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Abstract

The preimplantation embryo must satisfy dynamic changes in energy demand during
development to the blastocyst stage. Energy is provided through regulated metabolic
pathways including glycolysissoxidationand oxidative phosphorylation. Oxygen
consumption rate (OCR), representing overall oxidative metabolism, has been reported in

several species but few studies have examined the bioenergetics of embryo development.

Several methods were optimised to measgmmponents of OCR by individual embryos.

On average, 66% of blastocyst OCR was coupled to ATP synthesis, the majority being
complex idependent. A further 13% was of nenitochondrial origin, while maximal OCR

was 189% of basal, providing a spare respmat@pacity of +89%. This profile allows re

interpretation of existing data to estimate ATP production by the bovine embryo.

The endogenous triglyceride store of the oocyte is increasingly considered a vital energy
source in preimplantation development. fhe present studyj, -oxidationwas

manipulated during embryo culture. Inhibition iofoxidationled to i) increased OCR i)
increased lipid content, iii) increased pyruvate uptake and iv) decreased lactate release at
the blastocyst stage. Enhancingpxidation caused i) OCR at blastocyst stage to fall, ii)
decreased lipid content during early cleavage, iii) decreased pyruvate consumption and
Iv) increased lactate release. Neither treatment affected blastocyst development rate or

differential cell count, whe both led to mitochondrial depolarisation.

These metabolic observations were hypothesised to have legacy effects on gene
expression. Groups of 10 blastocysts with similar metabolic profiles were analysed using
transcription and DNA methylation microayralatforms. Following manipulation of
oxidation, gene transcripts involved in mitochondrial function, metabolism, key signalling
cascades, recognition of pregnancy, stress response, protein modification and
transcription were differentially expressedefes involved in transcription, protein
modification, key signalling cascades and disease were differentially methylated,
potentially linking dysregulateld-oxidationto deleterious conditions in later

development.

These data highlight the plasticity of tabolic regulation in the embryo, allowing
successful preimplantation development despite an apparently deleterious phenotype,

yet indicate that metabolic activity has subtle effects on development.
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1 Introduction



1.1Bovine oocyte and embryo development

1.1.1In vivooocyte development

The ovary is comprised of interstitial glands set in stroma tissue. This interstitial tissue
surroundsthe ovarianfollicles eachcontaining a single primary oocyt@efore birth, the
primary oocyte remains in the follicle and is surrounded by flattened mesenchymal cells,
termed pregranulosa cellsTheseare surrounded by 2 layers of thecal cells, the theca
interna and theca externgrigurel). In many mammalian species, oogonal germ cells
cease mitosis durinfpetal development, and enter meiosis. Meiosis halts at the

diplotene stageat which time homologous chromosomes have paifetdndelbaum

2000; Johnson 2012Tre oocytes may remaim developmental arresior many years;

up to 50 in women. The primary oocyte contains an enlarged, vesicular nucleus known as

the Germinal ésicle (GV).

It was traditionally believed that the number of oocytes preserthm mammalia ovary

is fixed atirth, or shortly after(Moor et al. 1990)In humanslc2 x16 oocytes are

present at birth(Lobo 2003)However, recent studieim miceclaimedthat some
oogenesis continues in early pasatal developmentviaOogonalSem Cells (OSCYOSCs
express the germ cell specific RNA helidadet before differentiation to oocytes
(Johnson et al. 2004; White et al. 201Phe authors also reported that greater number
of oocytes were found than expected from the rate of ovarian follicle loss and, while
current understanding suggests that the number of follicles is fixed, it is possible that this
is regulated by new oocyte formation from OS@salogousDdx4* OSCs have been found
in humanovariantissue, so it is possible that oogenesis could continue later into life, or
perhapsthat OSCs could b&timulatedto generate new oocyteas part of new fertility

treatments(White et al. 2012)

At the onset of puberty, the reproductive cycle begins, prdngpthe ovaries tanitiate
their cyclicakendocrine characteristiad® support development of the primary oocyte and

primordial follicle.
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Figurel: Overview of the mammalian ovary aongarianfollicle.In the developing

primary or preantral follicle, the zonapellucida forms and oocyte genome is transcribed.
The oocyte secretes signals stimulating further follicle development. Within the
secondaryor antral follicle, the mature oocytehas arested at diplotene stage of meiosis
and is surrounded by an expanding layecomulus oophorousells. The follicle is lined
with granulosa cell&nd contains a fluidilled antrum, which continues to expand until
the time of ovulation. The follicle is sounded by the connectiveheca internaand
vasculatheca externa

1.1.2Theovariancycle

The ovary undergoes the hormonally regulated ovarian cycle as part of the cyclical
pattern of female episodic fertility. As the ovary cyckesyeral preantral follicle&-11 in
cattle and humangre recruitedfor growth to the preovulatory stage, in parallel to oocyte
nuclear and cytoplasmimaturation (Zeleznik 2004)n the bovine, several waves of
follicle recruitment, growth and regression precede growth and ovulation of the
dominant follicle during the final way@ortune 1994)A single oocyte is ovulatexhd
undergoedranslocation to the site of fertilisatiom the oviductas well agpreparingfor

the transition into a fertilised zygote. Each cy@degoocyte is lost througlovulation;
however, early stage oocytes are continually lost or reabsorbed through atvesie)

may be defined as the loss of oocytes or follicles through any process other than

ovulation. Follicle atresia shormonally regulategrocesscontrolled by apoptosis of



granulosa cellgKaipiaandHsueh 1997)in parallel to the ovarian changes, the uterine

lining is remodelled in preparation for a possible pregnancy.

The first 14 days following menstruation in the human #melfirst 223 days following
oestrus in the cowAustin 2001konstitute the follicular phase, in which levels of
oestrogen, Follicle Stimulating Hormone (FSH) and Luteinising Hormone (LH) rise. This
stimulates follicle growth and #hphase ends with release of an oocyte through
ovulation. The ruptured follicle folds in on itself, forming the corpus luteum in a process
similar to wound healingSmiths et al. 1994)he remaining 14 daysiime womanand 18
days in the cow comprise the luteal phase, in which progesterone, derived from the
corpus luteum, acts on the endometrium to allow implantation of a blastoaydt a

supportearly pregnancy.

The ovarian cycle affects the whole body and causes the sexually active and fertile period
2T 2Sa40NRPdza>X RSAONAROSR Ia WadlyRAYy3 KSI
W2SaGNRdza 0@ O0f SQd LT (K S eiefial liniggRfte2 O (1 S
uterus is reabsorbeduring the luteal phase of the oestrous cycle. In higher primates, the
ovarian cycle is instead termed the menstrual cycle due to the shedding of uterine
endothelial tissue during the luteal phase of theleyand the lack of physiological

evidence of oestrous seen in other animals. The menstrual cycle is continuous and each
cycle leads to the next. However, other mammals may have a limited number of cycles
and fertile breeding seasons each year, such as mesitoous or dioestrous animals, with

one or two oestrous cycles respectively. Polyoestrous animals have many cycles per year,
which can be seasonal, for example the ovine breeds during winter and the equine during
summer. The bovine, however, is reaasoml polyoestrous, with many cycles per year,
bearing more similarity to the human than other model species. However, cattle have a

period of sexual inactivity, also termed dioestrous, between cycles.
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Figure2: Overview of the bowe oestrouscycle From the time of oestus on day 0/20,
progesteroneis secreted by the corpus luteum and levels rise gradually until around day
15, then decrease rapidly. The dominant follicle secreestradiol, which inhibitg~ollicle
Stimulating Homone (FShisecretion. When this follicle becomes nfamctional, FSH
secretion increases. FSH precedes recruitment of new follicles in 3 waves throughout the
cycle. Levels dfuteinising Hormone (LKJequired for follicle growth, remain

consistently lowuntil the LH surge, which occurs in the absence of progesterone and
stimulates ovulation. Data summarised fr@Vettemann et al. 1972; Austin 2001)

1.1.3Follicle development

Several follicles are thought to begin growth each day and must pass through the
preantral, antral and preovulatory stages before a mature oocyte, with the potential to be
fertilised, is released. Throughout the preantral and antral phases, granulosa)qakss
Follicle Stimulating Hormone (FSH) receptors and theca cells express Luteinising Hormone
(LH) receptors. These gonadotrophins are secreted by the anterior pituitary gland and are
required to stimulate follicle progression past the preantral stég®H) and the antral

stage (LH) and to prevent the breakdown of the follicle by atresia. In FSH receptor
knockout mice, follicular development is arrested at the preantral s{&gerich et al.

1998; Kumar 2009while LH receptor knockout mice arrest at the antral stgffeang et

al. 2001) Theca cells of antral follicles secrete androgens, mainlpséstone, which

stimulate granulosa cell proliferation. Theca cells secrete little oestrogen, but the
androgens produced are converted to oestrogens by-§i8kllated granulosa cells, such
that these two cell types cooperate to maintain levels of oestroigethe ovary and in the
bloodstream. Low plasma levels of oestrogen inhibit secretion of FSH and LH from the
pituitary gland, however the proliferation of granulosa cells and synthesis of oestrogen
stimulated by the androgens creates a positive feedbgskesn. Once the dominant

follicle increases plasma oestrogen levels to the oestradiol threshold value, the pituitary
5



gland immediately secretes FSH and LH, leading to the LH surge in the late follicular stage
(Figure2). FSH and oestrogen stimulate granulosa cells to express LH receptors, which
must also be present on the theca to respond to a brief LH surge and enter the
preovulatory phase. The LH surgarstlates changes in follicle cells and the oocyte,
triggering ovulation. LH also stimulates the shift from an autocrine follicle to a paracrine

corpus luteum

In the bovine adult, the majority of ovarian follicles afeprimordial staggMiyamura et

al. 1996) During folliclegrowth , the pre-granulosa cells surrounding the oocyte

proliferate and differentiate to formthe cuboidal granulosa celts the primary follicle

(Fair, 2003) These cellsontinue to proliferate, forming at least two layers in the

secondary follicle. At this stage, the theca cells differentiate to theca externa and theca
interna layers The granulosa celtecrete a fluid, which forms a number of small cavities

that eventually merge to form the antruifeppig, 2001)This marks the preantral to

antral transition. Those granulosa cells closest to the oocyte begin to form the cumulus
221 K2NRdzas a2 OFfftSR a Ad KFa GKS | LIWISH |
the newly formed antruntavity. These cumulus cells will continue to support the oocyte

through projections into the oolemma until it is fertilised or degraded.

Glucose transport is especially important as the oocyte has poor nutrient uptake
mechanisms; instead pyruvate, whichn be produced by cumulus cells, and endogenous
triglyceride are the major substrates for ATP synth@isteseand Barton 1985; Sutton
McDowall et al. 2004; Harris et al. 200@)Jucose also fuels cumulus expansion, which
involves mucification of proteoglycans and glycosaminoglycans, primarily the
glycosaminoglycan hyaluronic agMagyova 2012)This results in expansion of cumulus
volume without significant proliferation. Thoccurs prior tdoreakdown of the germinal
vesiclein rodents(Dekel 1979; Eppig 198blit afterwardsin pigs(Motlik et al 1986)
Cumulus expansion and hyaluronic acid synthesis is promot&&blyand prostaglandin

E2(Eppig 1980; Lin et al. 1994)

1.1.400cyte maturation

Coinciding with these events, the oocyte increases protein synthesiba@hdaytoplasm

and the germinal vesicle undergo significant remodellgying follicle growththe



bovine oocyte expands from 20um to 130um, while human oocytes expand to 120
160pm(Mandelbaum 2000) Thesurge in LH that precedewulation stimulates spindle
formation in the oocyte and enables nuclear maturat{g@awamura et aR004) The
activitiesof Maturation Promoting Factor (MPF) and Mitogkctivated Phosphorylase
Kinasecause the chromatin in thgerminal vesicléo breakdown (GVBD), which occurs
within 8 hours of the LH surge in the bovifieuip et al., 1983MPF is a heterodimeric
protein complex comprised of Cyclin B and ¥4 Campbell et all996) GVBD is
inhibited by cyclic Adenosine Monophosphate (CAMP), which is producedXdsnosire
Triphosphate (ATKJFan et al2002) This could allow ATP availability to regulate whether
an oocyte undergoes GVRDnot. The nuclear envelope of the germinal vesicle also
breaks down and the oocyte progresses to metaphase Il of m¢ibgmathi et al. 2010)
Finally, before ovulation the oocyte must regain meiotic competdncessuming

meiosis completing M) and then arreshg at meiotic prophase of Mll (Eppg 2001)

The oocyte itself releases multiple signals to regulate primary follicle recruitment and
development, including Insulibike Growth Factor (IGF), Epidermal Growth Factor (EGF)
and AntiMallerian Hormone (AMH(Fair, 2003)and may in turn be stimulated by

Growth Differentiation Factor €Eppig, 2001)During this time, the Zona Pellucida (ZP) is
formed from sulph&ed glycoproteins secreted by the granulosa cells. The ZP is a
proteinaceous matrix dividing the oocyte and gyeanulosa cells, which plays a vital role

in fertilisation as well as protecting the embryo in the oviduct and ut¢Renkin and

Dean, 200Q)The granulosa cells establish projections through the ZP in order to transport
substratesmcluding glucose, nucleotides, amino acids and phospholipids to the oocyte

(Moor et al.1990)

The first meiotic divisioproduces two diploid daughter cells with asymmetrical division

of the cytoplasm. The larger of the two cells becomes the secondary oodyile, the

smaller, termed the first polardly, is extruded to the perivitelline space between the
oocyte and ZP falegradation(Tripathi et al. 2010)This is necessary to enable the
restoration of ploidy following meiosis. Crossioger of homologous maternand

paternal chromosomes during meiotic prophase | allows exchange of sections of DNA
producing unique chromosomes in each gamete. Additionally, independent assortment of
these chromosomes during meiosis | randomly assigns maternal and paternal

chromosones to each daughter cell. The oocyte immediately enters a second meiotic

7



division and arrests at metaphase Il. During oocyte development, ribosome count
increases, mitochondria associate with the smooth endoplasmic reticuluntheend is
mass transcriptiomnd translationThis will cease and rternal mRNA and protein
control metabolism and development until the embryonic genome is activated in early
cleavageseveral days after fertilisation. At this stage, the presence of high MPF levels

prevents further naturation (Campbell et al. 1996)

The granulosa cells express FSH receptors, which when activated stimulate the GC to
secrete follicular fluid. After the LHiige, GCs also express LH receptors and convert
androgens into progesterone, which is required for recognition of pregnancy. Proteolytic
enzyme activity in the follicular fluid causes the follicle wall to thin as the follicle swells
with fluid. At the poin of ovulation the follicle ruptures, releasing the now mature oocyte
into the oviduct andegins to forma corpus luteun{RodgersandIrvingRodgers 2010)
Theca cells become small luteal cells while granulosa cells become large luteal cells. The
OocyteCumulus Complex (OCC) enters the peritoneal cavity between the ovary and
oviduct and the oviductal fimbrae bind the cufas cells to collect the OCC. It is then
rapidly carried by cilia to the ampullary isthmic junction, which is the site of fertilisation.
Meanwhile, the cells of the follicle reorganise to form the corpus luteum, coinciding with

the luteal cells increasingestrogen and progesterone secretion as described above.

