYSES
All biochemical data are presented as means ± SEM. Linear mixed models were fitted to
model the effect of the energy balance (EB) and bC supplementation on the serum and FF
biochemical parameters (JMP Pro 11, SAS Institute Inc., North Carolina, United States). As fixed
effects, we included the main effects of EB and bC supplementation as well as their interaction. If
the interaction term was significant, the effect of supplementation (or of EB) on the outcome
parameter differed according to status of the other fixed factor (EB or supplementation). In that
case separate effect sizes and significance levels were calculated for each fixed factor separately.
If there was no significant interaction between EB and supplementation, main effect sizes for EB
and bC supplementation were calculated as well as their significance level. To account for the
relatedness between observations within the same cow, a random intercept term for cow ID was
added to the model. Pairwise correlation between plasma and FF values were expressed using the
Spearman correlation coefficient. Values of P < 0.05 were considered significant.
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4.

RESULTS
Raw data are shown in table 2 including P-values of the interaction term and main effects of

EB and bC supplementation. Effect sizes are expressed in percentages and described below.
4.1 ANIMALS
All 6 cows lost on average 11.5 % body weight (= 65.88 ± 4.04 kg) during both NEB periods
(P < 0.001), with initial body weight at the beginning of NEB+bC (564.75 ± 27.62 kg) and NEB-bC
(581.50 ± 27.81 kg) being comparable. All follicles punctured displayed an E2/P4 ratio > 1 (18,10
± 4,65 on average), indicating the collection of FF of estrogen dominated healthy follicles only.
4.2 VITAMIN LEVELS IN PLASMA AND FF IN NON-LACTATING NEB COWS
4.2.1

Β-CAROTENE.

The same profile of bC concentrations can be seen in plasma and FF, implying a significant
correlation between plasma and FF bC levels (ρ = 0.645) (figure 2A), whereby FF bC
concentrations are on average 10 times lower compared with plasma levels. Despite the nonsignificant interaction between EB and bC supplementation, the effect of EB was analyzed for the
supplemented and non-supplemented groups separately. NEB significantly reduced follicular bC
concentrations with 76.2 % when cows were not supplemented with bC (P < 0.05). No significant
effect of EB was observed in plasma. On the other hand, daily bC supplementation of 2000 mg
caused a significant rise in bC concentrations in both compartments. Plasma BC concentrations
increased with 332.9 % (P < 0.001) following supplementation while FF bC concentrations
increased with 280.8 % (P < 0.001), independent of the energy status.
4.2.2

RETINOL

In contrast to bC, plasma and FF retinol (vitamin A) concentrations are in the same range.
Both retinol concentrations correlate significantly (ρ = 0.715) (figure 2B). Moreover, plasma
retinol is correlated with bC in the blood as well (ρ = 0.678), but no significant correlation was
found between FF retinol and FF bC (ρ = 0.194).
Plasma and FF retinol concentrations were similarly influenced by daily supplementation
during NEB and PEB (no significant interaction EB*bC). Both plasma and FF retinol levels
increased after daily bC supplementation with 55.3 % (P < 0.001) and 16.7 % (P < 0.05),
respectively.
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B

A

Fig. 2. Graphic presentation of the significant correlations between (A) plasma and FF bC (β-carotene)
concentrations (ρ = 0.645) and (B) plasma and FF retinol (ρ = 0.715) concentrations.

4.2.3

A-TOCOPHEROL

Follicular aT concentrations were 3 to 4 times lower compared with plasma levels. No
significant differences were found in plasma and FF aT concentrations with regards to the energy
status or bC supplementation.
4.3 OXIDATIVE STRESS LEVELS IN NON-LACTATING NEB COWS
Β-carotene supplementation raised GSH concentrations in RBCs both in NEB and PEB in the
same way (no significant interaction EB*bC). A reduction in DMI significantly reduced average
RBC GSH concentrations with 23.9 % (P < 0.001) compared with PEB cows. Regardless of EB, daily
bC supplementation significantly raised these RBC GSH levels with 17.9 % (P < 0.01) compared
with non-supplemented cows. The total capacity to reduce oxidative agents in the blood (no
significant interaction EB*bC), measured by the TAS in serum, was significantly reduced in NEB
with 4.6 % (P < 0.01) compared with PEB cows, but could not be significantly altered by bC
supplementation (+bC versus –bC; P > 0.05).
4.4 BIOCHEMICAL PARAMETERS
There was no significant interaction between EB and bC (EB*bC) regarding serum and FF
NEFA concentrations. As such, bC supplementation did not affect serum and FF NEFA
concentrations. A dietary induced NEB significantly increased serum NEFA concentrations with
71,4 % (P < 0.01), but not follicular NEFA concentrations, as compared to PEB cows. Depending
on the energy status, bC supplementation had a different effect on total serum CH (significant
interaction EB*bC of P < 0.01). Total CH significantly decreased with 31.1 % (P < 0.01) in NEB
when not supplemented and with 9.1 % (P < 0.05) in NEB when supplemented with bC compared
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with PEB cows. Total CH levels significantly increased with 20,1 % (P < 0.05) in NEB when bC was
supplemented compared with non-supplemented NEB cows. There was no significant difference
in total serum CH in PEB when supplemented with bC or not.
No significant effects of neither energy status nor bC supplementation were found on serum
TG, IGF-1 and GH concentrations. BC supplementation significantly reduced serum urea
concentrations with 27.2 % (P < 0.01), independent of the energy status (no significant interaction
EB*bC). No significant interaction between EB and bC supplementation was found on serum and
FF E2 and P4 concentrations. A reduction in DMI significantly reduced circulating serum E2
concentrations with 50,0 % (P < 0.05), but not P4 levels, when compared with PEB cows.
Moreover, daily bC supplementation did increase follicular P4 concentrations with 83.3 % (P <
0.05), but not E2 levels. Follicular diameters of the punctured dominant follicles depended on EB
and supplementation (significant interaction EB*bC). When not supplemented, follicular
diameters were not significantly affected by EB. In contrast, when supplemented, NEB
significantly reduced follicular diameters with 35.5 % compared with PEB cows (P < 0.05).
Whereas supplementation had no significant effect on follicular diameter in NEB, in PEB, follicular
diameters were 50.0 % larger with supplementation compared with diameters in nonsupplemented PEB cows (P < 0.05).
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Table 2. Mean (± S.E.M.) weight change and blood and FF parameters of 6 non-lactating dairy cows during 4 different dietary treatments.

WEIGHT CHANGE (KG)

PEB-BC

PEB+BC

NEB-BC

NEB+BC

P (EB*BC)

P (EB EFFECT)

P (BC EFFECT)

13.80 ± 5.90

8.25 ± 5.52

-60.17 ± 6.43

-71.58 ± 4.18

N.S.

< 0.0001

N.S.

0.20 ± 0.03
0.10 ± 0.01
123.28 ± 12.53
27.33 ± 3.32
15.90 ± 1.89
156.83 ± 29.71
0.62 ± 0.04

0.22 ± 0.06
0.11 ± 0.01
112.12 ± 11.78
25.38 ± 3.30
11.02 ± 1.24
162.67 ± 29.00
0.72 ± 0.06

0.32 ± 0.06
0.16 ± 0.07
84.88 ± 6.03
22.68 ± 2.38
17.12 ± 1.29
157.67 ± 26.59
0.67 ± 0.08

0.40 ± 0.09
0.15 ± 0.03
101.97 ± 10.30
25.92 ± 2.03
13.02 ± 1.43
178.00 ± 33.80
0.61 ± 0.04

N.S.
N.S.
0.0075
N.S.
N.S.
N.S.
N.S.

0.0063
N.S.
N.S.
N.S.
N.S.
N.S.

N.S.
N.S.
N.S.
0.0058
N.S.
N.S.

0.07 ± 0.01
1,266.00 ± 79.11

0.09 ± 0.02
1,285.80 ± 211.06

0.02 ± 0.01
968.67 ± 175.42

0.06 ± 0.03
1,094 ± 137.88

N.S.
N.S.

0.0445
N.S.

N.S.
N.S.

0.26 ± 0.05
87.88 ± 16.87
13.60 ± 1.01

0.19 ± 0.04
152.02 ± 46.74
20.40 ± 2.29

0.20 ± 0.04
44.45 ± 4.99
14.08 ± 0.44

0.21 ± 0.05
90.60 ± 22.17
13.15 ± 0.74

N.S.
N.S.
0.0063

N.S.
N.S.
-

N.S.
0.0409
-

657.21 ± 49.44
1.21 ± 0.04

733.76 ± 78.11
1.17 ± 0.01

466.64 ± 49.91
1.14 ± 0.03

591.47 ± 42.71
1.13 ± 0.02

N.S.
N.S.

< 0.0001
0.0077

0.0036
N.S.

1.02 ± 0.37
0.21 ± 0.05

3.04 ± 0.52
0.48 ± 0.13

0.44 ± 0.08
0.05 ± 0.01

3.28 ± 0.32
0.51 ± 0.07

N.S.
N.S.

N.S.
N.S.

< 0.0001
< 0.0001

0.22 ± 0.02
0.25 ±0.04

0.38 ± 0.03
0.40 ± 0.03

0.25 ± 0.02
0.29 ± 0.04

0.35 ± 0.05
0.23 ± 0.05

N.S.
N.S.

N.S.
N.S.

0.0003
0.0275

BIOCHEMICAL PARAMETERS
NEFA (MM)
SERUM
FF
SERUM TOTAL CH (MG/DL)
SERUM TG (MG/DL)
SERUM UREA (MG/DL)
SERUM IGF-1 (NG/ML)
SERUM GH (MIU/L)
E2 (NG/ML)
SERUM
FF
P4 (NG/ML)
SERUM
FF
FOLLICULAR DIAMETER (MM)

OXIDATIVE STRESS
RBC GSH (µG/ML)
SERUM TAS (MM)

VITAMIN LEVELS
BC (µG/ML)
PLASMA
FF
RETINOL (µG/ML)
PLASMA
FF
AT (µG/ML)
PLASMA
FF

0.89 ± 0.11
0.81 ± 0.10
0.79 ± 0.08
0.87 ± 0.15
N.S.
N.S.
N.S.
0.29 ± 0.05
0.23 ± 0.05
0.24 ± 0.03
0.30 ± 0.05
N.S.
N.S.
N.S.
P-values of the interaction between EB and bC-supplementation [P(EB*bC)] are presented. If no significant interaction was found, P-values of the main effect of EB
[P(EB effect)] and bC supplementation [P(bC effect)] are given. A P-value < 0.05 is considered significant and N.S. = not significant. Weight change is the mean
difference in weight between the beginning and end of each dietary period. PEB = positive energy balance; NEB = negative energy balance; bC = β-carotene; NEFA =
non-esterified fatty acid; CH = total cholesterol; TG = triglycerides; IGF-1 = insulin growth factor 1; GH = growth hormone; E2 = estrogen; P4 = progesteron; RBC GSH
= red blood cell glutathione; TAS = total antioxidative status; aT = α-tocopherol.
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5.

DISCUSSION
Β-carotene has been proposed as an important antioxidant in the metabolically stressed