1.1.5Fertilisation

Tens to lindreds of spermatozoare thought to reachthe OCC and begin penetrating

the cumulus oophorous, but only one spermatozoon must succes$fisiywith the

oocyte toinitiate fertilisation. A capacitated spermatozoon must undergo the acrosome
reaction to be capable of penetrating the zona pellucida. On contact with the zona
pellucida, the cagike acrosome over the spermatozoal head fuses with the oocyte
plasma membrane, relesang enzymes and exposing cell surface antigens which are
required for successful fertilisation. Sperm plasma membrane proteid(Phs
hyaluronidase activity and likely facilitates sperm movement through the hyaluronie acid

rich cumulus cellfLin et al. 1994)

Traditional understanding is that only the sperm head penetrates the oocyte, however,
evidence suggests thétil entry is sensitive to the presence of the microfilament

inhibitor cytochalasin B and sperm téilaments have been detected in mouse embryos

8



up to the morula stagéSimerly et al. 19930nce the sperm enters the oocyte its
mitochondria are degraded by ubiquitmediated autophagy in a process evolutionarily
conserved from the nematode worm to the mouse, leaving only maternal mitochondria in
the conceptugAl Rawi et al. 2011Yhis processanfail in rare cases such that paternal
MtDNA has been implicated in male infertil{tay-Panloup et al. 20035perm entry to

the perivitelline space stimulatesalcium oscillations originating from stores in the oocyte
whichpromotes degradation of cyclin B1, one of the compotenf MPF. This

deactivates MPF, which enables resumption and detign of meiosis Il. A haploid set of
chromosomes are again extrudéalthe perivitelline spacéorminga second polar body.

The haploid maternal and paternal pronuclei align, establishing the unique embryonic

genome and initiating the first embryonic cell cycle division.

1.1.6Preimplantationembryodevelopment

The firstembryonic cell cycle produces a nuclear diploice embryo. Cell division in
early embryonic development increases the number of cells without altering the size of

the embryo, which is still enclosed within the zona pellucida.

The cells of the bovinembryo divide approximately every 24 hours from the point of
fertilisation (Figure3), although this is often asynchronous. This rate differs between
species and is also affected émbryo sexand embryo quality. The supplies of mMRNA and
protein, inherited from the oocyteregulate development during fertilisation and early
cleavage stage3he embryonic genome is not transcribed immediately dieetilisation;
instead after a short period of transcription at the£ cell stage in bovin@ vivoderived
embryos major EmbryonidGenomeActivation(EGA) begins around the 8 cell stage in the
bovine(Wrenzycki et al. 2004%-8 cell stage in the humaiBraude et al. 1988; Telford et
al. 1990)and 2 cell stage in the moug¢liakan et al2012)

The developing embryo will compact to form a morula, defined morphologically as the
point atwhichit is no longer possible to see the individual cells. The cells change shape
and become wedgéke. This occurs on day 5 in the bov{f®lm et al2002). In parallel

to cavitation, the cells of the morula begin to differentiate iweo cell populations, the
outermost cells become thieophectoderm (TE)and the inner cells forrthe inner cell

mass (ICM)rollowing cavitationthe onset of differentiation and the subsequent

formation of the fluidfilled blastocoel cavitythe embryo is referred to as the blastocyst.
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Expansion of the blastocoel is driven primarily by 8weliumPaassiumATPas@ump

(Na', KATPasg)a major consumer of ATP at this stag®laitocyst development. The

Na', K" ATPaséransports Naand K across the TE in opposing directions, increasing
osmolarity within the cavity formed by morula compaction andé&asing flux of water

into this cavity, forming the blastocoel. Expansion continues for around 18 hours and is
accompanied by thinning of the ZP. Thwvineblastocyst begins to hatch from the ZP on
day 7 Figure3). The ICMurther differentiatesto form epiblast and hypoblast, which
subsequently form the three key embryonic lineages: ectoderm, mesoderm and
endoderm.These stages are similar for all maals though timing and cell number

differ (Telford et al1990) The embryo develops to about the morwdtage within the

lumenof the oviduct;however the next stage occurs in the uterus.

1.1.7Predicting oocyte and embryo viability

Oocyte maturation, fertilisation and embryo development to the hatched blastocyst stage
have been recapitulateth vitroin several model species including the bovine.
Morphology is widely used as a general marker for oocyte and embryo g(I2difgras et
al. 1993; Gardner et al. 2004)here are howeverdifferences betweemn vivoandin vitro
embryo morphology and physiology, for exampleszivoderived embryos tend to have a
thicker zona pelluda, more obvious compaction and a higher inner cell nunjbletm et
al. 2002)as well as a wider perivitelline space between ooplasm and zona pell\«ada
Soomandde Kruif 1992)Severabhspects ofn vitro culture practices couldausethese
differences, in particularan unphysiologicallgighoxygen tensiorf20% compared with
~5%in vivg in some systemand the composition of culture med{#lawkand Walll

1994) However the subjective and relatively superficial nature of morphological
assessment has led substantial focus in developing na@mvasive biochemical assays
with the aim of producing a detailed metabolic profile of an embryo in terms of

consumption ofenergy substrates including carbohydrates, amino acids and oxygen.
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. Day 3: 8 Cell
Day 0: Zygote : : :
y 3¢ Day 1: 2 Cell Day 2: 4 Cell Embryo (Genome Daye4. trﬁjg cell

(Fertilized Oocyte) Embryo Embryo Activation)

Day 5: Morula ~ Day 6: Early Blastocyst Day 67: Expanded Day 78: Hatching

(B1-B3) Blastocyst (B4) Blastocyst (B&7)

Figure3: An overview oin vitro early bovine embryo developmenmtith approximate timings and stage information. Following fertilisatithe paternal and
maternal genome combine and the zygdieginsto divide approximately once every 24 hours. In the bovine and the human, the embryonic genome is
activated on day 3 of development, between thedll and 16cell stages. During day 5, tiell mass compacts to form a morula. This is followed by the
expansion of the fluidilled blastocoel cavity, alongside differentiation of the Inner Cell Mass to one side of the expanding blastocyst argledselklayer

of trophectodermcells. Blastagel expansion comues, causing the blastocyst to expand in size as the zona pellucida thins. Finally, the blastocyst hatches
from the zona. ATP demand remains relatively low and constant during the early cleavage stagkew® (orula) but increasesudng blastocoelexpansion,
finally reducing to an intermediate level once the blastocyst has fully expanded
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1.2 Eukaryotienergymetabolism

The oocyte, spermatozoon and embryo must complete a series of developmental events
which require a constant but dynamic energy supply. Energy metabolism in all eukaryotic
cells centres on the turnover of ATP, the primary chemical energy source in lillg1cAde

is produced predominantly by aerobic respiration, but also through anaerobic glycolysis. In
the early embryo there is little or no RNA or protein synthesis until the time of EGA and
consequently DNA synthesis and mitosis are the major energy diésnaiherefore ATP
demand is relatively low throughout the first8days ofdevelopment(Figure3). A slight
increase in energy demand has been repdrtellowing EGA , however the first major
increase in energy demand occurs during morula compaction and blastocyst expansion, as
ATP is required to fuel both the N&" ATPase and the dramatic rise in protein synthesis
which coincides witlthe onset ofgrowth (Leese et al. 2008Dnce the blastocyst is

established, ATP demand reduces to an intermediate level until implantation.

ATP is formed in the embryo through glycolysis and oxidative phosphorylation, pesces
shared by all eukaryotic cells. Energy substrates for oxidative phosphorylation include
glucose, pyruvate, amino acids and free fatty acids. All of these can be broken down to form
Acetyl Coenzyme A (ACowhich enters the TricarboxyliccAl (TCA)Citric acidpr Krebs

cycle. The TCA cycle produces electron carriers for oxidative phosphorylation, providing ATP

to meet the dynamic energy demands of the developing embryo.

1.2.1Glycolysis

Glucose (§H:206) is @ monosaccharide sugar and is a major energstsatb in many cell
types. Most carbohydrates, such as starch, are broken down to glucose before ATP
production is possible. Glucose is metabolised to pyruvafid,(®) in the stoichiometric
ratio 1:2 by a series of enzymaticatlgntrolled reactions in tb cytosolicprocess known as
glycolysis. This produces 2 moles net ATP per mole of glusbgde a further 1 mole ATP
can be generated by the entry of NADH to oxidative phosphoryla@mcose must first be
transported inside the cell by glucose transgorproteins such as thEacilitated Glucose

TransporteGLUJ or SodiumDependent Glucose Transport@GL)families. In the
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cytoplasm, hexokinase phosphorylates thed@bon of the glucose to gluco$ephosphate
(G-6P) by phosphoryl transfer from ATdivalent cation such as K¥fgorms a complex

with the ATP to enable this trarest Thidirst step of glycolysis ensures that the glucose
molecule is retained in the cell, andilscommon withthe pentose phosphate pathway

which generates NADPH andnpese sugars. In glycolysis, the enzyme phosphoglucose
isomerase catalyses the isomerisation e6i&to its operchain form, conversion of the
aldehyde functional group to a ketone group (forming pfhain fructosel,6-phosphate)

and finally nucleophiliaddition to form the fivemember ring of fructosé&-phosphate (F

6P). F6P is further phosphorylated by phosphofructokinase (PFK) to fructose 1,6
bisphosphate (,6-BP). PFK is allosterically controlled by ATP, as high concentrations
inhibit enzyme actiwy. This is the key regulatory step in glycolysi$,6BP is split into two
3-carbon molecules; dihydroxyacetone phosphate (DHAP) and glyceraldelpfueshate
(GAP) by aldolase. Triose phosphate isomerase catalyses conversion of GAP to DHAP and
vice \ersa. GAP is oxidised by glyceraldehygdh8sphate dehydrogenase to 3,
bisphoglycerateproducing NADH.-Bhosphoglycerate kinase dephosphorylates 3
phosphoglycerate, producing net 1 mole of AT#PH®sphoglycerate is finally converted to
pyruvate via phosphoglyceromutase, enolase and pyruvate kinase, yielding a furthenfmole
ATP per mole of substrate. Oth@ronosaccharidesicluding galactose are converted to
glucose to undergo glycolysis, while fructose enters glycolysis after digest®AP by a

separate mechanism.

Pyruvate has two principal fates in mammali@lls: conversion to lactategielding NAD+,

or decarboxylation to ACoA, which can enter the TCA cycle to produce ATP. While most
pyruvate goes to ACo0A, a balance mustnaintained between pyruvate and lactate levels,

as this directly controls the ratio between NADH and NAD+, which must be maintained for
glycolysis to proceed. Glycolysis is tightly controlled by several mecharfigsnegample

PFK catalyses an irreversible step and is a key control point. Competition between ATP and
AMP for the active site of PFK enables allosteric control based on thAMPRatio; such

that a relative decrease in ATP levels stimulates increased PFK abitiatidition, the
NAD:NADH ratio is typically very high in the cell, favouring conversi@néto 1, 3-
bisphosphoglyceratevhich consumes NAD
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1.2.2Fattyacidmetabolism

Fatty acids are long chain hydrocarbons with a terminal carbtxgroup which tend to

exist in energy storage form as triacylglycerol (TG) orfattg acids(FFAs)n cytoplasm.

They are substrates for phospholipid production and are a key source of chemical energy.
FFAs are linked to coenzyme A at the outer mitoadrial membrane, termed fatty acid
activation, before being transported into the matrix by thearnitine shuttle. The fatty
acyHCoA then undergoes a series of reaciénl f toSidatioh toacy-CoA and a-2arbon
shorter fatty acid, which alsproduces FADH Yy R b l-o&idation is described in detail
Ay | KI Ldsidatoh of fatty adids produces more ATP per mole of substrate than
glycolysis, as FFAs contain many more caitsrbon covalent bonds than glucose.
Additionally, lipid is anhy@us andhighly reducedso more ATP can be produced per unit

mass than for glucose.

1.2.3Tricarboxyliacidcycle

The TCA cycle is a series of enzymatically controlled reactions regulating the stepwise
oxidation of ACoA. Most substrates must be cotegito ACo0A to enter the TCA cycle, but
glucogenic amino acids can also be degraded to provide intermediate substrates such as
fumarate or oxaloacetateHigure4). Thg ACOA is used by citrate synthase to catalyse the
carboxylation of oxaloacetate (4C) to citrate (6C). The enzymes of the TCA cycle then
catalyse the reduction of citrate to oxaloacetate in several steps, producing the electron
carriers NADH and FARHswell as carbon dioxide, GTP and Bomponents of the TCA

cycle are also used as precursor substrates for biosynthesis.

Energy substrates, including carbohydrates, fatty acids and amino acids, are converted to

Acetyl Coenzyme A (AC0A) by a variety of eezngactions. Glucose is converted to

pyruvatein the cytosoby glycolysis, generating two moles of pyruvate, ATP, NAD&hH

H,O per mole of glucose. Pyruvate can then be converted to ACoA, releasingf CO

converted to lactate, regenerating one moleNAD+ per mole of pyruva(@erg et al.

2002) Lactate production by anaerobic glycolysis in this way typically occurs in mammals

gKSy 2Ee3Sy Aad fAYAUlUAY3IZ K26SOSNI GKS NBISYySN

balance and allowinfurther glycolysis to proceed. Redox stateaintenance is vital to
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controlling activity and stability of many proteins, transcription of certaneag, and may be
involved in cell differentiation and patterning in some spe¢{ésffmanand Denegre 2007)

ACOA then enters the TCA cycle by bonding its acetyl group to oxaloacetate to form citrate.

3 moles of NADH, 1 mole of FAA1d 1 mole of GTP are produced through coupled redox
reactions as part of the cycle. The TCA cycle also produces succinate, which carries electrons
to complex Il, succinate dehydrogenase (@iB,only complex directly involved in the TCA

cycle. NADH and FAPR&tt as electron carriers in the nestiep of aerobic respiration;

oxidative phosphorylation.
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Figured: The Tricarboxylic (TCA), Citric acid, or Krebs cycle. Pyruvate is oxidised and

conjugaed to coenzyme Ato form Acetyl2 ! @ |/ 21 A& | faz2- LINRPJARSR

oxidation. Citrate synthase catalyses the condensation of Oxaloacetate with ACoA to form
Citrate, releasing CoA to repeat this process. Citrate is isomeridedsturitrate via the
unstable intermediateisAcontase by the enzymecanitase. Isocitrate is oxidised to

2Elf 24dz00A vy I &k&arcidl by isattyate ilehydfogenase. Isocitrate is
spontaneously decarboxylated, releasingEBdth steps of this are coupled to reduction of
NAD® ¢ KS vy S g-kebogliFagate MnEdRgoes oxidative decarboxylation and is
O2yeadaAl G§ SR &ketoglutarate déhydrogekiase complex to form succidgi.
Cleavage of the energych thioester succinyCoA by succinyl CoA synthetase is coupled to
phosphorylation of a purine nucleotide diphosphate, here labelle@aanosine
Diphosphate GDB. Succinate then undergoes several oxidation steps. First succinate
dehydrogenase, complex Il of the respirosome and the only complex to participate in the
TCA ycle, oxidises succinate to fumarate. The energy released is insufficient to reduce NAD,
so this reaction is coupled to the reduction of FAD and the only known cellular process
producingFADH. Fumarate is then hydrolysed to malate by fumarase, followeallfi by

the oxidation of malate to oxaloacetate, catalysed by malate dehydrogenase. This reaction
is again coupled to NADeduction, for a total of 3 moles of NADH and 1 mole of FADH
produced per complete cycle.

The overall stoichiometry of the TCA eycl

AcetytCoA + 3NAD+ FAD + GDP + Pi +»@iA 2CQ + 3NADH + FARH GTP + ZH CoA
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1.2.40xidativephosphorylation

Thenow universally acceptetheory of oxidative phosphorylation was first published by

Peter Mitchell (1965). Hitherto, theast majority of researchers believed that highergy
chemical intermediates provided the energy for the production of ATP. However, Mitchell
theorised that the energy came instead from a chemiosmotic gragantinorthodox idea

at the time. However, edience for the structure and mechanisms of #lectron transport

chain (ETQomplexes and ATP synthase supported the chemiosmotic ti{Baryer et al.

1973; FryandGreen 1980a; Frgnd Green 1980b; FrgndGreen 1981; Gresser et al. 1982)

4 protein complexes are bound to the inner mitochondrial membrane and form the
mitochondrial ETC. NADH produced by the TCA cycle carries electrons to complex | (ClI) of
the ETC. FABIdenerated by the TCA cycle cagielectrons tcCll

Oxidative phosphorylation in eukaryotic cells involves the coupling of electiptrgesfer
(from substrate oxidation) to phosphorylation of éubsine Diphosphate (ADP) to
Adenosine Triphosphate by the creation of a protof) @tadient or protoamotive force
(PMF) across the mitochondrial inner membrane. The protons flow down this proton
gradient through ATP Synthase, and this drives ATP sys{Besg et al2001) However,
there are many physiological factors which prevent this in reality. @nsideration is
proton leak, which is caused lbmjcoupling of the ETC from ATP Synthase. This is caused
vivoby the expression of Uncoupling Proteins (UCIEoupled respiration releases heat
energy,a process enhanceday UCP1 expression in tissugut as brown adipose tissue
mammals. This has a variety of roles, such as maintaining temperature in newborn,
hibernating or coledwelling mammals, as well as a possible mechanism of body weight
control (Harper et al. 2001; Divakaruand Brand 2011)It is interesting to note, however,
that oxidative phosphorylation using fatty acids providet186 less ATP per mole of oxygen
than carbohydrate oxidatiofHinkle et al. 1991 perhaps due to intrinsic uncoupling by

F I G { e-oxidafidn@orst et al. 1962; Leverve et al. 1998)

Theoretically, 3682 moles of ATP can be produced for every mole of glug@diséle et al.
1991; Berg et al. 2002)vhile one mole of palmitic acid generates 1099 moles of ATP
(Darvey 2006)87% of this ATP comes from oxidative phosphorylation, with the remainder

coming partly from the TCA cycle and partly from glycolysis.
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1.2.5Productive and no#productive oxygen consumption

Oxygermactsas the final electron accepton the mitochondrik ETCThis isrucialto the
mitochondrial conversion of ADP ®&TP, thekey endpointof aerobic respiration. Therefore,
consumption of oxygen can be considered®representtive ofoverall energy
metabolism and the study of this erggr transformation is part of bioenergetidsis
important to consider that@me ATP can also be produced ign-oxidative sources such as

non-aerobic glycolysis.

Factors affecting cellular oxygen consumption include:

=

Cell metabolismand energy demand
Cell cycle processes.
Uncoupling of electron transport from ATP synthesis.
o Caused by biological means e.g. Uncoupling praetivity
o Caused by chemical means e.g. Uncoupler treatment
1 Nonmitochondrial oxygen consumption as reactive oxygen spg@&®©S) or by
oxygenconsuming enzymes, such as NADPH oxidase.

= =

1.2.6Mitochondrial function

The mitochondrion is the site of ATP production through oxidative phosphorylation in
eukaryotic cells. Mitochondria are typically ellipsaitd 0.5-1umin diameter. Howeer they
maychange shape, fuse together and translocate by associating to microtubules, leading to
many different morphologies. They consist of a specialised outer and inner membrane,
giving rise to a narrow intermembrane space. The outer membrane corpanirss which

allow agueous components of to5kDain sizeinto the intermembrane space. The inner
membrane, however, is highly selective to energy substrates and enziaetoos and
relatively impermeable to ions. This membranghis site of oxidative phosphorylation and
hosts the components of thETGand ATP synthase. The central part bounded by the inner
membrane is the matrix and contains enzymes involvel S ¢/ | ©ddators | y R
The inner membrane forms projeens into the matrix known as cristae, increasing surface
area available for oxidative phosphorylation. The number of cristae varies to allow cells to
adapt to energy demand, for example 3 times more cristae are present in cardiac muscle

mitochondria thann hepatocytes. Mitochondrial energy transduction is plastic by necessity,
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as the ATP demand depends directly on the energy requirements of the cell, which change
throughout the cell cycle, growth and developmeHbwever, mitochondria may fail to
performthese rolesadequately leading to dysfunctioMitochondrial dysfunction can be
defined as any change to the ability of the mitochondria to prodaudéicientATP in

response to the demands of the cell.

In addition to the primary function of ATP productianitochondria also generate and
detoxify Reactive Oxygen Species (ROS) as a tegiothyct of normal oxidative
phosphorylationROS include superoxidef{) hydroxide (OH) and peroxide @a.), all of
which are highly reactive and can cause damagerganelles and macromolecules such as
protein, lipid and DNA. This is termed oxidative damage or oxidative sR€S.do have

some productive cellular functions, including signalling pathways, apoptosis, calcium
regulation, translocation of mitochondrind metabolism. A deficiency in any of these
processes could also be described as a type of dysfunction (Brand 2011). An understanding
of the number of moles of ATP produced by mitochondria is valued in terms of whole body
health, as control of this bio@mistry is essential for control of obesity. Proton leak or
uncoupled oxygen consumption accounts forD% totaloxygen consumptiofButtgereit
andBrand 1995)In the preimplantation embryo there isi¢ additional factor of

mitochondrial maturation, which may influence oxygen consumption and oxidative
phosphorylation. During preimplantation development, mitochondria devétop a
sphericalcondensed form to the classical elongated structure, whichsisussed further in
Chapter 3.
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1.3 Bovine oocyte and embryo metabolism

Embryo metabolism is a source of great academic, clinical and commercial irstiest
metabolic profile of an embryo may predict viabilitudies of embryo metabolism began

by measuring turnover of radiabelled substrate itvitro. For example Wales and Brinster
(1968) found that 2B cell mouse embryos consumed significantly m8ézglucose than
oocytes or zygote@NalesandBrinster 1968; QuinandWales 1973)The radiolabelling
reduces developmental capacity, however, and is not suitable for routine screening before

implantation.

Nonrinvasivefluorimetric methods were later developdileeseand Barton 1984; Leesand
Barton 1985)0 measure glucose and pyruvate consumption and lactate depletion from the
media(Gardner and Leese, 1986; Gardner and Leese, 1987; Hardy@89).This highly
sensitive method measures the change in N\kDIADHIuorescence coupled to enzymatic
breakdown of the measured substrate usinfjurescencamicroscopewith

photomultiplier tube. Sincethese procedures are timeonsumingBarnett and Bavister,

1996) a more higkthroughput modification of this technique has been developed using a
fluorimetric plate reader based on depletion or production of the substrate by individually

cultured embryos over 24 hours and is described in detail in Chagfteuérif et al. 20183

Many reports have proposed a link between metabolic activity and embryo viability, for
example, those of Conbagn et al (1993) forpyruvate, Houghton et a{2006) for oxygen,
Gardner and Leese (1987), Gardner e{2011) for glucose ahHoughton et al(2002),

Brison et al (2004) for amino acids.

Measurement of various other factors secreted by embryos haskaden carried out,
including Human Chorionic GonadotropfitiCGand Interferontau (IFN_), but as yet the
relationships between concentration of teefactorsand embryo viability has not been
defined(Donnay et al. 2002)

20



Bovine Embryo Metabolism
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Figure5: An overview oin vitrobovine preimplantation embryo metabolism hlastocyststage. Green arrows indicate transport, red arrows indicate
metabolic reactions. The bovine oocyte contains a large triglyceride (TG) store, used as an endogenous energy soureectiypmermt. TG is hydrolysed

to free fatty acids, which in turn are neerted toAcyl 2 Sy 1 @ Y ®xidatiord Bledia is supplemented with glucose and pyruvate, which are consumed
by anaerobic glycolysis, producing lactate, which is released, and oxidative phosphorylation (OXPHOS).r@mbahydligested tdcetylCoezyme A
(ACoA), which enters the Krebs or TCA cycle as described above. Amino acids are supplied in the media and can alsererg\sedlzgrates, entering

the Krebs cycle at various points. OXPHOS consumes diatomic oxygand ©onvertADP to ATP, producing water.
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1.3.1Glucose, pyruvate and lactate

The preferred energy substrate cieavage staggammalian embryos is pyruvate as first
demonstrated in the mous@_eeseand Barton 1984)and later shown in bovine embryos
by Riegerand Guay(1988) Glucose uptake igtited due to low expression dfie

transport proteinGlutl(Pantaleon et al. 1994nd of low hexokinase activifjHooper
andLeese 1989; Martin et al. 1993; Marand Leese 1999)Pyruvates exchanged for
lactatevia a monocarbopate carrier(Butcher et al. 1998)Precompaction embryos
derive85-90%of their ATP throgh oxidative phosphorylatioThompson et al. 1996;
SturmeyandLeese 2003)After compaction, ATP demand increases and this is
accompanied by an increase in glycoly$isompsorand Peterson 2000)As described
above, the ratio of pruvateto lactateis involved in regulation akdox equilibrium by
maintaining theNADH:NADatio in the cytoplasnand an excess of pyruvate can impair
development(Dumollard et al. 2007)ndeed, the majority of pyruvate uptake by early
preimplantation human embryos is directed towards lactate production as a means of
regulating intracellular pKButcher et al. 1998However, thebovineembryo can

develop thoughin reduced numbergo the morulastage using lactate as s@&ogenous
energy sourc€TakahashandFirst 1992) Pyruvate uptake is maintained alongside
increased glucose transpgobstcompaction in bovine embryd3hompson et al. 1996)
Guerifetal(2013)NB L2 NI SR | YSI &dzNBFof S W2 LI A YdzyQ
early cleavage stage bovine embryos which correlate with increased viability to the

blastocyst stage.