postpartum dairy cow. Its presence in the blood and FF is subject to a series of changes during this
transition period such as the milk production level and NEB status of a cow. In this context, we
showed, using a non-lactating dietary induced NEB cow model, that this NEB status was able to
reduce follicular bC levels and other plasma antioxidative parameters such as TAS and RBC GSH,
but not plasma bC and retinol concentrations in supplemented and non-supplemented cows.
However, after daily bC supplemention, bC and retinol concentrations drastically increased in
both blood and FF compartments and RBC GSH levels could be restored to levels present in
healthy PEB cows. Additionally, follicular diameter increased in PEB cows after supplementation
with bC.
Evidence exists (Michal et al., 1994, Chawla and Kaur, 2004, Calderon et al., 2007) that
plasma bC concentrations significantly reduce during the periparturient period in high producing
dairy cows. In our dietary induced NEB model, we observed a higher rise in plasma and FF bC in
NEB when supplemented (8 to 10 fold increase) compared with the rise seen after
supplementation in PEB cows (2 to 3 fold increase). Regardless the significant reduction in
follicular bC, we could not substantiate this negative effect in plasma bC in our undernutritioned
NEB cow model. It is important to mention that, compared to the NEB status in the present study,
the periparturient metabolic state in lactating dairy cows is more complex and bC can be reduced
due to several factors: 1) loss of bC in colostrum and milk (Calderon et al., 2007, Kankofer and
Albera, 2008), 2) low quality forages during the dry period with lower bC concentrations in the
diet (Calderon et al., 2007), 3) health problems such as liver steatosis (resulting in disturbed bC
redistribution and metabolism) (Jorritsma et al., 2004) and 4) even higher systemic OS levels
(Bernabucci et al., 2005, Pedernera et al., 2010). Furthermore, periparturient dairy cows have a
reduced DMI and thus less bC uptake from the ration. This is an important factor which was not
taken into consideration in our controlled experimental set-up since the amount of bC supplement
was fixed throughout NEB and PEB treatment periods. Despite this discordance, but free of many
important confounders seen in similar studies in lactating cows, our data emphasizes the
possibility of bC supplementation to substantially increase bC levels in plasma and FF in
undernutritioned cows.
Β-carotene was supplemented in a dosage exceeding daily recommendations (Calsamiglia
and Rodríguez, 2012), but matching the amount of total bC intake at grazing (Kawashima et al.,
2010). After dietary intake, bC will be absorbed in the intestines where it can partly be
metabolized to retinol (vitamin A). In the liver, bC present in chylomicrons can be metabolized or
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temporally stored (Yang et al., 1992). Stored bC will be released in the blood circulation as
lipoproteins, of which the high density lipoproteins (HDLs) are the major transporter for bC in the
blood, with large HDLs containing more bC than small sized HDLs (Ashes et al., 1984, Schweigert
et al., 1987). The basal membrane of the blood-follicle barrier allows only the passage of small
HDLs, explaining the observed lower follicular bC concentrations compared with plasma (Perret
et al., 1985, Zamah et al., 2009). Additionally, granulosa cells of the follicular wall can actively take
up and convert bC to its non-antioxidant metabolite retinol (Schweigert et al., 1988, Schweigert
and Zucker, 1988, Brown et al., 2003). This explains the lower follicular bC concentrations
compared to plasma and might contribute to the observed high intra-follicular retinol
concentrations (in contrast to bC, follicular retinol levels were very much alike plasma levels).
This can also be a result of a different transport mechanism of retinol (retinol binding proteins),
compared to bC (Noy, 2000), and may also indicate why no correlation was found between bC and
retinol in the follicle. If not selectively taken up by follicle cells, retinol passively diffuses into FF
(Ikeda et al., 2005). The average physiological plasma bC and retinol concentrations are in line
with previous reports of plasma bC and retinol levels in dairy cows (Chew et al., 1984, Haliloglu
et al., 2002, LeBlanc et al., 2004), but bC levels are deficient based on current guidelines. Hence, it
would be recommended to supplement these cows with bC (Schweigert and Immig, 2007,
Calsamiglia and Rodríguez, 2012).
Bernabucci et al. (2005) showed that a severe decrease in body condition in periparturient
cows is associated with higher levels of OS. This relation between energy status and systemic OS
was indicated in our study by the significant lower erythrocyte levels of GSH and TAS in NEB
compared with PEB cows. Furthermore, daily bC supplementation could alleviate these high OS
levels in NEB cows by significantly increasing RBC GSH concentrations, but not TAS, to PEB levels
again. Care needs to be taken when interpreting TAS as a proxy for the cow’s OS status, since it
only shows a general image. Depletion of one antioxidant can be masked by the rise of another
antioxidant or a higher production of overall ROS can be counteracted by the subsequent elevated
action of naturally present antioxidants (Hermans et al., 2007).
Reports on the effect of nutrient restriction and NEB in dairy cows on follicular diameter
are contradictory (Lucy et al., 1991, Mackey et al., 1999, Comin et al., 2002, Diskin et al., 2003).
Most researchers report a restricted follicular growth during a period of reduced dietary intake,
which could not be confirmed in our experiment. In contrast, we observed an increased follicular
diameter in supplemented PEB animals compared to supplemented NEB and non-supplemented
PEB cows. Except for the findings of Kawashima et al. (2009), who described a positive relation
between the start of postpartum ovarian activity in cows with higher circulating bC levels, there
is a lack of evidence on the direct influence of bC on follicular growth. Noteworthy is the finding
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of Schweigert and Zucker (1988) showing that follicular retinol concentrations are higher in large
good quality follicles, while follicular bC is not influenced by follicle size or quality, emphasizing
the importance of retinol in follicle development. Retinol has been identified as a growthpromoting factor (Goldblith and Joslyn, 1964). As such, we assume that the significant higher
retinol levels in FF after daily bC supplementation can stimulate follicular growth through
granulosa cell proliferation (Schweigert and Zucker, 1988).
Follicular fluid of growing dominant pre-ovulatory follicles was sampled, which was
supported by the much higher follicular E2 concentrations than P4 levels at the moment of FF
sampling. The significant negative effect of dietary restriction, and thus NEB, on circulating E2
levels confirmed the findings of Comin et al. (2002) and Kendrick et al. (1999). Evidence exists
that antioxidant vitamins, such as bC, support steroid synthesis (Young et al., 1995, Haliloglu et
al., 2002, Arellano-Rodriguez et al., 2009). Besides bC, retinol might have a steroidogenic effect as
well because it has been shown that vitamin A deficiency is characterized by a reduced steroid
hormone production (Ganguly et al., 1971). In line with this, follicular P4 significantly increased
with daily bC supplementation. Young et al. (1995) previously showed that bC has an antioxidant
protective effect on the cholesterol side-chain cleavage enzyme cytochrome P450, stimulating the
production of pregnenolone, direct precursor of P4. Moreover, P4 plays a pivotal role in follicle
dominance, oocyte ovulation and oocyte developmental competence (for review see Fair and
Lonergan, 2012). Additionally, based on previous in vitro research (Ikeda et al., 2005, Shelly et al.,
2008, Rooke et al., 2012) and the evidence that bC levels in the micro-environment of the oocyte
can substantially rise regardless of the energy status of the cow, we can now speculate that these
follicular bC can alleviate NEFA induced oxidative stress in follicle cells and oocytes.
In conclusion, a dietary induced NEB lowers follicular bC concentrations and increases
systemic OS levels, but does not negatively alter plasma bC and plasma and follicular retinol levels.
However, daily supplementation with 2,000 mg bC can significantly increase bC and retinol
concentrations in the oocyte’s environment, regardless of the energy status of the cow.
Consequently, bC can exert its antioxidative effects in the FF, while retinol may favor follicular
development. These findings stress the potential of bC supplementation to positively alter the
oocyte’s micro-environment, which may have a positive influence on oocyte quality in the
presence of maternal metabolic stress. This can be taken into account when planning future in
vivo and in vitro experiments to investigate direct effects of bC on metabolically compromised
oocytes. This study is a first important step in designing management strategies to feed for
optimal oocyte quality, in an attempt to tackle the subfertility problem in the modern dairy
industry.
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To investigate if bC can ‘repair’ metabolically stressed oocytes in vitro, we first aimed to
dissolve physiologically relevant lipophilic bC (concentrations based on De Bie et al. (2016)) in
aqueous in vitro culture media. Up until now, limited research is available on the addition of bC in
vitro and the few references found do not report any kind of confirmation of the final bC
concentrations actually solved in the in vitro medium (Shultz et al., 1992, Lin et al., 2013). Only
Gross et al. (1997) reported that bC could be successfully solubilized (at least for 50 %) using
ethanol as a solvent and in the presence of 10 % serum in the final in vitro medium. An overview
of the different solvents used and the different experiments performed in our laboratory ((1)-(10))
to dissolve bC are listed in Table 1. Stock concentrations were chosen based on literature or
previously used protocols. The list of solvents is limited due to the fact that most solvents used in
solubility trials are toxic for cells/oocytes/embryos (Hallare et al., 2006, Timm et al., 2013, Lee et
al., 2014) and the use of these should be avoided in the in vitro production of embryos (for full list,
see Craft and Soares (1992)). Stability trials have shown that bC degrades on average 20 % in 10
days (at room temperature), depending on the solvent used. Moreover, Três et al. (2007) showed
that solubility can be ameliorated by increasing temperature and long vortexing. However, Sabliov
et al. (2009) showed that VitE degradation increased with temperature.
Finally, we aimed to dissolve bC in different solvents at different concentrations (see
Table 1), after which they were added to the final in vitro culture media, aiming at concentrations
present in serum (3 µg/mL) and/or follicular fluid (0.5 µg/mL). With these experiments it is
important to take into account that final solvent concentrations in the media should be as low as
possible to avoid toxicity to the cells cultured.
Serum bC concentrations could not be reached in in vitro culture media using our routine
protocol to dissolve lipophilic NEFAs (dissolve in stock solution, add to final medium and sonicate
during 4 h). In addition, the following solvents were not able to dissolve bC in the final medium:
DMSO, n-hexane, ethyl-acetate and acetone. Also in several stock solutions, aggregates of
undissolved bC could be discovered visually or under the microscope, further explaining the bad
solubility. While very efficient in dissolving bC (Craft and Soares, 1992), tetrahydrofuran and
dichloromethane were omitted due to toxicity. Extra vortexing and/or sonication and/or heating
steps did not improve solubility of bC in the final medium using DMSO, n-hexane, ethyl acetate,
acetone or ethanol-n-hexane (1)-(8).
To further address this solubility problem, we then aimed to dissolve lower follicular bC
concentrations (0.5 µg/mL) in final media using ethanol-n-hexane as a solvent and lower stock
concentrations known to dissolve bC in HPLC protocols (9). After analyzing the final medium for
bC with HPLC and coulometric detection, we showed that 50 % of the aimed concentration was
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present in the final medium (i.e. 0.25 µg/mL). Different optimization steps were performed in
which we investigated whether the following factors had an effect on final bC concentrations in
the medium: 1) 4 h sonication, 2) filtration, 3) overnight incubation at 38.5 °C and 4) increasing
the bC concentration in the stock solution

(10).

Sonication and filtration reduced the final bC

concentrations in the medium, whereas overnight incubation did not affect bC concentrations. No
higher bC concentrations in the final medium could be attained by adding the same volume of bC
stock with higher concentrations, possibly because of insolubility of bC in ethanol-n-hexane at
higher concentrations. As a consequence, in vitro experiments were performed exposing a total of
1134 bovine COCs in 5 repeats to a metabolic insult (high palmitic acid, HI PA) and bC (stock in
ethanol-n-hexane, aimed concentration of 0.5 µg/mL, without sonication or filtration). No
statistical differences could be observed due to the addition of bC to metabolically compromised
bovine oocytes (cleavage rates at 48 h p.i.: 77 % in CONT, 68 % in HI PA, 67 % in HI PA + bC, 78 %
in bC; blastocyst rates at D7 p.i.: 23 % in CONT, 16 % in HI PA, 13 % in HI PA + bC, 16 % in bC; P >
0.05). Apparently, the final media used in this experiment contained no bC after analysis with
HPLC-UV-VIS.
The solubility trials in this experiment were based on our routine protocol to dissolve
lipophilic NEFAs in aqueous culture media. The majority of circulating NEFAs are known to be
bound to albumin (Chung et al., 1995). Albumin plays a crucial role in cellular uptake and
trafficking of NEFAs (McArthur et al., 1999) and is shown to be important in the solubility process
of NEFAs in vitro (data not published). However, bC is mainly bound to lipoproteins in the blood
(Ashes et al., 1984) and no literature can be found on the ability of bC to bind to albumin. As such,
the absence of any transport protein in the final in vitro medium may be the reason why bC is not
properly dissolved. In agreement with Gross et al. (1997), we tried to dissolve bC in serumcontaining maturation medium. Unfortunately, this could not increase final in vitro bC
concentrations in the maturation medium.
In conclusion, bC (in)solubility in solvents which are applicable for the in vitro production
of bovine embryos is currently the bottle-neck in investigating the effects of (elevated) bC on
metabolically compromised oocytes. Moreover, the concentrations attained in final in vitro media
are below physiological levels. An in vitro system often requires supraphysiological levels (of
metabolites) because of the absence of a dynamic exchange between blood and follicular fluid and
the lack of a continuous supply of nutrients. As a consequence, alternatives should be used such
as lipoproteins containing bC, bC-rich serum, silicone rings impregnated with bC or even other AO
such as the better soluble VitE, or water soluble VitE-analogue (Trolox), or water-soluble AO.
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Table 1. Overview of different bC solubility experiments
SOLVENT

[BC] DISSOLVED FOUND
IN LITERATURE
(µg/mL)

[BC] STOCK
USED
(µg/mL)

[BC] AIMED

[BC] ANALYZED

TECHNIQUE USED

(µg/mL)

(µg/mL)

75 % ETOH
25 % N-HEXANE

47-70 (HPLC protocol1)

(1)

375, 500, 750
(9) 58
(10) 70-200

3
0.5
0.5

< 0.04
0.25
< 0.02

HPLC-UV-VIS
HPLC-Coulometric
HPLC-UV-VIS

100 % DMSO

3.333 (Craft and Soares, 1992)
100 (Caymanchem.com)
30

(2)

300

3

0.27

HPLC-UV-VIS

10 % DMSO (IN PBS)

100 (Caymanchem.com)

(3)

100

3

0

HPLC-UV-VIS

100 % N-HEXANE

1.100 (Sigma Aldrich)
600 (Craft and Soares, 1992)

(4)

1.100 ND

-

-

-

100 % TETRAHYDROFURAN

10.000 (Craft and Soares, 1992)
(AML HPLC protocol1)

(5)
(5)

3.000
6.000

3
3

TOXIC
TOXIC

-

50 % DICHLOROMETHANE
50 % N-HEXANE

236 (AML HPLC protocol1)

(6)

236

3

TOXIC

-

100 % ETHYL ACETATE

1.153 at 30 °C + mix 12h
4.733 at 40 °C + mix 12h
(Três et al., 2007)
500 (Craft and Soares, 1992)

(7)

500 ND

-

-

-

100 % ACETONE

± 1.000 at 40 °C (Três et al., 2007)
200 (Craft and Soares, 1992)

(8)

500 ND

-

-

-

Based on HPLC protocols from other labs in which bC standards were prepared using the according solvents in the according concentrations.
Not dissolved, particles/aggregates were present
(1) – (10) The order of the performed experiments
1

ND
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The female gamete is subjected to the micro-environment provided by the mother from
early folliculogenesis to ovulation of the successfully matured and developmentally competent
oocyte. The quality of this ovulated oocyte is of major importance for successful fertilization and
normal pre-implantation embryo development. Maternal metabolic disorders are associated with
altered metabolic parameters in the blood, which are reflected in the follicular fluid (Leroy et al.,
2004, Robker et al., 2009). These metabolic alterations can directly jeopardize the oocyte’s
developmental competence (Leroy et al., 2005, Leroy et al., 2006, Van Hoeck et al., 2011).
Oxidative stress is put forward as a major pathway linking maternal metabolic disorders with
reduced oocyte quality and development (Amaral et al., 2008, Igosheva et al., 2010, Van Hoeck et
al., 2013, Turner and Robker, 2015, Van Hoeck et al., 2015). Improving antioxidant availability in
the micro-environment of the oocyte through better feeding may be a strategic and promising
window to ameliorate the quality of the metabolically stressed oocyte. As such, the following
general hypothesis was put forward:
The micro-environment within the pre-ovulatory follicle in metabolically
compromised mothers jeopardizes oocyte quality and development. The antioxidative
capacity of this follicular environment can be improved via optimization of antioxidant
feeding, which is a first important step in developing strategies to improve oocyte quality.
The in vitro production of bovine embryos is recognized as model to investigate the effects
of maternal metabolic disorders on oocyte quality (Leroy et al., 2015). Metabolic disorders are
typically associated with elevated serum NEFA concentrations and reduced or increased
circulating glucose levels. The negative effects of these elevated NEFAs on oocyte and embryo
developmental competence are well described (for review see: Van Hoeck et al. (2014)). However,
nothing is known yet whether the altered glycemic status in combination with elevated NEFAs in
maternal metabolic disorders may differentially affect oocyte quality and which pathways may be
involved (CHAPTER 3A+B, Fig. 1, p. 182).
Oxidative stress has been put forward as one of the main causes for the observed reduced
oocyte quality in vitro and in vivo when focusing on the dairy cow model. As such, we can ask
whether the oocyte’s micro-environment is deficient in available antioxidants. Or more general, is
there a reason to assume that the mother’s antioxidant status is suboptimal during periods of
metabolic stress? These questions need to be answered, applying a bottom (oocyte level) – up
(farm level) study (CHAPTER 4A+B+ANNEX) before we can investigate if we can feed the high
yielding dairy cow to improve oocyte quality. To do this, the following main research questions
were answered (Fig. 1, p. 182):
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-

What are the average circulating antioxidant concentrations in dairy cows and is there a
reason to assume that the antioxidant status in e.g. Flemish dairy cows is deficient during
the early post-partum episode of metabolic stress? Moreover, is there room to improve the
dairy cow’s bC and VitE blood concentrations (CHAPTER 4A)?

-

Does bC reach the FF in dairy cows and is this antioxidant availability in the oocyte’s
micro-environment influenced by the metabolic stress status (NEB) early post-partum?
Moreover, can daily supplementation increase follicular bC concentrations regardless of
the NEB state of the cow (CHAPTER 4B)?

-

Can we design a research model allowing us to investigate if antioxidants can improve the
quality and developmental competence of metabolically stressed oocytes in vitro
(CHAPTER 3B, 4ANNEX)?

Fig. 1. Schematic presentation of the main research questions answered in the different chapters
(3A-B, 4A-B, ANNEX) in this thesis
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1.