Glucose is primarilysedas an anabolisubstrate, withup to 50% total glucose being

used in the pentose phosphate pathway to build ATP, NAD, DNA and RNA Gicile

stagein the bovine(Javedand Wright 1991) At the blastocyst stage, glucose

consumption greatly increases, and 50% is converted to la¢itaedy et al. 1989;

Conaghan et al. 1993; SturmagdLeese 2003)However as this process contributes

only 2 moles ATP per mole glucose, compared to 32 moles through oxidative
phosphorylation, he contribution of this to total ATP supply is relatively léwgreater
increase in glycolysissgen inresponse to stress in embryos and experiments conducted

in sheep and mice suggest that embryos with higher rates of glucose metabolism are less
viable (Leese et al. 1998; Leese 2002i)gh concentrtions of glucosean under some

circumstances and depending on the speciese an inhibitory effect on embryonic
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development and lad to reduced cell number and increased apoptd3iméenez et al.

2003) In hyperglycaemic conditiorf$0-30mM glucose)Glutl expression and
transcriptionarereduced and the result is essentially glucose starvation. It has also been
reported that glucose is detrimental up to 120 hours after fertilisation, but beneficial

after this point and increasdslastocyst numbergKim et al. 1993)

In addition to the role ofGlucose @Phosphate Dehydrogenag@6PD)in the pentose
phosphate pathwayit also metabolises and neutralises RO&pes et al. 2007Pue to
this detoxifying effectG6PD has been described as cytoprotecigainstDNA damage
and oxidative stress antlhas beersuggestd that a deficiency in thignzymein the
embryomayreduce developmental capaci(iNicol et al. 2000)However, as moderate
levels of ROS stimulate embryorievelopment(Rieger et al. 1992}his cytoprotective
effect also delays female blastocyst developmentbgtrolling levels of RO&utiérrez
Adan et al. 2001)G6PD is the only NAD#kbducing enzyme to be activated during
oxidative stresgLopes et al. 2007t has beersuggested that the increased glucose
metabolism during blastocyst expansion results in increased ROS production which
stimulates greater expression of G6PD, rather than simply increased glucasergation
(Lopes et al. 2007 his is an intriguing idea, which suggélat greatly increased
respiration in embryos is a product of ROS production@utt indicate a more
damaged embryo rather than a more viable oMore data on the noroxidative

phosphorylation component of oxygen consumption is required to support this theory.

Lactate productionn the bovineaccounts for 40% of glucose uptake on fes#tion, but
increases athe blastocyst stage to 100% of glucose uptékkompson et al. 1996)

Glucose igherefore directed to lactate production rather thaentering theTCAcycle

(Rieger et al. 1992 his does not appear to be related to oxygen availability, and instead
mayaid preparation of the embryo for the loxygen environment in the uterugischer
andBavister 1993)Glycolysis provides bothmolesnet ATPper glucoseand a ange of
intermediates for anabolic pathways, aatbng with high glutamine consumptiois,

common in rapidly dividing cell typg¢slewsholme et al. 1985)
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1.3.2Fatty acids

Oocytes of many species contain a sizeabbee of lipid as triglycerides (TG) and it seems
likely that the fatty acid composition of this store is highly dependent on maternal diet
(Leroy et al. 2011 )atty acid metabolism is of particular interest in relation to human
fertility in the case obverweight and obesedVOBfemales and in the declining fertility

of the dairy cow(Diskin et al. 2006 However, research into the effects of specific fatty
acids and more importantly, combined effects of fatty acids at different concentrations,
has been largely ignored until very recently. Thigaesh was reviewed by McKeegan

and Sturmey (2011) and is discussedetail inChapter 4.

A coregulatory cycle between fatty acid and glucose, first proposed by Randle et al
(1963) exists in the whole body, as glucose and fatty acids compete for ioxidbgt

tissues such as muscle and amip. Hgh insulin stimulates storage of lipids and
carbohydrates, while high glucagon stimulates lipolysis in adipocytes and glucose
production.However, a similar relationship at the cellular level has been proposed.
Oxidation of one substrate inhibits production of the other. Briefly, production of Acetyl

/ 21 F-dkBlationiinhibits conversion of pyruvate to ACoA by pyruvate dehydrogenase
(PDH), whilelevatedcytosolic citrate inhibits glucose uptake agldicose6-phosphate
phosphorylation by Phosphofructokina@eFKjCheemaDhadli et al. 196). ACoA

normally regulates PDH activity by feedback inhibition to modulate glycolysis, but this
mechanism enhances this effect, reducing PDH activity still further. Conversely,
production of malonylCoA following glycolysis inhibits CPT1, reducingsipart of NEFA

into the mitochondria Interestingly, the regulatory roles afRandlel & lci&l@are
abrogated by a streselated mechanisnfCarling et al. 2003A decrease in substrate

supply orincrease in energy demand increagls ratio of AMPATR stimulating activity

of AMRactivated protein kinase (AMPK). AMPK inhiBitetytCoA Carboxylase (ACC),
decreasing malonyCoA production and therefore maloriyl2 | A Y K A-dxiglalidn2 y 2
In addition, AMPK stimulates glucose uptake and glycolysis. The net effect of this is the
AMPKdependent activation of AF§enerating proesses and inhibition of ATP

consuming processes.
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1.3.3Aminoacids

Noninvasive assays of bovine embryos have included amino acid profilidmgby
Performance Liquid ChromatographyRL({, which makes it possible to predict viability
based particularly osonsumption and production of amino aci@turmey et al2009

2010. As stated above, protein synthesis increaaethe blastocyst stagand requires

an increase in amino acid consumpti@artridgeand Leese 1996)However, different

amino acids are consumed at different rates, and amino acid profilimgugysephase

HPLC has revealed signature profiles for different stages of embryo development
bovine(Thompson et al. 1996; Sturmey et al. 2Q¥@)rcine(Humpherson et al. 2005)
mouse(LambandLeese 1994and human embryofHoughton etal. 2002) As with other
markers of embryo viability, amino acid uptake and metabolism differs betweeitro

andin vivoderived embryogPartridgeandLeese 1996and is directly affected by the
composition of theculture medium. For example, replacing Foetal Calf Serum (FCS) with
Polyvinyl Alcohaleducedblastocystrate and cell numbers, and led to quantitative and
qualitative diffeences inramino acidurnover (Org andLeese 2004)Amino acid uptake is
30% lowelin embryos cultured without FQ®artridge and LeesEd96). FCS contributes a
range of components to embryo culture medium, including protein, amino acids and fatty
acids which may be of benefit to the embryo, but may also have some negative effects.
FCS can also protect tirevitroembryos by buffering pH andhelating heavy metal ions.

As well as direct uptake of amino acids, embryos endocytose FCS, BSA and other protein

supplements from which they may derive amino acids.

Amino acids are also supplied as a supplement to the Synthetic Oviduct Fluid (SOF)
mediumused to culturebovineembryos.Often, essential and an-essential amino acids
established byaglg1959 are added. It has been reported thatovision of amino acids
enhancethe percentage of embryos progressgj to blastocysts and increase cell number
(TakahashandFirst 1992) Aside from being utilised for protein synthesis, amino acids
are also used as an energy soufPartridgeand Leese 1996)a pH buffe(Baltz 1993;

Baltz 2001 and mayprovidea defence against oxidative damatarding et al. 2003)
Importantly, supplying amino acids i vitro cultured embryos shifts gene expression
towards a moran vivoprofile, which ispotentially beneficialwhen studyingin vitro

models of developmentHo et al. 1995)
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Arange of amino acids transporters have been discovareabryos, somefavhich are
specific to individual amino acids and others which transport specific groups such as
branched amino acids or zwitteriof#/hitearandLeese 2008 Most of these are
expressed fronthe blastocyst stage onward, though a few are expressed at early
cleavage stges(Van Winkle 2001)t is assumed that materrglderivedtransporters are
available until the embryonic genome is activated. Some patterns in transporter classes
and the subsates carried are evidentor example all arginine transporters are sodium

dependent.

Glutamine metabolism is at its highest in two and feetl bovineembryos, then
decreases, in an inverse of the pattern of glucose metabdlRieger et al. 1992 his
may be due to digestion of the maternal enzymes initially present in the embryo.
However, the demand faglutamine increases during blastocyst expanslae to

increased protein synthesis

A byproduct of amino acid metabolisaammonia, somef whichmay also be produced
by spontaneous breakdown of amino acidspecially glutamingGardnerl994).
Ammonia is toxic and may cause morphological, structural and metabolic perturbations

to the embryo(Gardnerl994 Walker et al1992).

As mentioned abovan vitro derived embryos exhibit significantly different amino acid
profiles toin vivoderived embryogSturmey et al2010)and it is likelythat many other
aspects of the metabolic profile will exhibit similar differenddgtabolic profilingalso
revealedsexlinked difference in amino acid depletion, particularyitro derived
embryos.However results fromin vitro derived embryosare not directly comparable
with those derivedn vivag butare useful in buildingn accurate model of embryo

developmentmn the physiological environment

1.3.40xygen consumption

Consumption of oxygen has been investigated as an indicat@ofaneembryo viabity
(Lopes et al., 2005pDocyte OxygendhsumptionRate (OCRis a marker of quality for
oocytes in humangTejera et al. 20119nd is affected by ovarian stimulation treatment,

maternd age and FSH concentrati¢®cott et al. 2008)
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A number ofhon-invasive techniques have aimed to measure oxygen consompfi
embryos as sensitively as possjisi@arting witht W/ I NJi S a A | (FridiaAd@renND
al. 1956; MillsandBrinster 1967)This has since beauncceeded by more sensitive
methods such as the pyrene method usedthy Leese groupHoughton et al1996;
Sturmey and Lees2003) Currently, te most sensitive technique is nanorespirometry,
whichisused to assagingle oocytes or embryos. It has been reported that
nanorespirometry does not affethe viability of embryos, and hence could be an
excellent candidate for accurate, n@mvasive measuremerdn a clinical or commercial
scale(Lopes et al2005. However, this technique does involve removing the embryo
from its culture group, which may perturb metabolismthe embryos from certain

species

OCRhave been reported for botin vivoandin vitro derivedpreimplantationembryos
The techniques usedave,in generalshownthat mean OCRhroughout the cleavage
stagegends to be relatively consistent drow, in line with ATP demanbtut increases
from morulato blastocyst and from blastocyst &xpanded blastocyst stag@doughton
et al. 1996; Overstrom 1996; Thompson et al. 1996; Doanay_eese 1999; Logeet al.
2005) reducingto an intermediate level once expansion is complgieughton et al.
1996; Thompson et al. 1996; Lopes et al. 20B8Bever there i®ften greatvariation
between values for the same stage, for example the difference in blastocyst oxygen
consumptia betweenthe reports ofOversttm (1.5 nl/h) and Thompson (0.7 nl/A)his
is likely due to the different methods used to generate détaeed, large variation has
been reported between embryos in the same experimental graugne blastocyst stage,
which could be influenced by the degree of expansion when the measurements are
made, especially as the onset of expansion involves a dramatic increase in protein
content(Overstrom 1996; Shiku et al. 200®)record of oxygen consumption of a
blastocyst over time may be more revealing than a single time point. Differences between

male and female blastysts have also been reportédgung et al2005)

Oxygen consumptiohy embryoscanbe affected by a variety dactors including
osmolarity and mediaomposition Observed dferences between embryos deriveal
vivoandin vitro could be due to the changa conditions when removing embryos or
oocytesfrom thein vivoto the in vitro situation. Glucose concentration iculture media

has a particularly pronouncedfect, as higher levelsayresult in reduced oxygen
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consumption and increased lactate prodiact through glycolysi¢Donnay et al. 2002)
CKA&a Aada AAYALI NI (2 (SekhBgidHdBsliseilsgh)SQ SFTFFSOU

Linkingthe morphological grade of the embryo to oxygen consumption has met with
some success, for example Shiku and colleaf@®1)found thatin vitro-derived

morulae graded a¥xcellentleven cell division, no fragmentation) tended to have higher
rates of respiration and result in a greater number of expanded blastodygtsg et al.
(2005)reported that oxygen consumption of embryos gradedédsellenthad higher

rates of oxygen consumption than those gradedggodQ > | f G K2 dzZaAK y2 &aA
difference was found beteen early and expanded blastocydt#owever, other

researchers have not reporteslichcorrelatiors (Overstrom1996) The nanorespirometry
method indicatedthat embryosof higher quality gadeshave moderateespiration rates
(Lopes et al2005. Moreover, embryos with wider diameters at both day 3 and 7 have
increased respiration. This is in agreement with earlier work which found that morulae

with greater diameters hadreater respiration rategShiku et al2001).

Asindicated,ATP use is lowest in oocytes and cleavage stage embngtibe primary
method for ATP productioduring these stageis oxidative phosphorylatio(Leese et al.
2008. By theblastocyst stage, 85% of AiBRtill producedby oxidative phosphorylation,
but absolute rates are much highevhichmay beattributed primarily to two factors
involved in deeloping the blastogst, increased protein synthesiand increased activity
of the Na',K'ATPasgto which30-40% ATP is directdtieese et al2009). In the bovine
blastocyst this enzyme is estimated to account for between 10.5 and 44% of oxygen
consumption(Leese et al2001]). It has been suggested that less viable embryos may be
more permeable to sodium ions and have to devote more energy to sodium punging

maintain intracellular osmolamnt(Leese et al. 2007; Lopes et al. 2010)

A later study sought to use nanorespirometry to predict the development of early
cleavage stage murine embryos to expanded blastod@itesen et al2007) The group
found that there were significant increases in oxygen consumption moving froh tied
to 8 cell stage and again to the morula stage, followea dgubling in rate at the
expanded blastocyst stage. In general, embryos successfully reaching the expanded
blastocyst stage tended to consume more oxygen than those which did not, thoagh th

was little difference between viable and poor 2 cell embryos. Gkygen consumption
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data supportgrevious data in murine embryd@sloughton et al1996; Trimarchi et al.
2000)

1.3.50xidative damage

Asoxygen consumptiomcreases with embryo developmers too doesthe production
of ReactiveOxygenSpecies(ROS]Lopes et al. 2010However ROS prodtion may be
regulated independently of OGRarja 2007and is perhaps more dependent on
mitochondrial membrane polarisatioand the degree of uncoupling. A cycle obfon
pumping andoroton loss byt S| | & Q abdBuntioiaNipniican2ayhount of overall
metabolism in whole organisms, including up to 25% of metabolic rate ir{Beasd
2000) Although this proton cycle accounts for energgdpit may be an evolutionarily

conserved mechanism to reduce ROS production and oxidative daiBeayed 2000)

It has beersuggestedhat ROS arenore toxicin vitro thanin vivo(Johnsorand Nasr
Esfahani 19949nd this has led tthe use of hypoxic incubators far vitroembryo
culturein orderto improve blastocyst productionindeed,in vitro matured oocytes

exhibit upregulated expression of antioxidant enzymes compared to those maitured
vivo, most likely in order to defend against the increased oxidative stregi$ro

(Lonergan et al. 2003An investigationnto the effects of adding antioxidants to the
culture medium revealed that ethylenediaminetetracetic acid (EDTA) and culture at 5%
oxygen gave the greatest increase in murine embryo development, while Superoxide
Dismutase (SOD) and Catalase also had beakéiffectyOrsi and €ese2001) These

data agree with an earlier study BNA damage to bovine embryos by ROS using a
microgel electrophoresis technigy@akahashet al.2000). The authors observed a
positive correlation with DNA damage when embryos were cultured in 2086r@pared

to 5% Qc¢a finding confirmed for blastocysts by Sturmey e{2009) Many

investigatiors haveattempted to use an antioxidant to reduce ROS levels and hence
improve embryo qualityln one study, ebryos were treated with vitamins E and C alone
and together, and it was observed thaibre embryos treated with vitamin E progressed
to blastocyst stag€l7%) compared to 11% inontrol media(Olsonand Seidel 2000)In a
separate experimenin vitro produced bovineembryos transferred to recipieshad a
63%highersurface area compad to controls when removed after 7 days. From these

studies, itappearsthat ROS can have a deleterious effect on embryo development, and
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efforts made to reduce ROS levels, such as incubating embryos in lower oxygen
concentrations and treament with antioxidants may be of benefit tthe efficiencyof

embryo production

Mammalian cells do, however, have an array of defences against ROS as well as
sophisticated DNA repair mechanisms, and bovine embryos are no excdpti@mecent
study, 70% of the DN#epair genes investigated were expressed in human blastocysts
(Jaroudi et al2009) These trascripts were detected at higher levels in oocytes, most
likely due to the reliance of the oocyte and early embryo on maternal transcripts until
embryonic genome activatiott also appears that female blastocysts may be more
protectedagainst ROfhan mak blastocysts as they have a higher antioxidative capacity
and production of NADPH, botii which are due to increasedeptosephosphate

pathwayactivity; four times that of male blastocys(giffin et al.1991).
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1.4Aims

This literature review has revealed that rather little is known about the regulation of
metabolism duringoreimplantationembryo develoment compared with the situation in
somatic cells. In particulathere is a lack of informatioan the bioenergetic status of
preimplantation embryog particularlythe components of oxygen consumptiea key
consideration for tissues with dynamic chasge energy demand. Also, the role of lipid
metabolism during the preimplantation phase has long been neglectee focus having
been on carbohydrate and amino acid metaboligihere is also a need to relate studies
on metabolism to the outcome of embrydevelopment, in phenotypic terms, i.e., the
formation of a viable blastocyst and in terms of blastocyst gene expreasmepigenetic

modification

The aim othis thesis waghereforeto investigate the regulation of oxidative metabolism
in individualmammalian embryos and the immediate and legacy effectaetfbolic

dysregulation This involved the following objectives:

1 Quantify the components of oxidative phosphorylation in the bovine
embryo using oxygen consumption profiling techniques.

1 Investigatel KS STFSO(a -axdatibhdfamtddddaietivédS R |
from endogenous triglyceride stores on energy metabolism during
preimplantation embryo development.

 Examindl KS NXf I (A 2 yoidétion of endgescbisity acids
duringin vitroembryodevelopment and blastocyst gene expression.

T LYy@SaaA3alrasS GKS SLIA 3 Sygxisatidn@uribgs dtto O &

embryo development.
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2 Generalmaterialsand methods
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2.1Bovineembryo In Vitro Production (IVP)

2.1.1Source of reagents

The reagents usei this research and their suppliers are listed in appendix I. Double

distilled water (ddHO) was taken from aELGAvater polisher.

2.1.2Preparation of glassware and consumables for embryo
culture

Glassware (volumetric flasks, funnels, beakers and Dustteb) designated for the
preparation of embryo culture media and stock solutions were washed and sterilised

before use. Glassware was rinsed in githen submerged in a8l bucket containing

ddtbn b F LILINRPEA Y St & w: r§Bveeky. Washed glasawvbie 6 S (G |

was then removed from the Decon 90 solution, drained and rinsed three times by
immersion in a rinse8l bucket containing ddpd. Rinsed glassware was then drairael
sealed with aluminium foibr appropriate lids, labelledith autoclave tape and sterilised

in aRodwellEnsigrautoclave at 12°C for 2Hn.

Non-sterile consumables including pipette tips, which were racked in appropriate boxes
and eppendorf tubes, stored in glass jars or beakers, were steriliseRaaaell Engn

autoclave at 129C for 2.

Autoclavel glassware and consumables werarnsferred to adrying oven at 88C for at

least 5h to evaporate all moisture before use.

Sterile plastievare including T25 and T75 culture flasks (Corning), tissue culture amd pet

dishes and universal tubéSarstedtwere tested for embryo culture before regular use.

2.1.3Preparation of IVP media

The recipes used for media and solutions listed in this section are described below. All
fertilisation and embryo culture media were madelarge batches and stored as aliquots
in sterile universal tubes (Sarstedt)-20°C for 3 months. Stock solutions for holding

media were kept at T for the time indicated below.

33



Chemicals supplied as powder were weighed using a 4 decimal point @adtpjius or
Ohaus balance. The balance was calibrated each day before use and cleaned after use
with 70% Ethanol. Chemicals were weighediliconisedveighing pape(Schleicheand
Schuell or a polystyrene weighing boat dependent on mass needed. Compounds were
then transferred to a sterile volumetric flask through a sterile funnel and the appropriate
volume of embryo tested (ET) water added (Fresenius Kabi¥la&kewas agitated by
inverdon or sonication or left at % overnight until the chemicals were fully dissolved.
Solutions were then sterilised using a 0.22um PS Millipore sytopélter, discarding

the first @Gnl to be filtered as this carries embryotoxic compounds from therf(lkarrison

et al. 1990) Sterile solutions ere aliquotted to appropriate volumes using sterile T25

culture flasks, universal tubes or eppendorf tubes.

Media was tested for osmolarity ithe appropriate range 28290mOsm/kg using an
Osmomat 030 osmometer (Gonotec Gmliddrlin, Germany). Hepdsuffered and
bicarbonatebufferedmedia to be used were within #80sm/kg of each other to
minimiseosmotic shocko oocytes and embryodf the osmolarity exceeded this range,

the media was discarded and-neade. The osmometer was switched on 1 hour before
useto allow cooling andalibrated to Osnikg using 100pembryotested water and to
300mOsm/kg HO using 100ul commercial standard (Camlabs, Cambridge, UK). The probe
was cleaned carefully with laboratory tissue between each measurement to prevent

contamination and an empty 500picrotube attached to the probe when not in use.
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2.1.4Holdingmediumstocks

Stocks for preparation of Hepdmuffered Holding Media (HM) were prepared as
described below. Hepes and Hepes Sodium Salt were stored in a sealed container at room

temperature withdesiccatorcrystals(SigmaAldrich, Dorset, UK

Stock Compounds | Mass | Relative Final Final Storage
molecular | concentration | volume
mass (Mr)
Stock B | Sodium 0.42g | 84.01 250mM 20ml 4°C for
bicarbonate 2 weeks
NaHC@
Stock Bovine 29 20% wiv 10ml 4°C for
BSA Serum 6 weeks
Albumin
Fraction V,
Essentially
Fatty Acid
Free
Stock H | Hepes Free | 1.5g | 238.3 126mM 50m| 4°C for
Acid 6 weeks
Hepes 1.625g| 260.3 125mM
Sodium Salt
Stock K | Kanamycin | 0.5g | 382.6 131mM 10ml 4°C for
sulphate 6 weeks
Stock Heparin 0.29 1% wiv 20ml -20°C
Heparin | (porcine) for 3
months

Tablel: Composition of stock solutions for holding medium.
2.1.5FSH:LH stock

Lyophilised Menotrophin (Menopur) containing 75IU Luteinising Hormone (LH) and 751U

FollicleStimulating Hormon€FSH) was obtained froRerring pharmaceuticals, West
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Drayton UK. The Menotrophin was reconstituted in iEof 1xM199 and mixed well
before storing in 100paliquots at-20°C.

2.1.6EGF:FGF stock

1mg Epidermal Growth Factor (EGF) from murine submaxgland was dissolved in
20ml BMM. 25ug Fibroblast Growth Factor (FGF) was dissolvedliBMIM. The EGF and
FGF stocks were then combined in the ratiol £EGF to 1853 FGF, mixed well and stored
in 200 aliquots at 26C.

2.1.7Maturation additives

Maturation Additives were prepared as described below, sterile filtered and stored in
500ul aliquots at20°C for 3 months. Gibco® Gultardéxcontaining a more stable
dipeptide form of glutamine,-alanytL-glutamine, was obtained from Life Technologies,

Pasley, UK.

Compounds Amount of

chemical

Apo-transferrin 0.025¢g

Glutamax Il Iml

Pyruvate 0.11g

i -mercaptoethanol| 7pl

Polyvinyl Alcohol | 0.025g
(PVA)
ET Water 24m|

Table2: Composition of maturatioadditives for maturation media.
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2.1.8Preparation oholdingandbovinematuration media

Holding mediunm(HM)and Bovine Maturation Medim (BMM) were prepared each day
before usg(Table3). HM was prewarmed to39°C for2 hours in a warming incubator,
while maturation media drops were prepared as showrrigure6 and preequilibrated

for 2 hours at 38C and 59%Q in air.

HoldingMedium (HM) Bovine Maturation Medium (BMM)

Solution Volume Solution Volume

ET Water 80ml 1xM199 8ml

10xM199 10ml Stock B ml

Stock B 2ml FoetalCalf Serum | 1ml
(FCS)

Stock H 6ml Maturation 222l
Additives

Stock K 100pl Glutamax Il 100pl

Stock BSA 200pl EGF:FGF 100ul
FSH:LH 200pl
Heparin 10pl

Final volume 98.3l Final volume 10.522nl

Table3: Holding media and bovine maturation media recipes. Each type of media was
prepared fresh before use.

100pl wash drop
500l media in wells =1

Cil overlay

2ml media in centre —

N J

Figure6: Diagram showing setup of vitro maturation plate and BMM wash dish. 3x 400
ul drops of bovine maturation media (BMM) were placed in a 60mm petri dish and
overlaid with oil 50Qul BMM was added to each well of avkll plate, withlml added to
the centre to reduce evaporation.
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2.1.9Prepaation ofin-vitro fertilisation media

CSNIATAALFGAZY

¢teNRPRSQa

| { erdrPMagd HepeRBLPI G S

spermatozoa wash medium were prepared as shown bélable 4and frozen at20°C

for up to 3 months. Both media were defrosted on tthey of use. HepeSALP was pre

warmed to39°C for2 hours in a warming incubator, while FGALP drops were prepared

as shown irFigure7 and preequilibrated for 2hours at 39C and 5%€Q in air.

HepesTALR250mI Fert TALP 202ml
GComponent | Amount | Concentration Component | Amount | Concentration
ET Water | 248.393ml ET Water 198.918ml
NaCl 1.667¢g 114mM NaCl 1.333¢g 114mM
KCI 0.06g 3.19mM KCI 0.0476g | 3.19mM
NakPQ 0.0169g 0.45mM NaklPQ 0.0124g | 0.45mM
Gentamycin 1.25ml 0.05mg/ml Gentamycin | 1ml 0.05mg/ml
NaHCQ 0.084 2mM NaHCQ@ 0.42 2mM
Pyruvate 0.0144g | 0.26mM Heparin 0.002g 10ug/ml
Hepesfree | 0.45¢g 7.5mM Penhyp stock | 2ml 2uM/1pM
acid
Hepes Na | 0.488g 7.5mM Pyruvate 0.0058g | 0.26mM
salt
CaCGl.2H0 | 0.076g 2.06mM CaCGl.2H0 0.0605g | 2.06mM
MgCh.6H,0 | 0.025g | 0.49mM MgCh.6H,O0 | 0.02g 0.49mM
NaLactate | 0.353ml | 9.96mM NaLactate 0.282ml | 9.96mM

Non-essential | 2ml

amino acids

Essential 4ml

aminoacids

OSMOLARITY 2200 OSMOLARITY 2200

BSA 19 4mg/mi BSA 0.8¢g 4mg/ml

Table4: Preparation of FesTALRN vitrofertilisation mediumand HepesTALPsperm
washing mediumMedium wasprepared in a sterile volumetric flask, sterile filtered and
stored at-20°C for up to 3 months.
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400pIwash dro|
W P 250pl media in wells B —4

Oil overlay
2ml media in centre

—— 750ul media in well 4

N )

Figure7: Diagram showing fertilisation wash andwll platefor IVF.3x 40Qul drops of
Fertilisationmedia(Fert TALP) were ptad in a 60mm petri dish and overlaid with oil.
250pIFert TALP medium was added to welt8,1750pl to the ¥ well and 1ml Fert TALP

to the central reservoir.
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2.1.10Preparation of Percdalgradient

Motile spermatozoa were selected entrifugation through a discontinuous Per@l!

density gradient. Stocks of Per@Mdditives (PA) anfl LISNY ¢ & NP BERa [ O
were prepared as follow&lable5). Both were sterile filtered and stored é20°C. PA was
aliquotted to 700ul and SPTL tanR PercolPwas obtained from GE Healthcare, Uppsala,

Sweden.