THE NEB COW AS A MODEL TO STUDY THE EFFECT OF MATERNAL METABOLIC DISORDERS
ON REPRODUCTIVE FUNCTION IN WOMEN: THE IMPORTANCE OF ALTERED GLUCOSE

Much knowledge on the relationship between maternal metabolic disorders (obesity,
diabetes) in women and (sub)fertility has become available via studies in animal models including
rodent and bovine species (Polanco Ponce et al., 2005, Amaral et al., 2008, Jungheim and Moley,
2008, Leroy et al., 2015). The process of folliculogenesis, oogenesis, ovulation, hormonal control
of (estrous) cycles, fertilization and pre-implantation embryo development is very similar in the
bovine and human species (for reviews, see: Menezo and Herubel (2002) and Adams et al. (2012)).
Consequently, the bovine model has been extensively used to investigate the effects of elevated
NEFAs (typically present in metabolic disorders) on in vitro oocyte and embryo quality (for
review, see: Van Hoeck et al. (2014)). Although most dairy cattle do not suffer from obesity, postpartum NEB cows go through a period of increased lipolysis similar to the situation in obese and
diabetic women (Lucy, 2004), with the major difference that cows have low blood glucose levels
whereas obese and diabetic women show high circulating glucose levels. In this context, we were
the first to reveal that combined high NEFAs and low glucose, as present in NEB cows, jeopardize
in vitro bovine oocyte development to a greater extent compared with obesity and/or diabetic
–related conditions (high NEFAs + high glucose) (CHAPTER 3A). Glucose is the main source of
energy in the body and it is shown that the ovary mainly relies on glucose as metabolic fuel (Rabiee
et al., 1997, Scaramuzzi et al., 2010). Oocyte and cumulus cell ATP content is associated with
oocyte quality (Dunning et al., 2014). As such, the direct effects of a deficit in glucose on oocyte
quality and development may be a simple consequence of deprivation in energy (ATP) provision
to the oocyte. However, when glucose is scarce, NEFAs may provide the oocyte with sufficient ATP
(Wolfe, 1998). Fatty acids and glucose are metabolized in a carefully orchestrated balance in
which increased fatty acid oxidation results in a lowered glucose metabolism (and vice versa),
associated with increased oocyte competence (Sturmey and Leese, 2008, Paczkowski et al., 2014).
This concept is known as the ‘Randle-cycle’ or ‘glucose-fatty acid cycle’ described by Randle et al.
(1963) and Wolfe (1998), respectively. Next to energy production via oxidative phosphorylation,
also other metabolic pathways are necessary for the acquisition of oocyte developmental
competence (for overview, see Fig. 5 in CHAPTER 1, p. 38). The pentose phosphate pathway for
example uses glucose metabolites as substrates to produce nucleic acids and reducing equivalents
necessary for anabolic processes. In this context, lactate production has been proposed as a
mechanism building up ‘glycolytic intermediates’ to be used for nucleic acid synthesis and redox
regulation (Krisher and Prather, 2012). In contrast to bovine COCs exposed to NEB-related
conditions in vitro, the higher lactate production by COCs matured in vitro under obesity and
diabetic-related conditions in our study may support the better post-fertilization development
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observed. Regardless the proposed increased production of reducing equivalents, we showed that
oocytes matured in presence of elevated NEFAs and high glucose concentrations had increased
OS (using dichlorofluorescein that becomes fluorescent when reacting with H2O2, CHAPTER 3A). We
showed a moderate, but significant increase of 33 % in bovine oocyte ROS when exposed to these
obesity and diabetes-related conditions in vitro, whereas Igosheva et al. (2010) showed that ROS
production in oocytes and zygotes from obese mice was 210 % higher compared with controls,
using the same dichlorofluorescein stain. In light of the good cumulus cell expansion and embryo
development in our in vitro study, we propose that the increased ROS observed may be rather
physiological than pathophysiological.
The evaluation of the OS or AO status of a biological sample is complicated (see Chapter
1, 5.1 ‘How to measure the (anti-)oxidative status?’). First of all, sufficient ROS is necessary for
proper physiological processes, including oocyte maturation (Agarwal et al., 2005, Sies, 2013). As
such, ROS (O2•-, H2O2, HO•) do not necessarily lead to OS or damage if present within physiological
ranges. This physiological range can be maintained thanks to sufficient antioxidant enzymes
within the cell or by antioxidant vitamins (Sies, 2013). The absolute values of these ranges are
hard to predict and depend on the outcome parameter measured (ROS, AO or OS). In our study
(CHAPTER 3A) and similar to other studies (Igosheva et al., 2010), we only evaluated H2O2 as a
measure of ROS and OS. Ideally, a combination of outcome parameters should be measured in
order to be able to draw solid conclusions on the OS or AO status of a cell or biological sample.
Secondly, measuring ROS, AO or OS is practically very difficult due to instability of radicals,
sensitivity to light, high temperatures, altered pH and complicated time consuming sample
protocols (Hermans et al., 2007).
Thorough research has linked obesity and type 2 diabetes with disappointing fertility
outcomes (for reviews, see: Pasquali et al. (2003), Metwally et al. (2007), Brewer and Balen
(2010), Jungheim et al. (2013)). The majority of studies investigating the impact of obesity on
fertility included women suffering from metabolic disorders who used assisted reproductive
techniques (ART) to fulfill their child wish. This cohort of researched women thus already
displayed difficulties to conceive. However, in these studies, IVF success rates of women suffering
from metabolic disorders were compared to women not suffering from metabolic disorders
undergoing the same assisted reproductive clinical support (for reviews, see: Metwally et al.
(2007), Jungheim et al. (2013)). In this context, Pandey et al. (2010) summarized the impact of
obesity on ART and showed that obese individuals applying ART have a reduced number of
oocytes after ovarian stimulation, whereas oocyte quality seemed to be not affected. However,
fertilization success was decreased, pregnancy rates were reduced in some studies and
miscarriage rates increased (Pandey et al., 2010). Partly thanks to these assisted reproductive
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techniques, a significant part of women suffering from metabolic disorders may successfully
conceive. However, are the in vitro produced embryos of metabolically compromised
mothers of similar quality compared to healthy individuals? Pandey et al. (2010) showed in
their review that the majority of studies demonstrated reduced embryo quality in vitro when
oocytes originated from obese women, reflected by a lower embryo cleavage, quality grade and
reduced survival after cryopreservation. We showed that surviving embryos from bovine in vitro
oocytes exposed to altered lipolytic and glycemic conditions showed no alterations in blastocyst
metabolism. However, they were of inferior quality regarding to apoptosis and cell allocation to
the ICM and TE. In our study, high NEFA and high glucose concentrations during bovine in vitro
oocyte maturation led to blastocysts with a higher TE/ICM ratio, indicating that blastomeres were
preferentially allocated to placental structures instead of to embryonic cells. Diet-induced obesity
in an in vivo mouse model revealed similar results (Minge et al., 2008), including increased
blastocyst apoptosis (Chang et al., 2005). Such alterations of altered cell allocation to
trophectoderm cell-lines (future placental structures) have been shown in other animal models
to result in smaller offspring with compromised health (for review, see: Robker (2008)).
Moreover, maternal metabolic disorders may alter the epigenetic profile of the resulting
blastocysts (Van Hoeck et al., 2011, Van Hoeck et al., 2013, Desmet et al., In press). Murine, as well
as bovine and human research could demonstrate that an altered metabolic profile periconception and during early embryonic development could program the offspring’s susceptibility
to disease (Jungheim et al., 2011, González-Recio et al., 2012, Lehnen et al., 2013, O'Doherty et al.,
2014), also known as the ‘Developmental Origin of Health and Disease’ (DOHaD) (ChavattePalmer et al., 2008). Thus, women suffering from metabolic disorders that successfully conceive,
may give birth to offspring with compromised health and increased risk of metabolic disease (for
review, see: Li et al. (2011)). Nevertheless, obese or diabetic women may conceive without
any problems. The pathogenesis of maternal metabolic disorders is complex and multifactorial.
We showed that the glycemic state can differentially affect oocyte quality under lipolytic
circumstances, with low available glucose in the presence of elevated NEFAs being more harmful
for oocyte development than high available glucose in presence of elevated NEFAs (CHAPTER 3A).
As such, other metabolic and/or endocrine factors may negatively or positively alter oocyte
quality. Besides the lipolytic and glycemic state in these metabolic disorders, concomitant
deviations in circulating ketones, insulin, insulin-like growth factor, growth hormone, urea, leptin,
ghrelin, resistin, and many other factors may additionally impact reproductive function directly
(at oocyte and/or embryo level) or indirectly (via an altered signaling in the hypothalamicpituitary-ovarian axis) (for reviews, see: Leroy et al. (2008), Dupont et al. (2014) and Michalakis
et al. (2013)). Moreover, we showed that the presence of insulin and AO such as transferrin and
selenium supports the development of metabolically compromised oocytes in vitro (CHAPTER 3B).
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In addition, AO such as VitE seem to be able to neutralize ‘stress’ at oocyte or embryo level. In this
context, Asadi et al. (2012) showed that increased oocyte apoptosis in nicotine-treated mice could
be overcome by VitE administration. Rooke et al. (2012) found that Trolox (a water soluble VitEanalogue) could alleviate the lipoprotein-induced reduction in bovine embryo development in
vitro. It has been described that AO may enhance the in vitro development of ovine embryos by
protecting them from oxidative damage (Natarajan et al., 2010). Taken together, the in vivo
availability of ‘supporting substrates’ such as e.g. AO can differ significantly between individuals,
possibly (partly) explaining the fact that some women suffering from metabolic disorders are still
able to become pregnant. However, maintaining the pro-oxidant – anti-oxidant equilibrium,
necessary for proper oocyte and embryo development, through AO supplementation is a complex
problem which requires further research (Guerin et al., 2001).
Finally, it is important to mention that we exposed bovine oocytes to obesity and diabetesor NEB-mimicking conditions. But, human oocytes may respond differently to an altered nutrient
availability in the environment compared with bovine or murine oocytes. Oocytes originating
from different species may differ in intrinsic lipid content and distribution, with bovine oocytes
containing e.g. more intracellular lipids than murine (Genicot et al., 2005) and human oocytes
(Dunning et al., 2014). This implies that the latter oocytes may rely on intracellular and/or
exogenous substrates to a different extent (Ferguson and Leese, 1999, 2006, Paczkowski et al.,
2013). As such, species-specific sensitivity and vulnerability of oocytes to an altered lipolytic
and/or glycemic oocyte micro-environment may exist. However, using human oocytes to
investigate the effects of metabolic disorders-related conditions has, obviously, major ethical
constrains. The in vitro production of bovine embryos is a commonly used tool to study the effect
of several metabolic stressors on oocyte and embryo development (for review, see: Van Hoeck et
al. (2014), Leroy et al. (2015)). The complexity of the many interactions present need to be taken
into account when interpreting results of in vitro experiments where, in most cases, only one
treatment factor is altered. Investigating the combined effects of elevated NEFAs and altered
glucose provides us with a more physiologically relevant in vitro model to study pathways
responsible for reduced oocyte and embryo quality in maternal metabolic disorders. More
research is needed to further upgrade the model, trying to mimic the concomitant endocrine
alterations as well.
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2.

THE ACTUAL ANTIOXIDANT STATUS OF THE FLEMISH DAIRY COW: IS THERE ROOM FOR
IMPROVEMENT?

The mechanisms responsible for the reduced oocyte and embryo quality in maternal
metabolic disorders are becoming clear and some major pathways involved were proposed and
generally accepted (for reviews, see: Van Hoeck et al. (2014) and Leroy et al. (2015)) (Valckx et
al., 2014, De Bie et al., Accepted). Using a bovine in vitro model, oxidative stress has been put
forward as one of the main causes for reduced oocyte quality due to metabolic stress (Van Hoeck
et al., 2011, Van Hoeck et al., 2013). In an attempt to ‘treat’ the metabolically compromised oocyte,
antioxidant feeding may provide an interesting and promising therapeutic tool. This is of course
only possible if the current antioxidative status of cows is suboptimal. We therefore first evaluated
the cows’ bC and VitE status in an observational field study in order to identify room for
improvement (CHAPTER 4A).
Decreased plasma bC and VitE levels are a typical phenomenon in peri-parturient dairy cows
(Chawla and Kaur, 2004, Calderon et al., 2007, Politis, 2012). The reason for this is not yet fully
understood, but may be due to a combination of factors: 1) the loss of bC and VitE via placental
transfer during late gestation which can prematurely exhaust AO reserves (Van Saun et al., 1989,
Marceau et al., 2007, Kim et al., 2011), 2) the loss of bC and VitE via colostrum and milk (Calderon
et al., 2007, Kankofer and Albera, 2008), 3) the intake of low quality forages during the dry period
with lower bC and VitE concentrations in the diet (Calderon et al., 2007), 4) the reduced DMI after
calving and thus less bC and VitE uptake from the ration, 5) increased systemic OS levels
(Bernabucci et al., 2005, Pedernera et al., 2010), 6) an increased systemic use due to
metabolization by the highly active liver (Sangsritavong et al., 2002) and 7) health problems such
as liver steatosis (resulting in disturbed bC redistribution and metabolism) (Jorritsma et al., 2004,
Eldaim et al., 2010). Moreover, we revealed that not only lactation status of the cow, but also farm
type (grazing and zero-grazing farms), season, supplemented vitamins and parity are all
interrelated factors influencing circulating bC and VitE (CHAPTER 4A). As a result, we showed
that only dry cows (and not cows in early or mid lactation) benefit from being housed on grazingfarms with regards to their circulating bC and VitE levels. However, dry cows are often kept on
fields with low quality pasture (Calderon et al., 2007). As such, the observed higher bC and VitE
levels in dry cows from grazing-farms may be explained by the release of bC and VitE reserves
from fat depots when needed, which will not be excreted in dry cows via milk. This accumulation
in lipid storages most probably took place during the last phase of lactation when cows were still
grazing on pasture (Baldi, 2005, Noziere et al., 2006). Similar to the observed increase in AO in
dry cows under field conditions, we revealed in a controlled in vivo experiment in non-lactating
(dry, but not pregnant) cows that daily bC supplementation exceeding daily recommendations,
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but matching the amount of bC intake at grazing (Kawashima et al., 2010), could increase
circulating bC levels (CHAPTER 4B, De Bie et al. (2016)). Moreover, this daily bC supplementation
could significantly increase bC levels in a dietary-induced NEB state as well (CHAPTER 4B, De Bie et
al. (2016)), whereas in our field study (CHAPTER 4A), grazing could not increase bC levels in NEB
cows in early lactation. In accordance, Johansson et al. (2014) showed that cows in organic dairy
farms, receiving fresh grass and legume silages, could fulfill their VitE and VitA (metabolite of bC)
requirements without supplementation, except at the time around peak lactation. These
observations emphasize the impact of the factors described above on the cow’s AO status early
post-partum, explaining the absence of any positive effect of fresh grass in the diet on bC levels in
lactating cows. However, since grazing could increase AO levels in dry pregnant cows under field
conditions (CHAPTER 4A), factors such as the loss of AO via placental transfer and the intake of low
quality forages on grazing-farms in the dry period are less likely to significantly lower circulating
AO early post-partum. In addition, our study revealed that especially on grazing farms, summer
was associated with reduced circulating bC levels which may be related to moderate heat stress,
even in Flanders (CHAPTER 4A, De Bie et al. (Submitted)).
The complexity of interrelated factors influencing the bC and VitE status of dairy cows
emphasizes that practically applicable antioxidant supplementation guidelines for the dairy
industry are a real challenge to develop. After launching the online call to participate in a survey
to determine the bC and VitE status of dairy cows, 48 dairy farmers expressed their interest within
two weeks’ time. This high interest makes us assume that dairy farmers need more practical and
useful information on antioxidants in the dairy industry. Most recent official recommendations on
the optimum vitamin nutrition in dairy cattle date from 2001 (NRC, 2001) (see Table 4 in CHAPTER
1, p. 51) and it is unlikely that these guidelines still apply for modern high yielding dairy cows that
are housed under zero-grazing conditions, fed with conserved forages and produce more milk
than 15 years ago (Barroeta et al., 2012). We showed that despite the existence of commercial
advices and despite the awareness among farmers of the importance of optimal antioxidant
nutrition (reflected by the fact that in 71% of the farms, cows were supplemented with vitamins),
the bC and VitE status of Flemish dairy cows is in 1/3th of the cases significantly insufficient
(CHAPTER 4A). As such, there is room for improvement of the bC and VitE status in the current high
yielding dairy cow, especially when requirements are high (in early lactation, on zero-grazing
farms). Hence, supplementation with relatively high concentrations of bC and VitE is needed to
prevent the drop in circulating AO peri-partum (Spears and Weiss, 2008, De Bie et al., 2016). In
accordance, recent studies showed that supplementations higher than the outdated
recommendations (NRC, 2001) improved animal health, performance and reproductive function
(Kawashima et al., 2010, Castillo et al., 2013). However, caution needs to be taken because
administration of AO in excess can increase the odds for diseases (e.g. VitE) (Bouwstra et al., 2010)
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or can be teratogenic in case of VitA (bC metabolite) (Hidalgo et al., 2005). Meanwhile, the
administration of high dosages of bC is relatively safe due to the fact that the conversion of bC into
VitA decreases when the cow’s VitA status is sufficient (Lemke et al., 2003). Yet, the administration
of exogenous AO can block the endogenous AO system hereby impairing the animal’s capacity to
cope with OS (Abuelo et al., 2016).
As there are so many factors which have a major impact on circulating bC and VitE levels,
including farm type, we assume that the AO status of the Flemish dairy cow may significantly differ
from cows originating from other countries with different farm structures. Reijs et al. (2013)
investigated dairy cow housing with emphasis on grazing systems in North-West Europe and
revealed that several countries (The Netherlands, Denmark, Ireland, Sweden, United Kingdom,
West-Germany) differed considerably in farm structure and grazing systems. Whereas almost
100 % of the Irish dairy farms are grazing-farms, only about 30 % of the farms in Denmark were
pasture-based. Models predict that the number of grazing-farms will keep on declining from 2/3th
of the cows currently grazing in The Netherlands to only 1/3th grazing in 2025 (Reijs et al., 2013).
In addition, the annual milk production per cow is lowest in Ireland (5.500 kg), compared to
Sweden, Denmark and Flanders (8.500 kg) (Reijs et al., 2013, CRV, 2015). As thoroughly discussed
(CHAPTER 4A), these differences in grazing and milk production can alter circulating AO in dairy
cows. Moreover, the type (breed and genetic potential) and diet of cows (e.g. proportion of
concentrates) may also differ depending on the region or country, which can influence circulating
AO indirectly (via differences in e.g. milk production, AO uptake, metabolism and storage; Bremel
et al. (1982), Calderon et al. (2007)) or directly (via AO content of concentrates, roughages, …). As
these factors, influencing AO availability, can vary considerably between countries within a small
region such as West-Europe, we can ask to which extent the Flemish dairy cow is representative
for the situation beyond Europe, in e.g. North-America? In this context, we showed that moderate
heat stress (and thus climate) could negatively influence the AO status of dairy cows (CHAPTER 4A).
Severe heat stress in e.g. the U.S. may consequently affect circulating AO in the dairy cow even
more (Nayyar and Jindal, 2010, Sanz-Fernandez et al., 2015). In addition, farms with different herd
sizes (32.6 % of the U.S. dairy farms had ≥ 2.000 cows (Statista.com, 2012); average Flemish dairy
farms counts 71 heads (CRV, 2015)) require different (nutritional) management strategies with
consequences for the bC and VitE status in dairy cows. Comparable information on the VitE and
bC status in the European or American dairy industry in general is lacking. When comparing
studies from different regions in which plasma VitE and bC concentrations were measured from
control dairy cows, actual concentrations varied considerably, possibly due to the factors
described above (see Table 1, p. 190 and Table 6, CHAPTER 1, p. 54). We clearly showed a complex
(and not always straight forward) relationship between specific factors including vitamin
supplementation on circulating AO levels in the dairy cow in a practical commercial setting. These
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findings can be of high interest to understand the situation regarding to the AO status of dairy
cattle in other countries as well, taking into account major managerial differences.
Table 1. Plasma β-carotene and vitamin E concentrations measured in cows
from studies performed in different regions

U.S.
Chew et al. (1984) - Washington
Schingoethe et al. (1982) – South-Dakota
EUROPE
Dobbelaar et al. (2010) – The Netherlands
Haliloglu et al. (2002) - Turkey

Β-CAROTENE
PLASMA

VITAMIN E
PLASMA

0,94
2,35 - 2,48

1,50 - 1,76

1,05

3,01
-

Concentrations are in µg/mL

The optimal bC and VitE status of the cows in this study was calculated based on reference
values by Schweigert and Immig (2007) and Baldi (2005). These optimal reference
concentrations have increased with 0.5 to 1 µg/mL for bC and VitE, respectively, compared with
20 years ago (Frye et al., 1991, Jukola et al., 1996). The identification of appropriate bC and VitE
reference values is complicated, partly due to the factors described above. Moreover, a basal level
of ROS is essential for normal functioning of physiological processes (Sies, 2013) and individual
variability among cows under identical housing and feeding conditions (Kessel et al., 2008)
complicates the correct implementation of these reference values even more. Ideally, reference
values and recommendations should take into account major influencing factors such as lactation
state, but also type of farm and season.
In this study we only focused on bC and VitE as these are the major antioxidants present in
fresh grass (Ballet et al., 2000, Baldi, 2005). As the intake of fresh grass in the dairy industry
declined over the last decades (Reijs et al., 2013), little is known about the current levels of bC and
VitE in the dairy industry. Of course, other vitamins and/or AO such as Selenium, Vitamin A, C,
B3 and B7 are important for the health of dairy cows as well (see Table 3, CHAPTER 1). However,
they often do not have AO properties (Vitamin A, B3 and B7) (Asensi-Fabado and Munné-Bosch,
2010) or have been investigated thoroughly already (Selenium) (Hurley and Doane, 1989, Spears
and Weiss, 2008, Mehdi and Dufrasne, 2016) or are water-soluble and have been considered nonessential due to the synthesis by ruminal microorganisms and because the intake seems to be
sufficient in most cases to meet requirements (Calsamiglia and Rodríguez, 2012).
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3.

CAN WE FEED ANTIOXIDANTS FOR OPTIMAL OOCYTE QUALITY?
Based on the available reference values, we showed that there is room for improvement of

the modern high yielding dairy cows’ bC and VitE status. But, do the current recommended bC and
VitE requirements apply to safeguard the oocyte in metabolically stressed post-partum dairy
cows? In a second and third step, we investigated whether strategical bC feeding could improve
bC availability in the follicular micro-environment (CHAPTER 4B) and whether we could design a
valid research model to study the actual effects of AO on the quality of metabolically compromised
oocytes (CHAPTER 4-ANNEX).
In an attempt to relate circulating bC and VitE levels with fertility outcome in dairy cows,
we could not demonstrate any association with calving interval (CHAPTER 4A). In literature, the
in vivo results of supplemental bC on reproductive outcome are promising, but not univocal (for
literature review, see Table 7, CHAPTER 1, p. 56). Factors responsible for the reported
contradicting results can be attributed to: 1) differences in milk production and thus possible
loss of fat soluble bC through milk; 2) the presence of bC in the control ration which can vary
significantly (Folman et al., 1983); 3) differences in the composition of the ration, the amount of
fat and/or concentrates fed (Warner et al., 1970, Blomhoff et al., 1991, Yeum et al., 2000), 4)
discrepancies in bC uptake and metabolism between different cow breeds (Bremel et al., 1982)
and last but not least, 5) the evaluation of reproductive performance by parameters which are
often biased by management and preferences of the farmer (for review, see: LeBlanc (2010)).
Calving interval (days between 2 subsequent calvings) for example is strongly affected by the
efforts taken by the farmer (opposite to e.g. pregnancy or conception rate) to get the cow pregnant
(e.g. number of artificial inseminations) before he eventually decides to cull the cow and tells little
about dairy cow fertility as such. Moreover, the possible indirect effects of vitamin
supplementation on overall health and thus on fertility may furthermore complicate in vivo
research. For example, we showed that bC supplementation could improve follicular growth,
steroidogenesis and also increased obvious signs of heat (mounting, vaginal mucus) in the nonlactating dairy cow model we used (CHAPTER 4B, De Bie et al. (2016)). High yielding dairy cows
early post-partum generally display lower estrogen and progesterone concentrations (Britt, 1992,
Sartori et al., 2004). In our study using a non-lactating dairy cow, follicular progesterone increased
in response to supplemental bC, which is in accordance with the progesterone stimulating effect
of bC in the corpus luteum (Kawashima et al., 2010, de Sousa Sales et al., 2011). In this context,
progesterone plays a key role in the successful resumption of meiosis and in vitro oocyte
maturation (Fair and Lonergan, 2012), emphasizing the possible indirect effects of bC on fertility.
In addition, the reported effects of bC on reproductive function in vivo may be related to its nonantioxidant metabolite VitA or retinol. Retinol has been identified as a growth-promoting factor
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(Goldblith and Joslyn, 1964) and may play an important role in follicle growth and quality
(Schweigert and Zucker, 1988). Via binding to specific nuclear receptors, retinoids (retinol,
retinal, retinoic acid) can alter transcriptional activity of specific genes, hereby acting as potent
gene expression modulators during embryogenesis, organogenesis, cell growth, differentiation
and apoptosis (for review, see Huang et al. (2014)). Retinoic acid (a metabolite of retinol) is known
to regulate HOX-genes important for embryonic cell differentiation and the anteroposterior body
plan (Marshall et al., 1996). Ikeda et al. (2005) reviewed the possible roles of VitA after binding to
nuclear receptors and suggests that VitA may be able to regulate the expression of gonadotropin
receptors in cumulus and granulosa cells and it may alter cyclooxygenase expression (COX,
convers arachidonic acid into prostaglandins) hereby regulating appropriate prostaglandin
concentrations important for ovulation. Moreover, VitA injection before ovulation can improve
embryo survival in gilts fed a high energy diet that jeopardized embryo survival (Whaley et al.,
1997), possibly by enhancing oocyte meiotic resumption (Whaley et al., 2000). Ikeda et al. (2005)
reviewed the role of VitA in promoting maturation of the oocyte in vitro, but also stated that the
AO properties of bC may be important herein. Comparison of the transcriptome of bovine
granulosa cells of pre-ovulatory follicles harvested 60 and 120 days post-partum revealed that the
period around NEB downregulated specific pathways in these granulosa cells that are sensitive to
the amount of VitA present (Golini et al., 2014). Moreover, Golini et al. (2014) suggested that VitA
may provide a possible treatment to improve post-partum fertility. VitA may also positively
influence immunity (Ramadan et al., 2001), which has impact on overall wellbeing and thus can
improve reproductive function indirectly. Interestingly, retinoids have also been reported to
increase insulin sensitivity and thus speculations exist that VitA may be used as a therapeutic
agent against metabolic disease (Huang et al., 2014).
In order to investigate the direct effects of AO on oocyte quality in a next step, we first
revealed that dietary antioxidants, such as bC, reached the micro-environment of the oocyte in
non-lactating dairy cows and could be increased by dietary supplementation regardless the
energy state of the cow (CHAPTER 4B, De Bie et al. (2016)). Secondly, investigating the effects of AO
in a controlled in vitro set-up provided us with the necessary mechanistic knowledge to elucidate
the actual direct effects on oocyte quality. Rooke et al. (2012) for example showed that VitE could
alleviate the lipoprotein induced stress at embryo level in vitro in the bovine species. Furthermore,
this effect was also evident after embryo transfer to recipient cows. Nonogaki et al. (1994)
revealed that the addition of AO to in vitro fatty acid exposed murine embryos attenuated the
lipotoxic and inhibitory effects observed on embryo development. Interestingly, we demonstrated
that antioxidants such as selenium and transferrin (combined with insulin) during in vitro embryo
culture could improve development of metabolically compromised oocytes, but could not ‘repair’
the quality of the embryo (CHAPTER 3B), as confirmed by Smits et al. (2016). However, whether
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this effect can be attributed to the AO and/or insulin present in the culture medium is not known.
More detailed in vitro research on the effect of physiological bC concentrations on oocyte quality
is still lacking possibly due to the insolubility of lipophilic bC in aqueous in vitro media (CHAPTER
4-ANNEX). Whereas albumin is the most abundant NEFA-carrier in the blood (Chung et al., 1995,
Salway, 1999), bC is mainly transported in lipoproteins (Ashes et al., 1984, Schweigert et al.,
1987). Albumin could facilitate the solubility of NEFAs, but not bC, in hydrophilic media (CHAPTER
4-ANNEX). Most probably, lipoproteins or other less physiologically relevant techniques to
solubilize bC (nanoparticles, impregnated silicone rings or ‘passive dosing system’ (Vergauwen et
al., 2015), …) should be used in order to be able to investigate the actual effects of bC on the
metabolically compromised oocyte in a well-controlled in vitro set-up. This solubility problem can
be bypassed by integrating the in vivo and in vitro approach. For example, in line with the
experimental set-up of Leroy et al. (2010), Valckx et al. (2015) and Marei et al. (2016), bC
containing serum or follicular fluid can be supplemented to in vitro oocytes and/or embryos.
Moreover, the health and steroidogenic capacity of a follicle and the ability of the follicle
enclosed oocyte to become successfully fertilized and develop properly is determined by the
altered metabolic, and possibly also by the changed (anti-)oxidative environment during the long
period of follicular growth (2 – 3 months) prior to ovulation (Britt, 1992). Carvalho et al. (2014)
were the first to substantiate the possible long-term carry-over effects of NEB-associated
biochemical changes during early folliculogenesis on the viability and quality of the transferable
embryo and the establishment of pregnancy later on. While efforts have been taken to optimize
an in vitro bovine follicle culture system (Jorssen et al., 2014), up until now, only a long-term in
vitro murine follicle culture system has proven to be successful to confirm these in vivo results in
a well-controlled in vitro set-up. Indeed we saw that a long-term exposure of murine in vitro
follicles to elevated NEFAs resulted in oocytes of reduced quality (Valckx et al., 2014). This murine
model is promising to be used to investigate the possibility of AO to ‘cure’ metabolically
compromised follicles and oocytes in the long term, taking into account possible species
differences. As a consequence, the most strategic window of AO supplementation in the follicular
growth phase to improve dairy cow reproductive function can be defined.
Importantly, because vitamins and AO form one interrelated and complex network of AO
defense mechanisms (CHAPTER 1), it might be relevant to investigate the effect of a cocktail of AO.
Niki et al. (1995) reviewed the interaction among bC, VitE and VitC and concluded that VitE
probably acts synergistically with VitC and maybe also with bC. However, compared to VitE, the
highly lipophilic bC acts as a weak AO in solution and is probably more efficient when
incorporated in membranes (for review, see: Niki et al. (1995)). Interestingly, in a study
investigating the effects of several AO to improve oxidative stress-mediated lipotoxicity on
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macrophages in vitro they concluded that water-soluble, but not lipid-soluble (e.g. bC, VitE, lipoic
acid, Selenium) antioxidants exhibited protective potential against lipotoxicity (Aronis et al.,
2005).
To answer the question ‘Can we feed antioxidants for optimal oocyte quality?’, we state that
dietary antioxidants can reach the oocytes’ micro-environment, even during a metabolic stress
status, and thus have the potential to exert an effect at the oocyte level. However, more detailed
(combined in vivo and) in vitro research investigating the direct effects of AO on metabolically
stressed oocytes and embryos is required.

4.

WHO CAN USE THESE DATA AND WHAT ARE THE POSSIBLE IMPLICATIONS?