Percol®Additives (PA) { LISNXY ¢&NRBERa |
Component Amount Component Amount
ET Water 48.46 Ml ET Water 50.15ml
NaCl 1.9479¢g NaCl 0.292g
KCI 0.0958¢g KCI 0.014g
NakhPQG.2H0 0.0188g NakhPQ.2H0 0.003g
Hepes 0.4967g Hepes 0.0754g
Hepes Sodium | 0.5425¢g Hepes Sodium Sal{ 0.0814g
Salt

Sodium Lactate | 1.533nl Sodium Lactate 231 pL
Syrup Syrup

NaHCO3 0.035¢ CaGl.2H0 0.0123¢g
CaCGl.2H0 0.0128¢g MgC}h.7H,O 0.0032g
MgCh.7H0O 0.0034g Gentamycin 0.131Iml
Gentamycin 2.083l Phenol Red 0.25ml
Phenol Red 4.17ul

Final volume 50m| Final volume 50.15ml

Table5: Preparation of Perca@lAdditives and SPTL solutions. Each was sterile filtered and
stored at-20°C until required.
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Percol®was diluted to 90% using stock PA and 45% using stock SPTL as described below.
The 4nl Percol®gradient was then prepared by gently layeringl25% Percoon top

of 2ml 90% Percobas below and warmed to 3€ for at least 2 hours before use.

90% Perall® 45% Perca®
4 .5ml Percol® 2.0ml 90% Perca®
600uIPA 2.0ml 1x SPTL

Table6: Preparation of 90% and 45% Per@otach was prepared fresh on the day of use.
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2.1.11Preparation ofn vitro embryoculture media

Synthetic Oviduct Fluid embryo culture medium with BSA {8&4%) and HepeSOF
embryo wash medium were prepared as shown be(Bigure8) and frozen at20°C for
up to 3 months. Both media were defrosted on the day of use. H§#2K was pre
warmed to39°C for2 hours in a warming incubator, while SBSA drops were prepared

as shown irFigure8 and preequilibrated for 2 hours at 3& and 5%€Q in air.

SORBSA 200ml HepesSOF 25
Component | Amount | Concentration| | Component Amount | Concentration
(mM) (mM)
ET Water To ET Water To
volume volume

NaCl 1.258g | 108 NaCl 1.574g | 108
KCI 0.106g | 7.11 KCI 0.134g 7.2
KHPQ 0.032g | 1.18 KHPQ 0.041g |1.2
NaHCQ@ 0.42g 25.00 NaHCQ@ 0.105 5.00
Glucose 0.054g | 1.5 Glucose 0.06g 15
Pyruvate 0.007g |04 Pyruvate 0.009g |04
MgCh.6H0O | 0.020g | 0.5 Hepesfree acid | 0.6g 10
Glutamine | 0.0058g| 0.2 Hepes Nasalt | 0.65g 10
Pen/Strep 1.199mi CaCGl.2H0 0.063g | 1.7
CaGl2HO |0.050g | 1.7 MgCh.6HO 0.025g | 0.5

NEAA 2.5ml

EAA 5ml

Pen/Strep 1.5ml

OSMOLARIT280-290 OSMOLARIT280-290

BSA 1.598g | 8% wl/v BSA 19 4%w/v

Table7: Preparation of SOF BSA embryo culture mediunh HepesSOF embryo handling
and wash mediumMedium was prepared in a sterile volumetric flask, sterile filtered and
stored at-20°C for up to 3nonths.
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40ul wash drops :Q Q

O O O 20ul wash drops
20ul culture O O O O

Figure8: The layout of SOFaaBSA drops4@am culture dish. These drops were
covered with mineral oil to prevent evaporation and incubated under humidifiecC&%o
in air at 39C for 2hours prior to addition of embryos for prequilibration
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2.1.12Preparation of amino acid supplement

Amino acid stockwith defined concentrationwere prepared as belowl &ble8) and
stored at-80°C for up to 3 months. The stocks were diluted 50x ina3BFA on the day
of in vitro culture for final amino acid concentrations comparable to physiological levels

(Tay et al. 1997)

50x concentrated amino acid supplemga00ml)
Component Amount(ml) Final concentration | Final concentration in
(mM) media (UM)

ET Water 200m|

Arginine 0.4214 0.20 4.0
Cysteine 0.0315 0.02 0.4
Histidine 0.0838 0.04 0.8
Isoleucine 0.0262 0.02 0.4
Leucine 0.0787 0.06 1.2
Lysine 0.1096 0.06 1.2
Methionine 0.0298 0.02 0.4
Phenylalanine | 0.033 0.02 0.4
Threonine 0.0596 0.05 1.0
Tryptophan 0.0408 0.02 0.4
Tyrosine 0.0725 0.04 0.8
Valine 0.0351 0.03 0.6
Alanine 0.098 0.11 2.2
Asparagine 0.0751 0.05 1.0
Aspartate 0.0399 0.03 0.6
Glutamate 0.1471 0.10 2.0
Glycine 0.03 0.04 0.8
Proline 0.023 0.02 0.4
Serine 0.042 0.04 0.8
Glutamine 0.2922 0.20 0.4
DABA 0.0516 0.05 1.0

Table8: Preparation of 50x amino acid supplement stock. Solution was sterile filtered and
aliguotted to 500ul microtubes and stored €0°C for up to 3 months.
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2.1.13 Collection andn Vitro Maturation (IVM) of bovine
oocytes.

Phosphate Buffered SalinBBS) was prepardny adding 2PBS tabletso 400m| ddHO

in 500ml Duran bottles and sterilised by autoclaving at %2 for 2. Bovine ovaries were
collected from a local abattoir (ABP Murton, York) &mashsported to the laboratory in an
insulated canister with warm PBS. All further manipulations and culture of ovaries,
oocytes, spermatozoa and embryos were performed at bovine physiological temperature
of 39°C.

Upon arrival, ovaries were washed thrémés in fresh PBS at 89 and stored in this
solution on a heating plate. Follicular fluid containing oocytes was collected from antral
follicles of <1cm diameter by aspiration with a prarmed 10 or 2hl syringe with 18
gauge needle containing a small anmt of Hepe-buffered holding mediumHolding
mediumfor OCC collection was supplemented with heparin to prevent agglutination of
collected tissue. Once the fluid of approximately 10 ovaries was aspirated, the syringe
was emptied to a 25miniversal tube and maintained upright at%®9to allow the

OocyteCumulus Complexes (OCCs) to settle to the bottom.

The supernatant was removed using a sterile Pasteur pipette (Sarstedt) and the aspirate
examined using an Olympus SZ11 stereomicroscope Makai Hit Thermo Plate heated
stage (Olympus, Southerah-Sea, UK) set to 8@. Immature OCCs with a complete layer
of cumulus cells were selected using a glass pipette in a 9cm petri dish with a marked
grid. OCCs were washed twicehimlding mediunwithout heparin, then three times

through 400ul preequilibbrated BMMunder mineral oil before transfer to 500ul BMM

wells in groups of 50 in awell plate(Nunc) OCCs were cultured for 24 hours afG9

under 5% C@n humidified air. BMM consisted of bicanhate-buffered M-199

supplemented with 10%oetal bovine serum, 0.00U FSH/LH (Ferring Pharmaceutical,
Langley, UK), 0.4@y epidemal growth factorand 2.z g fibroblast growth factor.
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2.1.14In Vitro Fertilisation (IVF)

Mature OCCs in BMM were collecteddidul using a Gilson Pipetman and washed through
three 400ul drops of prequilibratedFert TALAmedium. This allows three 1 in 10

dilutions of the previous media f@ total 211000 dilution, essentially removing the
componentsof and waste products in the BMM. Cumulus expansion was used as a crude
marker of OCC maturation and OCCs with poor cumulus expansion were not selected for
IVF. OCCs were then transferred iougs of 50 to wells containing 250pul Fert TALP in a

Nunc 4well plate.

InVitro Fertilisation (IVF) was carried out using frozeawed spermatozoa from a bull of
proven fertility (Genus, Cheshire, UK). Cryopreserved spermatozoa were thawed for 10
secondsn a 50nl centrifuge tube (Sarstedt) containing tap water greated to 46C. The
straw was dried and cut in sterile conditions before layering semen atop the 45% ®ercoll
Sperm were centrifuged for 30 minutes#0E 3 Ay |y | OOd Islleyy 1 n .
Scientific, Loughborough, UK), the supernatant removed and the pellet resuspended in
4ml prewarmed Hepes TALP. Per@ad a viscous liquid through which only motile sperm
can swim to form the pellet, while immotile sperm, sperm extender and pratelris

from semen are removed in the supernataAfter centrifugation at 330 x fipr a further

5 minutes, the supernatant was again removed and sperm resuspended jith 2&@

TALP. Sperm suspension was incubated ¥ 2%hd 5%Q in humidified air until

required for fertilisation. Spermatozoa cell counts were performed using an Improved
Neubauer Haemocytometer (Weber Scientific International, London, UK) and Leica
LaborLux S microscomath 25x/0.5naobjective, to calculate the eoect volume of sperm
suspension to cincubate with mature OCCs at a concentration of £ril®. Sperm and
OCCs were emcubated for 1&4hr at 39°C and 5%Q in humidified air.

2.1.15In Vitro Culture(IVC)

Embryo culture dishes were preparading droplets of Synthetic Oviduct Fluid
supplemented with 200ul 50x amino acids penll@SOFaaBSA) under mineral oil as
shown inFigure8 and equilibrated at 38Cand 5%CQ in air for at least 2 hours. Hepes
buffered SOF was also warmed td®G%or at least 2 hours before use. The putative

zygotes were collected from IVF plates innal 8napcap centrifuge tube containing 500pl
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of prewarmedHepesSOF then deuded of remaining cumulus cells by vortexing for 2
minutes using a Vortex Genie 2 (Scientific Industries, Kesk USA). The tube contents

were poured into a 4cm culture dish and the tube washed twice with Hepes SOF. Putative
zygotes were then selected Hepes SOF using a stereomicroscope with heated stage and
transferred to SOF culture medium in groups of 40 using a glass pipette. The zygotes were
washed twice in SOFaaBSA before moving to 20ul culture drops in groups of 20. The
culture dishes were themcubated in a Dry Seal desiccator containing approximately

150ml ddHO with 150pulAntibiotid Antimycotic(Ab/Am) solution. Air was purged from

the desiccator and replaced with 5263, 5%0,, 90%N, bubbled through a Dreschel

bottle containing 100nl ddH,O +100ulAb/Am. Embryos were cultured for up to 8 days,

with cleavage rate recorded on day 2 and blastocyst rate recorded on days 7 and 8.
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2.2Measurement of Oxygen Consumption Rate (OCR)

2.2.1Measurement ofOCRby the BectorDickinson Oxygen
Biosensor System

2.2.1.1TheOxygen Biosensor Syst€@BS)

The Oxygen Biosensor System (OBS) isvee8tplate with a proprietary fluorescent
compound immobilised to the bottom of each wéliD Biosciences, Oxford, UK). The
fluorophore is quenched in the presence of oxygen; therefore respiring cells reduce the
dissolved oxygen concentration causing an increase in fluorescence intensity. An ambient
oxygen blank (culture media without cells) aa@% oxygen control (sodium dithion)tes

used in each experiment. The fluorophamasexcited at 486m and read at 630nm in a
Tecan Infinite (Tecameading UK) or BMG Labtech FLUOstar Omega fluorimetric plate
reader with Atmospheric Control Unit (BMG LabteBbgckinghamshirdJK). Fluorescence
signal intensity can be converted to oxygen concentration in atpmuool/l using the
manufacturer guidancéTimmins and Hag006)and further converted to give Oxygen

Consumption Rates (OCR) in pmol/hr/embryo.

100ul Hepeshuffered media was loaded to each Wiyevith 2x media only wells adjacent

to each well to be used as blank controls. 200ul sodium dithionite was loaded to a single
well as a 0% oxygen control. The plate was sealed with HPLC film and incubated in the
plate reader at 38C for 1 hour. After tisitime, a single prélank reading was taken of

each well with excitation at 485nm and emission at 630nm. The plate was then removed
from the plate reader and transferred to a heated stage &G3fbr loading with samples.
10pl media was removed from easample well and replaced with 10ul of Hepes media
containing at least 10 embryos. 10ul of media in each blank well was also replaced with
pre-warmed Hepes media. The plate was thersealed with HPLC film and incubated in
the plate reader for 40 minutesith readings every 20 seconds to measure the change in

oxygen over time.

2.2.1.2Analysis of data

Raw fluorescence data for each well at each time point was divided by tHelqum&

value for the same well to calculate Normalised Relative Fluorescence (NRF). The NRF of
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the sample wells was divided by the mean NRF of corresponding blank wells to calculate
relative NRF (reNRF).

DynamicRanggDR) was calculated by dividitige initial intensity of the sodium
dithionite control by an average of the media well fgolank. This value is expected to be
around 6. DR is then used to calculate the Stéotmer constant (Ksv), which is required
to convert fluorescence data into oxygeoncentrations. The ambient concentration of

oxygen in media [}, was defined as 209umol/|
Ksv= (DR 1) / [C]a

Finally, Ksv can be used to calculate the oxygen concentratioalf]) at each time point

for the sample wells:
[O;] = (DR feNRF- 1)/ Ksy

[O,] was converted fronumol/l to pmol/embryo by multiplying by a factor of 100 and
dividing by the number of embryos present. Oxygen concentration is then plotted against
time. The gradient of this curve is the oxygen consumption rate (OCR) in

pmol/embryo/hr.