4.1 THE DAIRY INDUSTRY
The results on the bC and VitE status in Flemish dairy cows are of great interest to increase
the awareness of farmers (all over the world) to pay attention to the antioxidant status of their
early lactating cattle and cattle on zero-grazing farms. With the use of the cow side iCheckTM bC
test, which we validated under field conditions, plasma bC concentrations can easily and quickly
be measured. A good estimation of the farm’s bC status can be provided by using the protocol
proposed in which 3 animals within each lactation stage and within a specific season should be
sampled. Consequently, supplementation can be tailor made to answer the cows’ needs at farm
level. Moreover, the good correlation between blood and follicular bC concentrations enables
dairy farmers and veterinarians to easily estimate the bC levels present in the microenvironment of the oocyte. To which extent this knowledge might be useful to improve the
quality and developmental capacity of the oocyte remains to be elucidated.
No official requirements for bC have been established yet by the NRC (2001).
Recommendations currently applied in dairy practice instruct to supplement 300 – 500 mg
bC/day from 28 days prior to calving until pregnancy is confirmed (DSM Nutritional Products),
which is estimated to be 4 x less than the daily bC intake at grazing (Kawashima et al., 2010).
Supplementation of 400 mg bC/day for ≥ 90 days increased pregnancy rates of cows at 120 days
post-partum (Arechiga et al., 1998). However, whether these recommendations are sufficient to
overcome the NEB-induced drop in circulating bC is not known. The industry producing
nutritional supplements for dairy cattle can use the information in this thesis to fine-tune their
recommendations. Up until now, commercial updated (not always scientifically substantiated)
dietary requirements described by Calsamiglia and Rodríguez (2012) and published in ‘Optimal
Vitamin Nutrition’ by DSM Nutritional Products (DSM OVN) already take into account the varying
needs depending on the physiological (lactation) state of the cow (see * in Table 4, Chapter 1,
p. 51). Formulating antioxidant requirements and optimal blood antioxidant concentrations for
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dairy cows is not an easy task. Reference values are generally determined based on associations
between AO blood concentrations and the average productivity or health response of the cow to
antioxidant vitamin uptake (e.g. growth rate, reproductive performance, immunity) (Barroeta et
al., 2012). However, many factors besides antioxidant vitamins determine the health of the cow
(Fig. 1, CHAPTER 1). In addition, fertility can be assessed by a lot of parameters which are often
confounded (see LeBlanc (2010)). Besides the many factors influencing circulating AO such as bC
and VitE in the cow, it should be taken into account that vitamins and AO form one interrelated
and complex network of AO defense mechanisms (CHAPTER 1) (Niki et al., 1995) and that much
more AO and OS parameters contribute to the cow’s overall AO status. As such, more welldesigned (combined) in vivo and/or in vitro research is required to unravel the effect of dietary
bC on health and reproductive function of the modern high yielding dairy cow.
Nevertheless, the results in this thesis may provide a first step towards strategies to
optimize dairy cow fertility. While managerial choices do have an impact, poor fertility generally
results in an increased number of days between calving and conception (CRV, 2012) and relatively
lower annual milk yield per cow. More cows are required to reach similar milk production within
a dairy herd (average number of cows / herd in Belgium: 45 in 2006, 71 in 2015; CRV (2015)) and
more replacement heifers (who are less efficient producers) are needed to maintain herd size.
Optimization of dairy cow reproduction is the key for a reduced environmental impact, improved
profitability and contributes significantly to a more sustainable dairy industry (Royal et al., 2000,
Garnsworthy, 2004, Garnsworthy, 2011).
4.2 COMPARATIVE ASPECTS WITH IMPLICATIONS FOR HUMAN REPRODUCTION
As the reproductive physiology and pre-implantation embryo development is very similar
in the bovine and human species (for reviews, see: Menezo and Herubel (2002) and Adams et al.
(2012)), the results regarding to the lipolytic and glycemic effect on bovine oocyte quality, but
also the antioxidative follicular environment in the cow may have implications for women as well.
First of all, clinicians should be aware of possible bias in extrapolating results of research
investigating the effect of metabolic disorders on bovine in vitro oocyte quality to obese or diabetic
women. In this context, it is important to keep in mind that other metabolic factors than elevated
NEFAs, such as glucose, differentially affect oocyte quality (CHAPTER 3). Secondly, the availability
of bC and VitE in follicular fluid of women undergoing IVF has already been reported (Schweigert
et al., 2003). In contrast to the in vivo study in which we investigated follicular bC concentrations
in the cow (CHAPTER 4B, De Bie et al. (2016)), women applying IVF generally undergo ovarian
stimulation. From a physiological point a view, ovarian blood flow may substantially increase
under the influence of hormonal treatment promoting follicular growth, possibly altering AO
availability in the oocyte micro-environment. In accordance to this, follicular size (but also
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quality) has been associated with follicular VitA, but not bC (Schweigert et al., 1986, Schweigert
and Zucker, 1988), which can have major impact on oocyte maturation (Ikeda et al., 2005).
‘You are what you eat’ also applies for women in which (optimal antioxidant) nutrition may
directly be reflected in the micro-environment of the oocyte, influencing oocyte, embryo and fetal
development (Twigt et al., 2012), with possible consequences for post-natal health (Roseboom et
al., 2006, Chavatte-Palmer et al., 2008). Nowadays, numerous companies offer ‘fertility-boosters’
as dietary supplements to increase the chance of successful pregnancies. From FertilAid®,
Fertiboost®, Ovaboost®, FH Pro®, Fertilitea®, Fertiledetox®, PrOxeed Women®, Fertilica
Choice Antioxidants®, etc. to n-3 PUFA, myoinositol, N-acetylcysteine, Coenzyme Q10 and many
others (found via an online search engine with key words: ‘fertility supplements’). Most of these
supplements contain a variety of antioxidants and vitamins including Vitamin C, GSH, Selenium,
L-carnitine, but also bC and VitE. Moreover, IVF clinics routinely use in vitro culture media
supplemented with ‘goodies’ to improve IVF success rates. Among these, ascorbic and folic acid
and VitE are often added because they seem to reduce oxidative damage in mouse embryos and
improve developmental rates (Gruber and Klein, 2011, Koyama et al., 2012). However, different
compositions of in vitro media used in assisted reproduction can have consequences on long-term
development, resulting in e.g. altered birth weight (Dumoulin et al., 2010, Zandstra et al., 2015).
In this context, we showed that supportive culture conditions after fertilization of metabolically
compromised oocytes could increase the chance of producing a blastocyst, but not necessarily of
good or improved quality (CHAPTER 3B and Smits et al. (2016)). If further detailed research can
reveal that supplemented AO can alleviate a metabolic insult and improve embryo development
and quality, then this knowledge can contribute to reducing the number of IVF cycli in e.g.
women suffering metabolic disorders. However, if indeed AO supplementation during embryo
culture of metabolically compromised oocytes improves embryo development, but not quality,
then this may impact post-implantation development and even post-natal health.
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5.

CONCLUSIONS

In general, the following conclusions can be drawn:
-

Both the lipolytic and glycemic micro-environment of the pre-ovulatory follicle in
metabolically compromised mothers is of importance in jeopardizing bovine in vitro
oocyte quality and developmental competence. Moreover, we showed that an altered
glycemic state (similar to hyperglycemia in obese and diabetic women or hypoglycemia in
NEB cows) in lipolytic-like conditions differentially affects bovine in vitro oocyte quality,
with obesity and diabetes-like conditions hampering oocyte development to a greater
extent.

-

The use of supporting substrates, including antioxidants and insulin, for in vitro embryo
culture may support development of embryos after a metabolic insult during oocyte
maturation, but cannot always improve embryo quality, which might have consequences
for post-implantation development.

-

There is room for optimization of the antioxidant nutrition in the Flemish dairy industry,
especially when requirements are high in early lactation or when cows are housed on
zero-grazing farms.

-

Optimal antioxidant feeding can improve the antioxidative capacity of the follicular
environment, with specific regards to bC concentrations, regardless of the metabolic
stress status of the cow. This may provide a therapy to ‘treat’ the metabolically
compromised oocyte. However, to which extent these follicular AO levels are actually able
to rescue the metabolically compromised oocyte needs to be further elucidated in a
combined in vivo and in vitro approach.
The results in this thesis shed light on the difficulties extrapolating results of the reduced

oocyte quality in the metabolically stressed high yielding dairy cows towards the human setting
in which women suffer from obesity or diabetes. In addition, providing scientifically substantiated
advises on supplementation of AO is challenging and will need much more well designed research.
However, the room for improvement of antioxidant feeding in the dairy industry will hopefully
increase the awareness of farmers, veterinarians, nutritionists, the feed industry, etc. to better
feed cattle (for optimal oocyte and embryo quality?).

- 197 -

CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS

REFERENCES
Abuelo, A., J. Hernandez, J. L. Benedito, and C. Castillo. (2016). Association of oxidative status and insulin sensitivity in
periparturient dairy cattle: an observational study. J Anim Physiol Anim Nutr (Berl) 100(2):279-286.
Adams, G. P., J. Singh, and A. R. Baerwald. (2012). Large animal models for the study of ovarian follicular dynamics in
women. Theriogenology 78(8):1733-1748.
Agarwal, A., S. Gupta, and R. K. Sharma. (2005). Role of oxidative stress in female reproduction. Reproductive Biology
and Endocrinology 3.
Amaral, S., P. J. Oliveira, and J. Ramalho-Santos. (2008). Diabetes and the impairment of reproductive function: possible
role of mitochondria and reactive oxygen species. Curr Diabetes Rev 4(1):46-54.
Arechiga, C. F., C. R. Staples, L. R. McDowell, and P. J. Hansen. (1998). Effects of timed insemination and supplemental
beta-carotene on reproduction and milk yield of dairy cows under heat stress. J Dairy Sci 81(2):390-402.
Aronis, A., Z. Madar, and O. Tirosh. (2005). Mechanism underlying oxidative stress-mediated lipotoxicity: Exposure of
J774.2 macrophages to triacylglycerols facilitates mitochondrial reactive oxygen species production and
cellular necrosis. Free Radical Biology and Medicine 38(9):1221-1230.
Asadi, E., M. Jahanshahi, and M. J. Golalipour. (2012). Effect of Vitamin E on Oocytes Apoptosis in Nicotine-Treated Mice.
Iranian Journal of Basic Medical Sciences 15(3):880-884.
Asensi-Fabado, M. A. and S. Munné-Bosch. (2010). Vitamins in plants: occurrence, biosynthesis and antioxidant function.
Trends in Plant Science 15(10):582-592.
Ashes, J. R., R. W. Burley, G. S. Sidhu, and R. W. Sleigh. (1984). Effect of particle-size and lipid-composition of bovine
blood high-density lipoprotein on its function as a carrier of beta-carotene. Biochim Biophys Acta 797(2):171177.
Baldi, A. (2005). Vitamin E in dairy cows. Livest Prod Sci 98(1-2):117-122.
Ballet, N., J. Robert, and P. Williams. (2000). 19 Vitamins in Forages. Forage evaluation in ruminant nutrition:399-431.
Barroeta, A. C., M. D. Baucells, A. Blanco Pérez, S. Calsamiglia, R. Casals, R. Cepero Briz, R. Davin, G. Gonzalez, J. M.
Hernandez, B. Isabel, C. Lopez Bote, I. A. Rey, M. Rodriguez, J. Sanz, M. F. Soto-Salanova, and G. Weber. (2012).
Optimum Vitamin nutrition in the production of quality animal foods. 5M Publishing, United Kingdom.
Bernabucci, U., B. Ronchi, N. Lacetera, and A. Nardone. (2005). Influence of body condition score on relationships
between metabolic status and oxidative stress in periparturient dairy cows. Journal of Dairy Science
88(6):2017-2026.
Blomhoff, R., M. H. Green, J. B. Green, T. Berg, and K. R. Norum. (1991). Vitamin-A metabolism - New perspectives on
absorption, transport, and storage. Physiol Rev 71(4):951-990.
Bouwstra, R. J., M. Nielen, J. R. Newbold, E. H. Jansen, H. F. Jelinek, and T. van Werven. (2010). Vitamin E supplementation
during the dry period in dairy cattle. Part II: oxidative stress following vitamin E supplementation may
increase clinical mastitis incidence postpartum. J Dairy Sci 93(12):5696-5706.
Bremel, D. H., R. W. Hemken, G. J. Heersche, L. A. Edgerton, and O. D. (1982). Effects of b-carotene on metabolic and
reproductive parameters in lactating dairy cows. J Dairy Sci 65 (Suppl. 1):178.
Brewer, C. J. and A. H. Balen. (2010). The adverse effects of obesity on conception and implantation. Reproduction
140(3):347-364.
Britt, J. H. (Year) of Conference. Impacts of early postpartum metabolism on follicular development and fertility. in Proc.
Proceedings of the annual convention - American Association of Bovine Practitioners, USA.
Calderon, F., B. Chauveau-Duriot, B. Martin, B. Graulet, M. Doreau, and P. Noziere. (2007). Variations in carotenoids,
vitamins A and E, and color in cow's plasma and milk during late pregnancy and the first three months of
lactation. Journal of Dairy Science 90(5):2335-2346.
Calsamiglia, S. and M. Rodríguez. (2012). Optimum vitamin nutrition in dairy cattle. Pages 335-373 in Optimum vitamin
nutrition. DSM Nutritional Products Ltd, Basel, Switzerland.
Carvalho, P. D., A. H. Souza, M. C. Amundson, K. S. Hackbart, M. J. Fuenzalida, M. M. Herlihy, H. Ayres, A. R. Dresch, L. M.
Vieira, J. N. Guenther, R. R. Grummer, P. M. Fricke, R. D. Shaver, and M. C. Wiltbank. (2014). Relationships
between fertility and postpartum changes in body condition and body weight in lactating dairy cows. J Dairy
Sci 97(6):3666-3683.
Castillo, C., V. Pereira, A. Abuelo, and J. Hernandez. (2013). Effect of Supplementation with Antioxidants on the Quality
of Bovine Milk and Meat Production. Scientific World Journal.
Chang, A. S., A. N. Dale, and K. H. Moley. (2005). Maternal diabetes adversely affects preovulatory oocyte maturation,
development, and granulosa cell apoptosis. Endocrinology 146(5):2445-2453.
Chavatte-Palmer, P., K. Al Gubory, O. Picone, and Y. Heyman. (2008). Maternal nutrition: Effects on offspring fertility
and importance of the periconceptional period on long-term development. Gynecologie Obstetrique & Fertilite
36(9):920-929.
Chawla, R. and H. Kaur. (2004). Plasma antioxidant vitamin status of periparturient cows supplemented with alphatocopherol and beta-carotene. Animal Feed Science and Technology 114(1-4):279-285.
Chew, B. P., D. M. Holpuch, and J. V. O'Fallon. (1984). Vitamin A and beta-carotene in bovine and porcine plasma, liver,
corpora lutea, and follicular fluid. J Dairy Sci 67(6):1316-1322.
Chung, B. H., G. A. Tallis, B. H. Cho, J. P. Segrest, and Y. Henkin. (1995). Lipolysis-induced partitioning of free fatty acids
to lipoproteins: effect on the biological properties of free fatty acids. J Lipid Res 36(9):1956-1970.
CRV. (2012). CRV Statistics. Published September 2013 on. Published September 2013.
CRV. (2015). CRV Yearstatistics 2015. Published April 2016 on. Published September 2013.