This system was previously used to measure oxygen consumption by bovine oocytes,
however this is the first time it has been employed to assess bovine blastocyst oxygen

metabolism following inhibition of metabolic processes.

2.2.2Measurement ofOCRby nanorespirometry

2.2.2.1Thenanorespirometer

The method for nanorespirometry was adapted from Unisense (Unisense A/S, Aarhus,
Denmark) guidance and the previous work of Ana Ld¢pepes et al2005) The system
uses a miniaturised electrode mounted on a motorised micromanipulator and connected
to an oxygen sensor capable of 0.1umol/l resolution. The incubation beaker comgtainin
Hepesbuffered media is maintained at 38 by a thermostatically controlled water bath
and held in place by a standard laboratory clamp stand and boss.-fdimnbcalibration
was performed as follows. The 0% dcdntrol was set using 10l of 100mM Sodium
dithionite, generating a signal in the region e2V. The ambient control (21%)Qvas
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Hepes SOF (without BSA supplement in order to prevent foaming), which was maintained

at 39C and bubbled with air for 30 minutes to maximise dissolved oxygen.

2.2.2.2L oadirg andmeasuremenbf embryos

Embryos were loaded to a Drummond PCR micropipette (Alphalabs, Hampshire, UK) in
1ul of Hepesbuffered media and equilibrated for approximatellirin a 15nl falcon tube
containing the same media. Tleenbryo sinks to the bottom and consumes oxygen,
building up a steadgtate gradient of decreasing oxygen concentration with increasing
depth. Tubes were sealed at the bottom with vacuum grease to prevent diffusion of
oxygen from below the loaded embrycmmeasurement, the micropipettes are

mounted to a specifically designed rack in groups of four. This rack is held stably in an
incubation beaker filled wittHepesSOF to the level of the micropipette surface and
maintained at 38C with coiled tubingunning from a Grant water batilignment of the
probe tip with the centre of each micropipette opening was performed using a horizontal
dissecting microscope. Control of the oxygen sensor probe by the motorised
micromanipulator during measurement waarried out using the SensorTrace Pro

program (Unisense).

Readings were taken at 200um intervals fre#80um to 4000um, where Oum is defined
as the surface of the micropipette tube. The oxygen prafigsvisualised in reaime for
an instant overview of the oxygen consumption by the embryo. However, the OCR
gradientwascalculated from the 3000 to 40Q@n section of the profileéo ensure
comparability between more and less active embryos avamldthe loss of data due to

evaporation at the top of the tube.

The probe is sensitive to temperature fluctuation3% change in signal pefQ) and so

the temperature of the incubation beakerasmonitored at all times using a
thermometer(Lopes et al2005) However, evaporation of water at the surface of the
mediawasunavoidable and may cause a slight decrease in temperature. Media volume

wasmaintained by adding embrytested water preheated to 39C when required.

2.2.2.3Inhibitor treatment

Toassess the contribution of different components of oxidative phosphorylation to the

overall embryoni®©xygenConsumptiorRate(OCR), embryos were loaded to
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micropipettes as described above, except embryos were initially loaded in Hepes SOF +
solvent control. This reduces potential deleterious effects of prolonged experiments and
multiple manipulations with the same embryo and is acceptable as the basal OCR in
Hepes SOF has been established in other experiménds4(1) and tte inhibitor effects

must be calculaté in reference to the solvent control OCR rather than basal OCR. In
addition, the solvent control did not have a significant effect on OCR in other experiments
(section3.4.43.4.9. Following basal OCR measurement the embryo was removed from
the micropipette to a prewarmed solution of the inhibitor at the desired concentration in
Hepes SOF using a stereomicroscopé Wweated stage. The embryo was then moved to a
second prewarmed dish containing the same inhibitor solution and loaded to a
micropipette once more. Prequilibration and oxygen profiling were then carried out as

before Gection2.2.2.2).

2.2.2.4Calculation of Opgen Consumption Rate (OCR)

The oxygen consumption rate is essentially the slope of the stetadg gradient
recorded by the probe. This was calculated using an MS Excel program developed by
''yYAaSyasS gKAOK FTRIFLIIa CcAO1Qa CANRBRG [Fg 2°

J =D(dckix)

Where J= diffusion flux (amount of oxygen that will flow through a smadl dueing a
short time interval irmol/m?%s) The solubility of oxygen in the media is 200pmol/l and
diffusion coefficient (D) at 38°6 is 3.37x10cn? s: (Garcia and Gordoh992) The

slope of the gradient (change in concentration over time) is denoted by dc/dx.

2.3Energysubstrateassays

Lactate production, glucose and pyruvate consumption by individuainppéantation
bovineembryos of 2cell to blastocysstage were assayed by the rapid, Aowasive

fluorimetric technique developed by Gueei al.(2013). Brief, embryos were selected

for analysis aP-4-celland blastocyst stages (days 26®r 7 of culture, respectively).

{ St SOUSR SYONEB2a ¢SNBE gFaKSR Ay IyR Y2@S|
containing 0.5mM glucose and OmMttate. This media was prepared as described in

Table9. Embryos wee incubated individually in 4jroplets for18-24hr under mineral oil
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at 39°C in a humidified atmgphere of 5% CGO5% G, and 9% N. Identical control
droplets were incubated adjacent to embrgontaining droplets to account for nen

specific degradation/appearance of compounds of interest.

SOF analys{@00ml

Component Amount | Concentration(mM)
ET Water To volume

NaCl 0.629¢ 108

KCI 0.053g |7.11

KHPOQ 0.016 1.18

NaHCQ@ 0.21g 25.0

Glucose 0.009g 0.5

Pyruvate 0.0035g |04

CaGl.2H0 0.025¢g 1.7

MgC.6H,0 0.010g 0.5
Glutamine GLN| 0.0029g | 0.2

Pen/Strep 0.5995ml | 1000 IU/ml
Amino acids 503 2ml 1x
OSMOLARITY | 280290

BSA 0.799¢ 8% wiv

Table9: Preparation of modified SOF analysis medium for glucose, lactate and pyruvate
assays. Medium was prepared in a sterile volumetric flask, sterile filtered and stored at

20°C for up to 3 months.

Following 24hindividual culture, the morphological stata$ each embryo was recorded
and compared to the stage recorded prior to individual cultievelopment was defined
as arly cleavage stage embryos increasing in cell count or morula and blastocyst
progression to a higher stagbead or arrested embryosese excluded from further
analysisEmbryos were removed and spent media samples were frozen under-80°a&

until analysis.

Assay mixture was first loaded to each well of interest in-av8b \Abottomed plate.

Background fluorescence due to NAD NADP was measured using a BGBJOstar
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plate reader with excitation/emission of 340/460nm. Sample medium was added to the
assay mixture in the ratio 1:10 and incubated in the dark 8C3or a period of time
specific to the substrate of interest. Fluorescenntensity was measured once more and
corrected for the background values. Intensity values for each sample were calibrated
against a skpoint standard curve to calculate concentration of substrate and change in
concentration of substrate was calculatbg comparison to control drops of medium.

Consumption or production of substrate was expressed in pmol/embryo/hr £ s.e.m.
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2.3.1Pyruvate

Pyruvate reaction cocktagontaining 0.inM NADH and 4Q/ml lactate dehydrogenase
in 4.6nM EPPS buffer, pH 8@d supplemented with 50pg/ml Penicillin and 50ug/mi
Streptomycin was prepared prior to use and stored2ff'C for 3 months10 pl of assay
mixture was added per well using positive displacemand fluorescence measured to
yield apre-blank background easurement. Sample medium, control medium or
standard solutior(1ul) was added t@ach welland incubated a87°C for 3 minutes
before endpoint readingsA reductionin fluorescence due to NADH oxidation was
monitored. Final concentrations in each spenttete droplet were determined against a
six point standard curve from@.45mM pyruvateand consumption was calculated
relative to the mean pyruvate concentration of the control dropgruvate standard

0.45mM obtained from Analox, London, UK. Standamtesiwith B <0.99 were rejected.

Pyruvate + NADH + HI Lactate dehydrogenase Lactate + NAD

30000 -

25000 -

20000 - y =50768x + 2249.2
R2=0.9973

15000 -

10000 -

Change in Fluorescence (AU)

5000 -

0 0.1 0.2 0.3 0.4 0.5
[pyruvate] (mM)

Figure9: An example standard curver the pyruvate assay
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2.3.2Gucose

Glucose reaction cocktaibntaining 0.4nM dithiothreitol, 3.0mM MgSQ, 0.42nM ATP,
and 1.23nM NADP, 20 IUml hexokinase/glucosé-phosphate dehydrogenase
(HK/G6PDin EPPS buffer at pH 8Mas made prior to use and stored 20°C for 3
months.10 pl of assay mixtureas added per well using positive displacemand
fluorescence measured to yield a poéank background measuremenBample medium
(1ul) was added and incubated atZ5for 10 minutes. Changes in fluorescence due to
NADP reductionwere monitored. Final concentrations in each spent culture droplet
were determined against a six point standard curve fre®mM glucoseStandard

curves with R<0.99 were rejected.

Glucoset ATP Hexokinase (HK) Glucoses-phsophate (G6P) ADP
G6P + NADP Glusosephospnate Gluconate6-phsophate + NADPH + H

16000 -
4000 - X
2000 -

e eI

0000 -

8000 - y =27201x 122.14

R2 = 0.9866
6000 -

4000 -

2000 -
02

Change in fluorescence intensity (1)

) 0.1 0.2 0.3 0.4 0.5 0.6
[glucose] (mM)

FigurelO: An example standard curve for the glucose assay.

-2000 -
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2.3.3Lactate

Assay mixture containing 40/ml lactate dehydrogenase (LDid)a glycie-hydrazine

buffer, pH 9.4 was prepared prior to use and storee24PC for up to 3 monthslOul of

assay mixturavas added per well using positive displacement and fluorescence measured
to yield a preblank background measuremen8ample mdium (lul) was added to 1l

of assay mixtur@nd incubated at 2% for 30 minute€hanges in fluorescence due to

NAD reduction were monitored. Final concentrations in each spent culture droplet were
determined against a six point standard curve frorh.OmM lactate.Standard curves

with RF <0.99 were rejected.

Lactate + NAD Lactate dehydrogenase Pyruvate + NADH +H

160000 -
140000 -
120000 -
100000 -

80000 - y = 27982x + 452.48
2 =
60000 - Rz =0.9951

40000 ~

20000 -

Change in fluorescence intensity (1)

0 >)< T T T T T 1
-20000 -

[lactate] (mM)

Figurell: An example standard curve for the lactate assay.
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2.4  L-carnitine assay

Thisassay was performed according to manufacturer instructi@iscam,Cambridgé
Briefly, the supplied 100mM standard was diluted to 1mM with gdHA standard curve

and reaction mixture were prepared as follows:

Standard [L-carnitine] Reactionmix component Volume per well
(mol/ul) (ki)

0 0 Assay buffer 4

1 0.04 Carnitine converting enzyme 0.2

2 0.08 Carnitine development mix 0.2

3 0.12 Substrate mix 0.4

4 0.16 Carnitine probe 0.2

5 0.2

Tablel0: Composition of the reaction mixture and standard solutions for tHearnitine
assay.

5pl reaction mix was loaded to each well and a blank reading taken at 535/587nm. A
positive control well containing standard 5 and reactioix mas used to set the gain to

its optimal level. 5pl standard or sample was added to each well and the plate incubated
at room temperature inside the plate reader. The end point reading was measured at

535/587nm and a standard curve plotted.
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2.5 Timelapse inaging ofembryodevelopment

using the Primo Vision system

Realtime monitoring of embryo development throughout the culture period was
performed using the Primo Vision syste¥ft(olife, Goteborg Sweden) and-9ell dishes
(Cryo Managemerittd, Hungary). Each individual well of the8ll dish was filled with
SOFaa8A using a pulled glass pipette ahdn the main well filled with 40ul of the same
media. This was overlaid with oil and incubated at@&h 5%CQ/5% O, for 2hr prior to
loading embryos. 2ell embryos were selected on day 1 of culture for transfer to the 9
well dish. Images were recorded every 10 minutes for 7 days of culture. Data was

analysed using the Primo Vision analyser software.
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2.6 Cellallocationratios

Blastocyst cell countnd allocation ratiavere taken using the method dthouas et al.
(2001) Blastocysts were incubated in Hepes SOF with 1% Tri® SigmaAldrich,

Dorset, UKand 100pg/ml propidium iodideés{gmaAldrich, Dorset, UKfor 30s. The

Triton %100 detergent permeablises the zonalpelda, allowing propidium iodide to

enter and stain trophectoderm nuclei, but the blastocysts are moved before the dye
reaches the inner cell mass. Blastocysts were moved to a fixative solution of 25ug/ml
Hoescht 3342 in 100% ethanol overnight 3€4Thé dehydrates the blastocysts and

allows the dye to stain all cells. Stained and fixed blastocysts were removed to a 1ul drop
of glycerol on a sterile glass slide and fully flattened with a coverslip before labelling the
embryo location. Images were taken an Olympus I1X51 inverted fluorescent microscope
with 20x/0.5na UPlanF1 objective, ultraviolet lamp and excitation filters. Total cell
number was recorded at 460nm and trophectoderm only at 560nm. THENMEatio was

then calculated for each blastocysteasured.
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3 Bovineembryobioenergetics
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3.1Introduction

3.1.1Metabolic profiling of pramplantation embryos

The topic of embryo metabolism is of great interest as it may yield biomarkers that can be
used to select viable embryos for transfer in clinical and commercial Assisted
Reproduction Technologies (ARTs) addition is the importance of understanding the
fundamental relationship between embryo metabolism and development. Ideally, studies
on embryo metabolism should be na@nvasive so that it is possible to relate metabolic
activity to subsequent development. In addition, such assays should not perturb the
embryo, affect its viability, or introduce any compounds, toxic or-taic, which may
interfere with any aspect of development. Namvasive methods should permit the
assessment of an individual embryo and include the measurement of the consumption or
production of various substrates in the culture medium, including glucose, pyruvate,
lactate (Thompson et al. 1996; SturmapdLeese 2003and amino acid§Gopichandran
andLeese 2003; Humpherson et al. 2005; Sturmey et al. 2063t allowing assessment

of ongoing development. As the embryonic genome activates at thé &ell stge in the
bovine(King et al. 1988; Telford et al. 1990; Wrenzwackd Niemann 2003)assessments

of metabolism at earlier stages are be assumed to relate more directly to oocyte quality
and maternal legacy effects rather than the physiology of the developing enibigranay

et al. 2002) after this stage metabolism is increasingly thought of as a marker of embryo

viability.