- 198 -

CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS
De Bie, J., A. Langbeen, A. A. J. Verlaet, F. Florizoone, I. Immig, N. Hermans, E. Fransen, P. E. J. Bols, and J. L. M. R. Leroy.
(2016). The effect of a negative energy balance status on β-carotene availability in serum and follicular fluid
of nonlactating dairy cows. Journal of Dairy Science 99(7):5808-5819.
De Bie, J., W. F. Marei, V. Maillo, L. Jordaens, A. Gutierrez-Adan, P. E. J. Bols, and J. L. M. R. Leroy. (Accepted). Differential
effects of high and low glucose concentrations during lipolysis-like conditions on bovine in vitro oocyte
quality, metabolism and subsequent embryo development Reproduction, Fertility and Development.
De Bie, J., K. Proost, J. Callens, P. E. J. Bols, E. Fransen, and J. L. M. R. Leroy. (Submitted). An update on the antioxidant
status of dairy cows: factors influencing circulating β-carotene and vitamin E levels – a survey of Flemish dairy
farms. Journal of Animal Physiology and Animal Nutrition.
de Sousa Sales, J. N., L. M. Kirsch Dias, C. R. Franci, A. A. Rocha, G. G. Cardoso, and J. C. de Souza. (2011). Progesterone
production in superovulated holstein heifers and in crossbred recipient of embryo supplemented with
betacarotene and tocopherol Ciencia E Agrotecnologia 35(4):817-825.
Desmet, K. L. J., V. Van Hoeck, D. Gagné, E. Fournier, A. Thakur, A. M. O'Doherty, C. P. Walsh, M. A. Sirard, P. E. J. Bols, and
J. L. M. R. Leroy. (In press). Exposure of bovine oocytes and embryos to elevated non-esterified fatty acid
concentrations: integration of epigenetic and transcriptomic signatures in resultant blastocysts. BMC
Genomics.
Dobbelaar, P., R. J. Bouwstra, R. M. Goselink, R. Jorritsma, J. J. van den Borne, and E. H. Jansen. (2010). Effects of vitamin
E supplementation on and the association of body condition score with changes in peroxidative biomarkers
and antioxidants around calving in dairy heifers. J Dairy Sci 93(7):3103-3113.
Dumoulin, J. C., J. A. Land, A. P. Van Montfoort, E. C. Nelissen, E. Coonen, J. G. Derhaag, I. L. Schreurs, G. A. Dunselman, A.
D. Kester, J. P. Geraedts, and J. L. Evers. (2010). Effect of in vitro culture of human embryos on birthweight of
newborns. Human Reproduction 25(3):605-612.
Dunning, K. R., D. L. Russell, and R. L. Robker. (2014). Lipids and oocyte developmental competence: the role of fatty
acids and beta-oxidation. Reproduction 148(1):R15-27.
Dupont, J., R. J. Scaramuzzi, and M. Reverchon. (2014). The effect of nutrition and metabolic status on the development
of follicles, oocytes and embryos in ruminants. Animal : an international journal of animal bioscience:1-14.
Eldaim, M. A. A., A. Kamikawa, M. M. Soliman, M. M. Ahmed, Y. Okamatsu-Ogura, A. Terao, T. Miyamoto, and K. Kimura.
(2010). Retinol binding protein 4 in dairy cows: its presence in colostrum and alteration in plasma during
fasting, inflammation, and the peripartum period. Journal of Dairy Research 77(1):27-32.
Fair, T. and P. Lonergan. (2012). The role of progesterone in oocyte acquisition of developmental competence. Reprod
Domest Anim 47 Suppl 4:142-147.
Ferguson, E. M. and H. J. Leese. (1999). Triglyceride content of bovine oocytes and early embryos. Journal of
Reproduction and Fertility 116(2):373-378.
Ferguson, E. M. and H. J. Leese. (2006). A potential role for triglyceride as an energy source during bovine oocyte
maturation and early embryo development. Mol Reprod Dev 73(9):1195-1201.
Folman, Y., M. Rosenberg, I. Ascarelli, M. Kaim, and Z. Herz. (1983). The effect of dietary and climatic factors on fertility,
and on plasma progesterone and oestradiol-17-beta levels in dairy cows. J Steroid Biochem Mol Biol 19(1):863868.
Frye, T. M., S. N. Williams, and T. W. Graham. (1991). Vitamin deficiencies in cattle. Vet Clin North Am Food Anim Pract
7(1):217-275.
Garnsworthy, P. C. (2004). The environmental impact of fertility in dairy cows: a modelling approach to predict methane
and ammonia emissions. Animal Feed Science and Technology 112(1-4):211-223.
Garnsworthy, P. C. (2011). Sustainable intensive farming systems. Pages 139-143 in Animal Farming and Environmental
Interactions in the Mediterranean Region. I. Casasús, J. Rogosic, A. Rosati, I. Stokovic and D. Gabina eds.
Wageningen Academic Pub., Amsterdam, The Netherlands.
Genicot, G., J. Leroy, A. Van Soom, and I. Donnay. (2005). The use of a fluorescent dye, Nile red, to evaluate the lipid
content of single mammalian oocytes. Theriogenology 63(4):1181-1194.
Goldblith, S. A. and M. A. Joslyn. (1964). Milestones in nutrition. AVI Pub Co, Avi, Westport, CT.
Golini, V. E., G. Stradaioli, and M. A. Sirard. (2014). Transcriptome analysis of bovine granulosa cells of preovulatory
follicles harvested 30, 60, 90, and 120 days postpartum. Theriogenology 82(4):580-591.e585.
González-Recio, O., E. Ugarte, and A. Bach. (2012). Trans-Generational Effect of Maternal Lactation during Pregnancy: A
Holstein Cow Model. PLoS ONE 7(12):e51816.
Gruber, I. and M. Klein. (2011). Embryo culture media for human IVF: which possibilities exist? Journal of the Turkish
German Gynecological Association 12(2):110-117.
Guerin, P., S. El Mouatassim, and Y. Menezo. (2001). Oxidative stress and protection against reactive oxygen species in
the pre-implantation embryo and its surroundings. Human Reproduction Update 7(2):175-189.
Haliloglu, S., N. Baspinar, B. Serpek, H. Erdem, and Z. Bulut. (2002). Vitamin A and beta-carotene levels in plasma, corpus
luteum and follicular fluid of cyclic and pregnant cattle. Reprod Domest Anim 37(2):96-99.
Hermans, N., P. Cos, L. Maes, T. De Bruyne, D. Vanden Berghe, A. J. Vlietinck, and L. Pieters. (2007). Challenges and pitfalls
in antioxidant research. Curr Med Chem 14(4):417-430.
Hidalgo, C., C. Diez, P. Duque, J. M. Prendes, A. Rodriguez, F. Goyache, I. Fernandez, N. Facal, S. Ikeda, C. Alonso-Montes,
and E. Gomez. (2005). Oocytes recovered from cows treated with retinol become unviable as blastocysts
produced in vitro. Reproduction 129(4):411-421.
Huang, P., V. Chandra, and F. Rastinejad. (2014). Retinoic Acid Actions Through Mammalian Nuclear Receptors. Chemical
reviews 114(1):233-254.

- 199 -

CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS
Hurley, W. L. and R. M. Doane. (1989). Recent developments in the roles of vitamins and minerals in reproduction J
Dairy Sci 72(3):784-804.
Igosheva, N., A. Y. Abramov, L. Poston, J. J. Eckert, T. P. Fleming, M. R. Duchen, and J. McConnell. (2010). Maternal dietinduced obesity alters mitochondrial activity and redox status in mouse oocytes and zygotes. PLoS One
5(4):e10074.
Ikeda, S., M. Kitagawa, H. Imai, and M. Yamada. (2005). The roles of vitamin A for cytoplasmic maturation of bovine
oocytes. J Reprod Dev 51(1):23-35.
Johansson, B., K. P. Waller, S. K. Jensen, H. Lindqvist, and E. Nadeau. (2014). Status of vitamins E and A and beta-carotene
and health in organic dairy cows fed a diet without synthetic vitamins. Journal of Dairy Science 97(3):16821692.
Jorritsma, R., A. Murondoti, P. L. Vos, J. P. Noordhuizen, T. A. Kruip, and T. Wensing. (2004). Metabolic homeostasis in
postpartum dairy cows hampered by fatty livers. Vet Rec 155(5):151-152.
Jorssen, E. P. A., A. Langbeen, E. Fransen, E. L. Martinez, J. L. M. R. Leroy, and P. E. J. Bols. (2014). Monitoring preantral
follicle survival and growth in bovine ovarian biopsies by repeated use of neutral red and cultured in vitro
under low and high oxygen tension. Theriogenology 82(3):387-395.
Jukola, E., J. Hakkarainen, H. Saloniemi, and S. Sankari. (1996). Blood selenium, vitamin E, vitamin A, and beta-carotene
concentrations and udder health, fertility treatments, and fertility. J Dairy Sci 79(5):838-845.
Jungheim, E. S., E. D. Louden, M. M. Chi, A. I. Frolova, J. K. Riley, and K. H. Moley. (2011). Preimplantation exposure of
mouse embryos to palmitic acid results in fetal growth restriction followed by catch-up growth in the
offspring. Biology of reproduction 85(4):678-683.
Jungheim, E. S. and K. H. Moley. (2008). The impact of type 1 and type 2 diabetes mellitus on the oocyte and the
preimplantation embryo. Semin Reprod Med 26(2):186-195.
Jungheim, E. S., J. L. Travieso, and M. M. Hopeman. (2013). Weighing the impact of obesity on female reproductive
function and fertility. Nutrition Reviews 71:S3-S8.
Kankofer, M. and E. Albera. (2008). Postpartum Relationship of Beta Carotene and Vitamin A between Placenta, Blood
and Colostrum in Cows and their Newborns. Experimental and Clinical Endocrinology & Diabetes 116(07):409412.
Kawashima, C., S. Nagashima, K. Sawada, F. J. Schweigert, A. Miyamoto, and K. Kida. (2010). Effect of β-Carotene Supply
During Close-up Dry Period on the Onset of First Postpartum Luteal Activity in Dairy Cows. Reproduction of
Domestic Animals 45(6):e282-e287.
Kessel, S., M. Stroehl, H. H. D. Meyer, S. Hiss, H. Sauerwein, F. J. Schwarz, and R. M. Bruckmaier. (2008). Individual
variability in physiological adaptation to metabolic stress during early lactation in dairy cows kept under equal
conditions. Journal of Animal Science 86(11):2903-2912.
Kim, Y.-K., L. Wassef, S. Chung, H. Jiang, A. Wyss, W. S. Blaner, and L. Quadro. (2011). β-Carotene and its cleavage enzyme
β-carotene-15,15′-oxygenase (CMOI) affect retinoid metabolism in developing tissues. FASEB Journal
25(5):1641-1652.
Koyama, H., S. Ikeda, M. Sugimoto, and S. Kume. (2012). Effects of folic acid on the development and oxidative stress of
mouse embryos exposed to heat stress. Reprod Domest Anim 47(6):921-927.
Krisher, R. L. and R. S. Prather. (2012). A role for the Warburg effect in preimplantation embryo development: metabolic
modification to support rapid cell proliferation. Mol Reprod Dev 79(5):311-320.
LeBlanc, S. (2010). Does Higher Production Imply Worse Reproduction? Pages 253-263 in Advances in Dairy
Technology, Western Canadian Dairy Seminar. Vol. 22. L. Doepel, ed. Univ Alberta, Dept. Agr. Food & Nutr. Sci.,
310 Agriculture Forestry Ctr, Edmonton, Canada.
Lehnen, H., U. Zechner, and T. Haaf. (2013). Epigenetics of gestational diabetes mellitus and offspring health: the time
for action is in early stages of life. Molecular Human Reproduction 19(7):415-422.
Lemke, S. L., S. R. Dueker, J. R. Follett, Y. M. Lin, C. Carkeet, B. A. Buchholz, J. S. Vogel, and A. J. Clifford. (2003). Absorption
and retinol equivalence of beta-carotene in humans is influenced by dietary vitamin A intake. Journal of Lipid
Research 44(8):1591-1600.
Leroy, J. L., S. D. Valckx, L. Jordaens, J. De Bie, K. L. Desmet, V. Van Hoeck, J. H. Britt, W. F. Marei, and P. E. Bols. (2015).
Nutrition and maternal metabolic health in relation to oocyte and embryo quality: critical views on what we
learned from the dairy cow model. Reprod Fertil Dev 27(4):693-703.
Leroy, J. L., V. Van Hoeck, M. Clemente, D. Rizos, A. Gutierrez-Adan, A. Van Soom, M. Uytterhoeven, and P. E. Bols. (2010).
The effect of nutritionally induced hyperlipidaemia on in vitro bovine embryo quality. Hum Reprod 25(3):768778.
Leroy, J. L., T. Vanholder, B. Mateusen, A. Christophe, G. Opsomer, A. de Kruif, G. Genicot, and A. Van Soom. (2005). Nonesterified fatty acids in follicular fluid of dairy cows and their effect on developmental capacity of bovine
oocytes in vitro. Reproduction 130(4):485-495.
Leroy, J. L. M. R., G. Opsomer, A. Van Soom, I. G. Goovaerts, and P. E. Bols. (2008). Reduced fertility in high-yielding dairy
cows: are the oocyte and embryo in danger? Part I. The importance of negative energy balance and altered
corpus luteum function to the reduction of oocyte and embryo quality in high-yielding dairy cows.
Reproduction of Domestic Animals 43(5):612-622.
Leroy, J. L. M. R., T. Vanholder, J. R. Delanghe, G. Opsomer, A. Van Soom, P. E. Bols, J. Dewulf, and A. de Kruif. (2004).
Metabolic changes in follicular fluid of the dominant follicle in high-yielding dairy cows early post partum.
Theriogenology 62(6):1131-1143.

- 200 -

CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS
Leroy, J. L. M. R., T. Vanholder, G. Opsomer, A. Van Soom, and A. de Kruif. (2006). The in vitro development of bovine
oocytes after maturation in glucose and beta-hydroxybutyrate concentrations associated with negative energy
balance in dairy cows. Reprod Domest Anim 41(2):119-123.
Li, M., D. Sloboda, and M. Vickers. (2011). Maternal obesity and developmental programming of metabolic disorders in
offspring: evidence from animal models. Experimental diabetes research 2011.
Lucy, M. (2004). Mechanisms linking the somatotropic axis with insulin: Lessons from the postpartum dairy cow. Proc.
NZ Soc Anim Prod 64:19-23.
Marceau, G., D. Gallot, D. Lemery, and V. Sapin. (2007). Metabolism of Retinol During Mammalian Placental and
Embryonic Development. Pages 97-115 in Vitamins and Hormones. Vol. Volume 75. Academic Press.
Marei, W. F., M. A. Alvarez, V. Van Hoeck, A. Gutierrez-Adan, P. E. Bols, and J. L. Leroy. (2016). Effect of nutritionally
induced hyperlipidaemia on in vitro bovine embryo quality depends on the type of major fatty acid in the diet.
Reprod Fertil Dev.
Marshall, H., A. Morrison, M. Studer, H. Popperl, and R. Krumlauf. (1996). Retinoids and Hox genes. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology 10(9):969-978.
Mehdi, Y. and I. Dufrasne. (2016). Selenium in Cattle: A Review. Molecules 21(4):545.
Menezo, Y. J. and F. Herubel. (2002). Mouse and bovine models for human IVF. Reprod Biomed Online 4(2):170-175.
Metwally, M., T. C. Li, and W. L. Ledger. (2007). The impact of obesity on female reproductive function. Obes Rev
8(6):515-523.
Michalakis, K., G. Mintziori, A. Kaprara, B. C. Tarlatzis, and D. G. Goulis. (2013). The complex interaction between obesity,
metabolic syndrome and reproductive axis: A narrative review. Metabolism-Clinical and Experimental
62(4):457-478.
Minge, C. E., B. D. Bennett, R. J. Norman, and R. L. Robker. (2008). Peroxisome proliferator-activated receptor-gamma
agonist rosiglitazone reverses the adverse effects of diet-induced obesity on oocyte quality. Endocrinology
149(5):2646-2656.
Natarajan, R., M. B. Shankar, and D. Munuswamy. (2010). Effect of alpha-tocopherol supplementation on in vitro
maturation of sheep oocytes and in vitro development of preimplantation sheep embryos to the blastocyst
stage. J Assist Reprod Genet 27(8):483-490.
Nayyar, S. and R. Jindal. (2010). Essentiality of antioxidant vitamins for ruminants in relation to stress and reproduction.
Iranian Journal of Veterinary Research 11(1):1-9.
Niki, E., N. Noguchi, H. Tsuchihashi, and N. Gotoh. (1995). Interaction among vitamin C, vitamin E, and beta-carotene.
American Journal of Clinical Nutrition 62(6):1322S-1326S.
Nonogaki, T., Y. Noda, Y. Goto, J. Kishi, and T. Mori. (1994). Developmental blockage of mouse embryos caused by fatty
acids. J Assist Reprod Genet 11(9):482-488.
Noziere, P., P. Grolier, D. Durand, A. Ferlay, P. Pradel, and B. Martin. (2006). Variations in carotenoids, fat-soluble
micronutrients, and color in cows' plasma and milk following changes in forage and feeding level. Journal of
Dairy Science 89(7):2634-2648.
O'Doherty, A. M., A. O'Gorman, A. al Naib, L. Brennan, E. Daly, P. Duffy, and T. Fair. (2014). Negative energy balance
affects imprint stability in oocytes recovered from postpartum dairy cows. Genomics 104(3):177-185.
Paczkowski, M., W. B. Schoolcraft, and R. L. Krisher. (2014). Fatty acid metabolism during maturation affects glucose
uptake and is essential to oocyte competence. Reproduction 148(4):429-439.
Paczkowski, M., E. Silva, W. B. Schoolcraft, and R. L. Krisher. (2013). Comparative importance of fatty acid beta-oxidation
to nuclear maturation, gene expression, and glucose metabolism in mouse, bovine, and porcine cumulus
oocyte complexes. Biology of reproduction 88(5):111.
Pandey, S., S. Pandey, A. Maheshwari, and S. Bhattacharya. (2010). The impact of female obesity on the outcome of
fertility treatment. Journal of Human Reproductive Sciences 3(2):62-67.
Pasquali, R., C. Pelusi, S. Genghini, M. Cacciari, and A. Gambineri. (2003). Obesity and reproductive disorders in women.
Hum Reprod Update 9(4):359-372.
Pedernera, M., P. Celi, S. C. Garcia, H. E. Salvin, I. Barchia, and W. J. Fulkerson. (2010). Effect of diet, energy balance and
milk production on oxidative stress in early-lactating dairy cows grazing pasture. Vet J 186(3):352-357.
Polanco Ponce, A. C., M. C. Revilla Monsalve, M. A. Palomino Garibay, and S. Islas Andrade. (2005). Effect of maternal
diabetes on human and rat fetal development. Ginecologia y obstetricia de Mexico 73(10):544-552.
Politis, I. (2012). Reevaluation of vitamin E supplementation of dairy cows: bioavailability, animal health and milk
quality. Animal : an international journal of animal bioscience 6(9):1427-1434.
Rabiee, A. R., I. J. Lean, J. M. Gooden, and B. G. Miller. (1997). Short-term studies of ovarian metabolism in the ewe. Anim
Reprod Sci 47(1-2):43-58.
Ramadan, A. A., A. A. Ghoniem, H. M. Hassan, and A. E. Youssef. (2001). Effects of beta-carotene, selenium and vitamin A
on in vitro polymorphonuclear leukocytic activity in peripartal buffalo (Bubalus bubalus). Theriogenology
55(3):693-704.
Randle, P. J., P. B. Garland, C. N. Hales, and E. A. Newsholme. (1963). The glucose fatty-acid cycle. Its role in insulin
sensitivity and the metabolic disturbances of diabetes mellitus. Lancet 1(7285):785-789.
Reijs, J. W., C. H. G. Daatselaar, J. F. M. Helming, J. Jager, and A. C. G. Beldman. (2013). Grazing dairy cows in North-West
Europe - Economic farm performance and future developments with emphasis on the Dutch situation, LEI
Report 2013-001. Page 124. LEI Wageningen UR, The Hague.
Robker, R. L. (2008). Evidence that obesity alters the quality of oocytes and embryos. Pathophysiology 15(2):115-121.

- 201 -

CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS
Robker, R. L., L. K. Akison, B. D. Bennett, P. N. Thrupp, L. R. Chura, D. L. Russell, M. Lane, and R. J. Norman. (2009). Obese
Women Exhibit Differences in Ovarian Metabolites, Hormones, and Gene Expression Compared with
Moderate-Weight Women. J Clin Endocrinol Metab 94(5):1533-1540.
Rooke, J. A., R. G. Watt, C. J. Ashworth, and T. G. McEvoy. (2012). Inclusion of bovine lipoproteins and the vitamin E
analogue, Trolox, during in vitro culture of bovine embryos changes both embryo and fetal development.
Reprod Fertil Dev 24(2):309-316.
Roseboom, T., S. de Rooij, and R. Painter. (2006). The Dutch famine and its long-term consequences for adult health.
Early Human Development 82(8):485-491.
Royal, M., G. E. Mann, and A. P. Flint. (2000). Strategies for reversing the trend towards subfertility in dairy cattle. Vet J
160(1):53-60.
Salway, J. (1999). Metabolism at a glance. Wiley-Blackwell, United Kingdom.
Sangsritavong, S., D. K. Combs, R. Sartori, L. E. Armentano, and M. C. Wiltbank. (2002). High Feed Intake Increases Liver
Blood Flow and Metabolism of Progesterone and Estradiol-17β in Dairy Cattle. J Dairy Sci 85(11):2831-2842.
Sanz-Fernandez, M. V., S. K. Stoakes, J. S. Johnson, M. Abuajamieh, J. T. Seibert, S. C. Pearce, N. K. Gabler, R. P. Rhoads, and
L. H. Baumgard. (2015). Heat stress: what's the gut got to do with it? in Herd Health and Nutrition Conference.
Cornell University, New York.
Sartori, R., J. M. Haughian, R. D. Shaver, G. J. M. Rosa, and M. C. Wiltbank. (2004). Comparison of ovarian function and
circulating steroids in estrous cycles of Holstein heifers and lactating cows. Journal of Dairy Science 87(4):905920.
Scaramuzzi, R. J., B. K. Campbell, C. J. H. Souza, and D. T. Baird. (2010). Glucose uptake and lactate production by the
autotransplanted ovary of the ewe during the luteal and follicular phases of the oestrous cycle. Theriogenology
73(8):1061-1067.
Schingoethe, D. J., C. A. Kirkbride, I. S. Palmer, M. J. Owens, and W. L. Tucker. (1982). Response of cows consuming
adequate selenium to vitamin E and selenium supplementation prepartum. J Dairy Sci 65(12):2338-2344.
Schweigert, F. J. and I. Immig. (2007). Rapid assessment of beta-carotene status. International Dairy Topics 6(4):15-17.
Schweigert, F. J., A. Lutterbach, W. A. Rambeck, and H. Zucker. (1986). Vitamin A- and beta-carotene concentrations in
bovine follicular fluid in relationship to follicle size. Zentralbl Veterinarmed A 33(5):360-364.
Schweigert, F. J., W. A. Rambeck, and H. Zucker. (1987). Transport of beta-carotene by the serum lipoproteins in cattle.
J Anim Physiol Anim Nutr 57:162–167.
Schweigert, F. J., B. Steinhagen, J. Raila, A. Siemann, D. Peet, and U. Buscher. (2003). Concentrations of carotenoids,
retinol and alpha-tocopherol in plasma and follicular fluid of women undergoing IVF. Human Reproduction
18(6):1259-1264.
Schweigert, F. J. and H. Zucker. (1988). Concentrations of vitamin A, beta-carotene and vitamin E in individual bovine
follicles of different quality. J Reprod Fertil 82(2):575-579.
Sies, H. (2013). Oxidative stress. Elsevier.
Smits, A., J. De Bie, P. E. J. Bols, W. F. Marei, and J. L. M. R. Leroy. (Year) of Conference. Effect of embryo culture conditions
on developmental potential of bovine oocytes matured under lipotoxic conditions. Page PW552 in Proc.
Proceedings of the 18th International Congress on Animal Reproduction, Tours, France.
Spears, J. W. and W. P. Weiss. (2008). Role of antioxidants and trace elements in health and immunity of transition dairy
cows. Vet J 176(1):70-76.
Statista.com. (2012). Percentage of U.S. milk cow inventory in 2012, by operation size group.
https://www.statista.com/statistics/194928/percentage-of-us-milk-cow-inventory-by-operation-sizegroup/.
Sturmey, R. G. and H. J. Leese. (2008). Role of glucose and fatty acid metabolism in porcine early embryo development.
Reprod Fertil Dev 20(1):149-149.
Turner, N. and R. L. Robker. (2015). Developmental programming of obesity and insulin resistance: does mitochondrial
dysfunction in oocytes play a role? Molecular Human Reproduction 21(1):23-30.
Twigt, J. M., M. E. C. Bolhuis, E. A. P. Steegers, F. Hammiche, W. G. van Inzen, J. S. E. Laven, and R. P. M. SteegersTheunissen. (2012). The preconception diet is associated with the chance of ongoing pregnancy in women
undergoing IVF/ICSI treatment. Human Reproduction.
Valckx, S. D., J. De Bie, E. D. Michiels, I. G. Goovaerts, U. Punjabi, P. Ramos-Ibeas, A. Gutierrez-Adan, P. E. Bols, and J. L.
Leroy. (2015). The effect of human follicular fluid on bovine oocyte developmental competence and embryo
quality. Reprod Biomed Online 30(2):203-207.
Valckx, S. D., V. Van Hoeck, M. Arias-Alvarez, V. Maillo, A. P. Lopez-Cardona, A. Gutierrez-Adan, M. Berth, R. Cortvrindt,
P. E. Bols, and J. L. Leroy. (2014). Elevated non-esterified fatty acid concentrations during in vitro murine
follicle growth alter follicular physiology and reduce oocyte developmental competence. Fertil Steril
102(6):1769-1776 e1761.
Van Hoeck, V., P. E. Bols, M. Binelli, and J. L. Leroy. (2014). Reduced oocyte and embryo quality in response to elevated
non-esterified fatty acid concentrations: a possible pathway to subfertility? Animal reproduction science
149(1-2):19-29.
Van Hoeck, V., J. L. M. R. Leroy, M. Arias-Alvarez, D. Rizos, A. Gutierrez-Adan, K. Schnorbusch, P. E. J. Bols, H. J. Leese, and
R. G. Sturmey. (2013). Oocyte developmental failure in response to elevated non-esterified fatty acid
concentrations: mechanistic insights. Reproduction 145(1):33-44.
Van Hoeck, V., D. Rizos, A. Gutierrez-Adan, I. Pintelon, E. Jorssen, I. Dufort, M. A. Sirard, A. Verlaet, N. Hermans, P. E. Bols,
and J. L. Leroy. (2015). Interaction between differential gene expression profile and phenotype in bovine

- 202 -

CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS
blastocysts originating from oocytes exposed to elevated non-esterified fatty acid concentrations. Reprod
Fertil Dev 27(2):372-384.
Van Hoeck, V., R. G. Sturmey, P. Bermejo-Alvarez, D. Rizos, A. Gutierrez-Adan, H. J. Leese, P. E. Bols, and J. L. Leroy. (2011).
Elevated non-esterified fatty acid concentrations during bovine oocyte maturation compromise early embryo
physiology. PLoS One 6(8):e23183.
Van Saun, R. J., T. H. Herdt, and H. D. Stowe. (1989). Maternal and fetal vitamin E concentrations and selenium-vitamin
E interrelationships in dairy cattle. The Journal of nutrition 119(8):1156-1164.
Vergauwen, L., S. N. Schmidt, W. Maho, E. Stinckens, A. Hagenaars, R. Blust, P. Mayer, A. Covaci, and D. Knapen. (Year) of
Conference. Passive dosing for the zebrafish embryo test using silicone O-rings. in Proc. 3rd Symposium on Fish
and Amphibian Embryos as Alternative Models in Teratology and Toxicology.
Warner, R. L., G. E. Mitchell, Jr., C. O. Little, and N. E. Alderson. (1970). Pré-intestinal disappearance of vitamin A in steers
fed different levels of corn. Int J Vit Res 40:585.
Whaley, S. L., V. S. Hedgpeth, and J. H. Britt. (1997). Evidence that injection of vitamin A before mating may improve
embryo survival in gilts fed normal or high-energy diets. Journal of Animal Science 75(4):1071-1077.
Whaley, S. L., V. S. Hedgpeth, C. E. Farin, N. S. Martus, F. C. Jayes, and J. H. Britt. (2000). Influence of vitamin A injection
before mating on oocyte development, follicular hormones, and ovulation in gilts fed high-energy diets. J Anim
Sci 78(6):1598-1607.
Wolfe, R. R. (1998). Metabolic interactions between glucose and fatty acids in humans. Am J Clin Nutr 67(3 Suppl):519S526S.
Yeum, K. J., A. L. dos Anjos Ferreira, D. Smith, N. I. Krinsky, and R. M. Russell. (2000). The effect of alpha-tocopherol on
the oxidative cleavage of beta-carotene. Free radical biology & medicine 29(2):105-114.
Zandstra, H., A. P. Van Montfoort, and J. C. Dumoulin. (2015). Does the type of culture medium used influence birthweight
of children born after IVF? Hum Reprod 30(3):530-542.

- 203 -

SUMMARY

SUMMARY

- 205 -

SUMMARY
The metabolic challenging negative energy balance period in high yielding dairy cows is
associated with subfertility. Moreover, an increasing number of women suffer from metabolic
disorders as well (e.g. obesity or diabetes). In CHAPTER 1, we provide an overview of the
importance of maternal metabolic health for successful reproduction. The altered metabolic
profile lies at the origin of an altered oocyte micro-environment, of which major pathways are
described that can lead to impaired oocyte developmental competence and quality (fatty acid,
glucose and oxidative stress pathway). Significant attention is paid on the involvement of
oxidative stress herein to propose a possible strategy to ameliorate the antioxidative microenvironment of the oocyte, using antioxidants. Current antioxidant practices in the dairy industry
are described, as well as the antioxidative status of metabolically compromised dairy cows.
Finally, the actual effects of antioxidants present in fresh grass, in particular β-carotene (bC) and
Vitamin E (VitE), on dairy cow fertility and oocyte and embryo quality are summarized.
In CHAPTER 2, the specific aims of the thesis are overviewed. In the first part of this thesis
we asked whether an altered glycemic state can differentially affect bovine in vitro oocyte quality
under lipolytic conditions (CHAPTER 3). In the second part of this thesis, we aimed to investigate
the cow’s antioxidative status in blood, but also in follicular fluid (CHAPTER 4).
Maternal metabolic disorders are associated with increased circulating NEFAs, which are
reflected in the micro-environment of the oocyte and jeopardize oocyte and subsequent embryo
developmental competence. These lipolysis-associated diseases typically coincide with
hyperglycemia (in obese and diabetic women) or hypoglycemia (in negative energy balance
cows). In CHAPTER 3A, we revealed that an altered glycemic state in lipolytic-like conditions
differentially affects oocyte oxidative stress and oocyte and embryo quality, development and
metabolism. We showed that hypoglycemic lipolytic-related conditions jeopardized oocyte
developmental competence to a greater extent compared with hyperglycemic lipolytic-related
conditions.
In CHAPTER 3B we showed that supporting substrates including antioxidants during in vitro
embryo culture (insulin (mitogenic and anti-apoptotic), transferrin and selenium (antioxidants);
ITS) may support development of embryos after a metabolic insult during oocyte maturation.
However, ITS could not improve embryo quality, which may have consequences for postimplantation development.
Optimizing metabolic health is a first logic step towards improved fertility, with particular
focus on the optimization of antioxidant nutritional management of the transitioning high yielding
dairy cow. Before something can be optimized, it should first be suboptimal. With the increasing
herd sizes and decreasing number of pasture-based farms, cows often have deficient circulating
- 207 -

SUMMARY
vitamin and antioxidant concentrations. In CHAPTER 4A we performed a survey in which we
showed that 1/3th of modern (Flemish) dairy cows have suboptimal circulating bC and VitE
concentrations, especially in early lactation and in zero-grazing farms. We unraveled that a variety
of interrelated factors including lactation state, farm type and season influence bC and VitE
concentrations in the dairy cow. Moreover, we proposed a protocol to correctly and easily
estimate a dairy farms’ bC status. To do so, the ‘cow side’ bC-test (iCheckTM) was validated under

field conditions. This knowledge may provide a first step towards bC advices in the dairy industry.
However, providing scientifically substantiated advises on supplementation of AO is challenging
and will need much more well-designed research.
It’s clear that there is room for improvement of the dairy cow’s bC status. In CHAPTER 4B we
showed that daily bC supplementation could increase follicular bC concentrations, irrespective of
the energy balance. These findings stress the potential of bC supplementation to positively alter
the oocyte’s micro-environment, which may have a positive influence on oocyte quality in the
presence of maternal metabolic stress. This study is a first important step in designing
management strategies to feed for optimal oocyte quality, in an attempt to tackle the subfertility
problem in the modern dairy industry.
In CHAPTER 4ANNEX, a report is provided on the (in)solubility of bC in in vitro culture media.
Because of this solubility obstacle, it remains to be elucidated whether bC can ‘repair’
metabolically compromised oocytes. However, a combined in vivo and in vitro approach in which
in vivo sampled bC rich serum or follicular fluid is added in vitro may help to finally investigate the
effects of bC on oocyte quality.
Finally, in CHAPTER 5, all results are collectively discussed in light of the existing literature.
From this, the following conclusions were drawn:
-

Both the lipolytic and glycemic status in maternal metabolic disorders is of importance
in jeopardizing oocyte quality and developmental competence.

-

The use of supporting substrates (including antioxidants) for in vitro embryo culture
may support development of embryos after a metabolic insult during oocyte
maturation, without improving embryo quality.

-

There is scope for optimization of the antioxidant nutrition in the (Flemish) dairy
industry, especially when requirements are high in early lactation or when cows are
housed on zero-grazing farms.
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-

Optimal antioxidant supplementation can increase antioxidant levels in the oocyte’s
micro-environment, regardless of the (negative energy balance) stress status of the cow,
which may provide a strategic window to feed for optimal oocyte quality.

-

To which extent follicular AO levels are able to rescue the metabolically compromised
oocyte needs to be further elucidated in a combined in vivo and in vitro approach.
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De metabool compromitterende negatieve energiebalans periode in hoog productieve
melkkoeien is geassocieerd met subfertiliteit. Daarenboven lijden een toenemend aantal vrouwen
ook aan maternaal metabole stoornissen (bijvoorbeeld obesitas of diabetes). In HOOFDSTUK 1
wordt het belang van de maternale metabole gezondheid voor succesvolle vruchtbaarheid
beschreven. Het veranderde metabole profiel ligt aan de basis van een veranderd micro-milieu
van de eicel. De voornaamste mechanistische processen geassocieerd met een verminderde eicel
kwaliteit en ontwikkelingscompetentie worden besproken (vrije vetzuren, glucose en oxidatieve
stress gerelateerde gevolgen). De betrokkenheid van oxidatieve stress hierin krijgt extra
aandacht, met als doel mogelijke strategieën voor te stellen om het antioxidatieve micro-milieu
van de eicel te verbeteren aan de hand van antioxidanten. Huidige praktijken rond het voeden van
antioxidanten in de melkvee industrie zijn beschreven, evenals de antioxidatieve status van de
metabool gecompromitteerde melkkoe. Tot slot vatten we de werkelijke effecten van
antioxidanten aanwezig in vers gras, meer bepaald β-caroteen (bC) en Vitamine E (VitE), op de
vruchtbaarheid van de melkkoe en de eicel en embryo kwaliteit samen.
In HOOFDSTUK 2 lichten we de verschillende doelstellingen van deze thesis toe. In het eerste
deel van deze thesis wordt de vraag gesteld of de veranderde glycemie de boviene in vitro eicel
kwaliteit onder lipolytische condities verschillend kan beïnvloeden (HOOFDSTUK 3). In het tweede
deel van deze thesis hadden we als doel de antioxidatieve status te onderzoeken van de koe, zowel
in het bloed als in het follikelvocht (HOOFDSTUK 4).
Maternale metabole stoornissen zijn geassocieerd met toegenomen NEFA concentraties in
het bloed, dewelke gereflecteerd worden in het micro-milieu van de eicel. Bijgevolg hypothekeren
deze verhoogde NEFA concentraties de kwaliteit en ontwikkelingscompetentie van de eicel en het
daaruit ontwikkelde embryo. Deze lipolyse-geassocieerde metabole ziekten gaan gepaard met
hyperglycemie (in vrouwen met obesitas of diabetes) of hypoglycemie (in negatieve energie
balans koeien). In HOOFDSTUK 3A onthulden we dat een veranderde glycemische status in
lipolytische condities de oxidatieve stress in de boviene in vitro eicel en de kwaliteit, ontwikkeling
en metabolisme van de boviene in vitro eicel en het embryo verschillend beïnvloedt. Hierbij
toonden we aan dat hypoglycemische lipolytische condities de eicel ontwikkeling sterker
hypothekeert in vergelijking met hyperglycemische lipolytische condities.
Optimalisatie van de metabole gezondheid is een eerste logische stap richting een
verbeterde vruchtbaarheid, met bijzondere aandacht voor de optimalisatie van het antioxidant
nutritioneel management van de hoog productieve melkkoe in transitie. Echter, vooraleer iets kan
geoptimaliseerd worden, moet het eerst suboptimaal zijn. Met de toenemende grootte van de
melkvee boerderijen en een afname van het aantal bedrijven met weidegang, hebben koeien vaak
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deficiënte vitaminen en antioxidanten concentraties in hun bloed. In HOOFDSTUK 4A voerden we
een veldstudie uit waarbij we konden aantonen dat 1/3de van de moderne (Vlaamse) melkkoeien
suboptimale bloed bC en VitE concentraties heeft, en dit voornamelijk in vroege lactatie en op
bedrijven zonder weidegang. We ontrafelden dat verschillende samenhangende factoren zoals
lactatie status, type bedrijf en seizoen de bC en VitE concentraties van melkkoeien sterk
beïnvloedt. Daarenboven stelden we een protocol voor om op een correcte manier de bC status
binnen een melkveebedrijf in te schatten. Hiervoor werd gebruik gemaakt van de snelle bC-test

(iCheckTM) die we valideerde onder veld condities. Deze kennis zou een eerste stap kunnen zijn
richting bC adviezen in de melkvee industrie. Echter, het aanleveren van wetenschappelijk
onderbouwde adviezen rond antioxidant supplementatie is moeilijk en vereist bijkomend
onderzoek.
Het is duidelijk dat er ruimte is voor verbetering van de bC status van de huidige melkkoe.
In HOOFDSTUK 4B toonden we aan dat dagelijkse bC supplementatie de folliculaire bC
concentraties kon doen stijgen, onafhankelijk van de energie balans van de koe. Deze bevindingen
benadrukken het potentieel van bC supplementatie het micro-milieu van de eicel positief te
beïnvloeden, wat mogelijks een positief effect kan hebben op de eicel in aanwezigheid van
maternale metabole stress. In een poging het subfertiliteitsprobleem in de moderne melkvee
industrie aan te pakken, vormt deze studie een belangrijke eerste stap richting het ontwerpen van
management strategieën om te voeden voor optimale eicel kwaliteit.
In HOOFDSTUK 4ANNEX beschrijven we kort de (on)oplosbaarheid van bC in in vitro cultuur
media. Het is dankzij dit oplosbaarheidsprobleem dat de vraag of bC de metabool
gecompromitteerde eicel kan ‘herstellen’ nog steeds moet opgehelderd worden. Echter, een
gecombineerde in vivo en in vitro aanpak waarin in vivo gecollecteerd serum of follikelvocht rijk
aan bC in vitro kan worden toegevoegd kan bijdrage tot vervolg onderzoek waarin de effecten van
bC op de eicel kwaliteit worden onderzocht.
Tot slot worden de onderzoeksbevindingen in het licht van bestaande literatuur collectief
bediscussieerd in HOOFDSTUK 5. Bijgevolg werden de volgende conclusies getrokken:
-

Zowel de lipolytische als de glycemische status in maternale metabole ziekten is van
belang in het hypothekeren van de eicel kwaliteit en ontwikkelingscompetentie.

-

Het gebruik van ondersteunende additieven (inclusief antioxidanten) voor in vitro
embryo cultuur zouden de ontwikkeling van embryo’s na een metabool insult tijdens
eicel maturatie kunnen ondersteunen, zonder het verbeteren van de kwaliteit van het
embryo.
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-

Er is ruimte voor optimalisatie van de antioxidant voeding in de (Vlaamse) melkvee
industrie, voornamelijk wanneer de behoeften hoog zijn zoals tijdens de vroege lactatie
of wanneer koeien gehuisvest zijn op bedrijven zonder weidegang.

-

Optimale antioxidant supplementatie kan de antioxidant concentraties in het micromilieu van de eicel doen stijgen, onafhankelijk van de (negatieve energie balans) stress
status van de koe. Dit zou mogelijks een aangrijpingspunt kunnen zijn om koeien te
voeden voor optimale eicel kwaliteit.

-

In hoeverre folliculaire antioxidant concentraties de metabool gecompromitteerde eicel
kunnen ‘redden’ zal onderzocht moeten worden gebruik makend van een
gecombineerde in vivo en in vitro aanpak.
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nooit bedankt voor de manier waarop jullie me hebben opgevoed, rijk aan waarden en normen,
grenzen en vrijheid, plezier en soms minder vertier. Als jullie ooit twijfelen of je geslaagd bent in
die opvoeding, denk dan terug aan dit moment. Dan is het ‘niet weten’ van het verschil tussen een
perzik of pruim of tussen korte of lange ei/ij slechts een bijzaak ;-). Zonder alles wat jullie me
hebben geleerd, zonder de rijke omgeving die jullie voor mij hebben gecreëerd en zonder de
kansen die jullie me geboden hebben, had ik hier nooit gestaan. Dankjewel!
Fons, Fonske, Fonzie, I would move heaven and earth to see you once again! In mijn
gedachten zit jij vandaag op de voorste rij, te blinken van trots. Je zou me vastpakken en fluisteren:
‘Zie je wel dat je alles kan? Zolang je het maar hard genoeg wilt!’ Je was mijn grootste fan. Bedankt
voor alles! Ik mis je!
Anneleen, Leo, bedankt dat jullie er zijn voor papa en mama. Merci dat jullie deur altijd
open staat voor een babbel of knuffel.
Omake, het was soms moeilijk te begrijpen wat ik nu écht deed, maar ook jij was altijd ohzo-fier. Opatje, zie mij hier nu staan, zot hé!? Bobonne, jammer dat je er niet meer bij kon zijn…
Gretl, bolleke, BFF, ’t is gedaan! ’T IS ECHT GEDAAN! Vier jaar hebben wij lief en leed
gedeeld, uren hebben we gefilosofeerd en geanalyseerd over wat dat doctoraat met ons doet en
deed. De berg waar we voor stonden was groter dan de 7 summits tezamen, maar we hebben die
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samen hand in hand beklommen én overwonnen. Soms struikelden we al eens of vielen we heel
hard, soms braken we een pols of werden we hoogteziek, soms kregen we niet genoeg zuurstof of
vielen we er bijna bij dood, maar jouw onvoorwaardelijke aanwezigheid hielp me er altijd weer
bovenop! We konden samen huilen, maar ook héél hard lachen, dansen, plezier maken, chillen,
sporten, niks doen, koffie drinken, doosjes openen, koken, sushi eten, genieten, verwend worden
en reizen!! Dit hoofdstuk had nooit zo mooi kunnen zijn zonder jou! Een nieuw hoofdstuk breekt
aan. Onze levenslust, energie en ambitie drijven ons iets verder weg van elkaar (Ja, ik geloof erin
dat jij erin slaagt Thorsten zijn team te vervoegen ;-)). Maar in een wereld met een omtrek van
40.000 km is een ritje of vluchtje naar Hamburg zo gemaakt. Desondanks ga ik je ONGELOOFLIJK
hard missen! Véél succes, je bent een top-vrouw! Jasper, ook jij verdient een dik vuistje voor je
engelengeduld met die 2 PhD’s. Dankjewel voor je ongelooflijke gastvrijheid en die vele postfitness- in-jogging-voor-tv-super-lekkere-Ottolenghi-etentjes!
Marjolein, lieverd, roomie, samenleven met een PhD is niet altijd evident. Van begin tot
einde heb jij alles tot op de voet gevolgd. Je hebt me zien floreren, maar ook af en toe breken. Je
hebt me door dik en dun gesteund, voor me gezorgd, me gerust gesteld, maar ook met me gevierd.
Zonder de stabiele thuis die jij mee voor me gecreëerd hebt, was dit alles een pak moeilijker
geweest. Een bijzonder dikke merci dat je mij voor 1000% liet ‘gaan’ voor mijn doctoraat, dat je
mijn boodschappen-, kook- en vooral kuis-duty zonder problemen overnam als ik moest/wilde
doorwerken. Je bent een roomie uit de 1.000, een soort ‘sister from another mister’. Dankjewel
voor alles!
Liesbeth, met het afronden van mijn doctoraat had ik niet veel tijd om vakantie te nemen.
Wat ben ik blij dat ik een weekje Zuid-Frankrijk met ons bolleke in het zonneke wel zag zitten!
Sinds die week zijn we hechter dan ooit. Je bent zo’n fijne madam om rond te vertoeven! Je humor
en realiteitszin zijn verslavend. Dat we nog vaak samen op de latten mogen staan, in een tent
mogen slapen en roadtripjes mogen maken! Merci voor alle hilarische en onvergetelijke
momenten! Merci voor je goede zorgen!
Sacha, mijn rots in de branding, mijn culinaire uitlaatklep, mijn handyman. Er zijn niet veel
woorden nodig om jou mee te geven dat je een speciaal aandeel hebt gehad in dit avontuur. Merci
om er altijd, maar écht altijd voor me te zijn!
Pastagirls, Deernes van het 2de verdiep, Chloë, Sanne, Marjolein, Jelke, Francine, jullie zijn
écht de beste therapie everrrr tegen ‘mindere’ momentjes, die er ongetwijfeld waren de afgelopen
jaren. Geen andere bende die zó kan lachen, brullen, huilen, filosoferen, spelen, dansen, zingen,
roddelen, boys-talken, genieten, je m’en foutisten, relativeren, welnessen en nog veel meer (!).
Chloë, powerwoman, je deur staat altijd voor me open. Je lach, enthousiasme, humor en zorgzaam
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karakter doen me altijd goed! Sanne, we zaten in hetzelfde schuitje, maar toch ook weer niet.
Straffen toebak wat voor PhD jij hebt gedaan! Binnen 2 dagen sta jij hier, véél succes, thumbs up
en dikke knuffel! Als ik het kan, kan jij het ook! Merci Deernes voor al die fijne, overgetelijke,
hilarische momenten vol steun, vriendschap en liefde!
Oude Skibende, nieuwe skibende, Skifeest, Skieurs du Salon, Eline, Melanie, Dorien, Gonda,
Liesbeth, Sara, Marjolein, Sharon, Olivier, Timo, Rakke, Jakke, Geudens, Markske, Hens, Benjie,
Matthias, Peter, merci om altijd een feestje te maken van de #leukstetijdvanhetjaar! Girls, merci
voor alle fijne Apero(le)kes en babbels! Guys, merci voor de bangelijke livingroomfeestjes! De
rush die ik doormaakte op skivakantie 2 weken geleden hebben jullie op wonderbaarlijke wijze
weten verzachten. Dankjewel Peter, Olivier en Hens voor jullie kritisch oog in het nakijken van
mijn proefdruk. Olivier, bedankt voor je photoshop skills in het maken van mijn cover. Olivier,
Timo, Benjie, merci voor die zalige zomerige weekends waarin we de werkweek volledig konden
vergeten! De ontbijtjes waren altijd hartverwarmend.
Céline, jij hebt me eind 2016 eindelijk na lange tijd even uit mijn PhD-bubbel gehaald. Een
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dikke merci voor je enthousiaste hulp bij de decoratie van mijn receptie!
Kolonel Koffie, bedankt om het schrijven af en toe wat minder eenzaam te maken. Ik beloof
vanaf nu vaker zonder mijn vriend, aka laptop, koffietjes te komen drinken!
Liefste Seb, mijn luisterend oor, mijn gesprekspartner in crime, bedankt voor je
onvoorwaardelijke steun en geloof in mij! Jij kon me mijn doctoraat met momenten eventjes
helemaal doen vergeten. Je bezit een bepaalde magie die me telkens weer tonnen kracht en
energie gaf om door te werken. Je relativiteitszin, mensenkennis en filosofie hebben me
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afgelegd. Merci voor de leuke discussies, de feedback, de bevestiging, de trots die je uitstraalde.
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Liefste vrienden, jullie warmte is ontroerend!
You are amazing, remember that!
Veel liefs,
Jessie -x-
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It always seems impossible, until it’s done! – Nelson Mandela