The general pattern of embryo energy metabolism throughout development based on our
current level of knowledge is summarised in figures 1 and 2, in Chapter 1. Briefly, overall
metabolic activity remainat arelatively low rate during the cleavage stagigem the

zygote to morula, but increases sharply at the blastocyst stage largely to meet the
increased demands for metabolic energy. During blastocyst formatieA030 of total
Adenosine Triphosphate (ATP) is consumed by the enzyiiii' ™M Pase, whicls icritical

in forming the blastocoel cavity. This accounts fo#4806 of oxygen consumptidheese

et al. 2008)
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3.1.20xygen consumption

Consumption of oxygen has been proposed as an indicator for embryo vidhdiighton

et al. 1996; Trimarchat al. 2000b; Shiku et al. 2001; Lopes et al. 2005; Lopes et al. 2010)
The major fate of consumed oxygen is as the final electron acceptor in the electron
transport chain of respiration, releasing eneffgy ATP production by oxidative
phosphorylation(Thompson et al. 1996Mammalian mitochondria produce

approximately 4.8 moles of ATP via oxidative phosphooyiditr every mole of diatomic
oxygen (@) consumed. This equates to a maximal ADP phosphorylation to oxygen
reduction ratio (P/Qay of 2.4(Brand et al. 2005)Jsing this value, it is possible to

estimate the total ATP produced by oxidative phosphorylation enttasis of OC@8rand

et al. 2005; Birket et al. 2011; Trimarchi et al. 2000)

Oxygen consumption by embryos can be affected by a variety of factors, including media
composition, soluteeoncentration and whether the embryo is producedvitro or in vivo
(Lopes et al. 2007 he concentration of glucose in culture media has a particularly
pronounced effectFor example, Synthetic Oviduct Fluid (SOF), based on the biochemical
composition of sheep oviduct fluidRestaland Wales 1966)contains 1.5mM glucose

(Tervit et al. 1972)Increasing the glucose concentrationSdmM reportedly leads to a
reduction in OCR and increased lactate production from glycdysisnay et al. 2002)

High glucose also leads to chromatin degradation and apoptosis in murine embryos
(LeundaCasi et al. 2002)n addition the mechanism of fertilisation might alter embryo
metabolic activity, For exampl&gjeraet al (2012) reported that the OCR of human
embryos decreases following ICSI, from pgndl/embryo/hr at zygote stage to
16.52mol/embryo/hr after 52 hours postCSI (approx. 8 cell stage). However, embryos

of higher quality, which were transferred prospective mothers, had higher OCR than
poor quality embryos (19.15 compared to 18mol/embryo/hr). In the same studyj, it

was reported that the OCR of transferred embryos which successfully implanted
continued to rise 52 hrs po4€CSI, while OCR of nanplanting embryos continued to fall
(Tejera et al. 2012)These data suggest that OCR may relate to viability. As yet, however
the metabolic legacy of ART is relatively unexplored and could involve subtle changes

with relevance to health, disease @tongevity.
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3.1.3Embryo mitochondria

The mitochondria of the mammalian oocyte and cleavage stage embryo have a distinctive
morphology, appearing spherical with a diameter of less thany and fewer, shorter

cristae than the classical elongated form seen irshbfferentiated cell typegvan
Blerkom2011) Despite this morphology, the mitochondria remain active and supply the
oocyte and early embryo with ATP by oxidative phosphorylatiaternal mitochondria
increase in number from a tiny complement (<10) in the primordial oocyte until
maturationis complete, at which point they may number in the hundreds of thousands
(Van Blerkom 2004 All embryo mitochondria, including all their mtDNA, are maternally
inherited; mitochondrigrom the spermatozoorare destroyed byibiquitin-mediated
proteolysis following fertilisatioiSutovsky et al. 1999; Cummins 2Q08jerestingly, this
process seems to have evolvadtonomously many thes, most likely to avoid

inheritance of oxidative damaggrone spermatozoa DNA(Cunmins 1998)In general,
2EARIFIGAQGS REYF3S (2 Yis5b! A& LI NIOAOdm I NI
the electron transport chaito form reactive oxygen species (ROS) and defence or repair
mechanisms do not exist in the mitochondria to prev®NA damagéCummins 2002)

As he spermatozoaindergo significant shifts in oxygen concentratfamm low levelsin

the testis to ambient levels in the vagina ar@ain to low concentrations the oviduct
spermatozoan mtDNA tends to accumulatetations and a significant number of mtDNA
deletions are found in the majority of normpasrmic men(Max 1992; Cummins 1998
mammals, inheritance of paternal mtDNA is rare, linked to mitochondrial disease and

seems to occur only in dysfunctional oocy{8¢ John et al. 2000)

Embryo mitochondria gradually elongate and develop more extensive cristae as cleavage
progressesheginning aaround the 16cell stage and finally attaining a more classical
morphology during blastocyst formation and expansiothi cow(Planteand King 1994)

and human(Sathanantharmnd Trounson 2000)This change in morphology coincides

with the increasedenergy demand associated with blastocoel cavity formatkigyre3).
hOOFaA2ylftftes WAAILIY(IQ YAU2O0K2YRNAI gAGK |
shaped forms are seen in mature oocytes, but fusion and fission ar¢Satleananthan
andTrounson 2000; Van Blerkom 201The total complement of mitochondria,

therefore, appears fixed from the NMoocyte stage until components required for

mitochondrial replication are expressed peastplantation(Larsson et al. 1998; Ekstrand
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et al. 2004) Measuremenhof mitochondrial DNA (mtDNA) is often used as a proxy for
mitochondrial number, however mtDNA is not limited to one copy per organelle; rather
there seems to béittle consistency in the number of copies of mtDNA per mitochondria
(Van Blerkom 2011 although it is thought that the mitochondriof the mature human
oocyte contain only one mtDNA genome cq@ummins 2002)n addition, there iittle
correlation between mtDNA copy number and the number of mitochondria or
mitochondrial function. For example, expression of human mitochondrial transcription
factor A in mouse embryos significantly increases mtDNA copy number, but with no
detectableeffect on mitochondrial number, measured by mitochondrial mass or maximal
respiratory capacityEkstrand et al. 2004However,m the human, as well as the mouse,
lower mtDNA copy number correlates with reduced viability, suggesting some benefit to

increased copy numbéftojkovic et al. 2001; Santos et al. 20G@; et al. 2012)

3.1.40xidativephosphorylation

Oxidative phosphorylation in eukaryotic cells involves the coupling of the transfer of
electrons that arise from substrate oxidation to the phosphorylation of Adenosine
Diphosphate (ADP) to ATRdurel2 andFigurel3). The major sources of electrons in the
Electron Transport Chain (ETC) are the reduetngvalents NADH, FAR&hd succinate,
which are produced by the TCA cydigg(red). Electrons from these reducing
equivalents flow along four respiratory proteioroplexesg NADH dehydrogenase,
succinate dehydrogenase, cytochrome bcl complex and cytochrome ¢ oxidase, which are
bound to the inner mitochondrial membrane and associate tightly, forming a
superstructure termed the respiroson{®udkina et al. 2010; Dudkina et al. 2011; Winge
2012) The flow of electrons across these proteins enables the establishment ofanpr
61 a0 Iadgenkr&as a protormotive force (PMF) across the mitochondrial inner
membrane. The protons flow down the proton gradient through ATP Synthase and the

energy released enables ATP synth@Berg et al. 2002)
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Figurel2: Overview of oxidative phosphorylation. The electron transport chain, or

respirosome, consists of ATP synthase and 4 enzgmplexes; Complex |: NAEH
Oxidoreductase, Complex Il: Succin@&eductaseComplex II: €€ytochromec
Oxidoreductase, Complex IV: Cytochron@xidase Electrons are carried to the
respirosome by NADH and FARJdnerated by the TCA cycle. NADH bindSdmplex,
which transfers electrons t€oenzyme) (ubiquinone) for transport t&€omplexll. At
Complexl, Coenzyme Q also accepts electrons from RAReHucedCoenzyme)
transfers electrons to complex Il, which uses donated electrons to reduce a as seeond co
factor, Cytochromec. Cytochrome c translocates @omplexV, where the final electron
acceptor, oxygen, is reduced. Electron transfeCamplex, Il and IV is coupled to active
transport of protons across the inner mitochondrial membrane, maintaining a proton
gradient or protonmotive force from within the intermembrane space to the matrix.
Protons flow spontaneously through the protehannel of ATP synthase, providing the

energy required for the formation of ATP from ADP and Pi and subsequent release of ATP.
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Figurel3: Diagram of the Q cycle. Ubiquinol (§Hinds at the ubiquinol oxidation site
(Q) to transfer one electron to a bound Rieske wsuphur protein (FeS), which then
reduces cytochrome c (CytC). The two protons of &# released to the intermembrane
space. Qblalso transfers a second electron to a series of haem groups; cytochrames b
and hy. A second quinone (Q) binds at the ubiquinone reduction sifeat@ is reduced,
removing 2 protons from the matrix and contributing to the maintenance of the proton
gradient. Myxothiazol competitively binds the Qte, blocking electron transfer to
cytochrome c and hence any further electron transport. Antimycin binds at tlsee&Q

inhibiting electron transfer and hence proton flow

3.1.5Classification of respiration

While the majority of oxygen consumption in most cell types is driven by mitochondrial
oxidative phosphorylation, other cellular processes also consume oxygen. These include
oxygenconsuming enzymes, as well as the production of reactive oxygen species (ROS)
either as a spontaneous kroduct of normal metabolism or in some cases as signalling
molecules. Oxygenonsuming enzymes include xanthine oxidase, NADPH oxidase and
squalene monoxygenasehich may be inhibited specifically to deduce their individual
contribution to overall OCR. Total nomtochondrial oxygen consumpticzan be

assessed by treating cells with an inhibitor of respiratory complex Il (or cytochrome bcl
complex), since all electrons flowing through the electron transport chain must pass

through complex I, transfer to cytochrome c via the Q cycle and tahspcomplex IV.
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Myxothiazol is a competitive inhibitor of ubiquinol, binding at the ubiquinone reduction
site (Q) of the complex and prevents electron transfer from quinol to the Rieske iron
sulphur protein Figurel3). A further inhibitor is antimycin A, which binds the Qi site,

preventing transfer of electrons from the haem group to oxidised quinéngufel3).

Oxygen consumed by each of the respiratory components can be quantified by using
inhibitors specific to each process. Theoretically, approximately 30 moles of ATP can be
produced for every mole of glucose (Berg e8l01). The majority (87%) of this total ATP
comes from oxidative phosphorylation, with the remainder coming from subsisatel
phosphorylation in the TCA cycle and glycolysis. Other pathways, including creatine
dephosphorylation by creatine kinase iretinouse embryg@Forsey et al. 2013¥0

generate ATP, but their overall contribution is small. However, there are many
physiological factors which reduce the yield of ATP per unit glucose. For example, the
proportion of oxygen consumption which is Apifducing; i.e. coupledtATP synthas

by ATP Synthasas typically 6680% (Birket et al. 2011); the remaining-20% is lost

from potential ATESynthesis and is described as uncoupled from ATP syntkess

cause of uncoupling is the passive leak of protons across the inner mitochondria
membrane without flow through the proton channel of ATP Synthase, leading to partial
uncoupling of electron transport from ATP Synthase. To investigatentkigro, a range

of respiratory inhibitors can be used. Oligomycin binds to the proton chagffettively
abolishing aerobic respiration, although some oxygen may still be consumed byTridn
productive processes. This is uncoupled oxygen consumption, as it is independent of ATP
Synthase activity. The difference between measured basal OCR an€kéollowing

oligomycin treatment is considered to be the coupled OCR (Brand and Nicholls 2011):
Total Basal OCGROligomycinsensitive OCR = Coupled OCR

Coupled OCR rates in somatic cells range frof8@8@, although some carcinoma cell
lines are only 30%Affourtit andBrand 2009; Birket et al. 2011; Divakarand Brand
2011)

3.1.6Uncoupled respiration

The majority of uncoupled OCR is considered to be proton leak, although it does have at
least one defined purpose, in whole body heostasis and roles specific to some cell
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types. Thus, in adipocytes uncoupled respiration is used to generatgReatset et al.
2004)and regulate norATP dependent carbon flux between anaerobic glycolysis and
oxidative phosphorylatiofSi et al. 2009)while uncoupling protein expression by

LJ- y O NE¢llsimoQulates tkir insulin secretiormnd (Chan et al. 2001)Uncoupling

even has a role in photosynthesis; UCP1 expression is required to maintain mitochondrial
redox state inArabidopsiswhile knockout of UCP1 reduces the overall rate of
photosynthesigSweetlove et al. 2008) CdzNII KSNXY 2 NBE X GKS Wdzy 02 c
KelLlRikKSaira 2F al NOUAYy . NYyR &adzaasSada GKIG
limiting mitochondrial superoxide production to prevent extensive oxidative damage and
resulting conditiongBrand 200Q) The majority of cellular reactive oxygen species (ROS)
are generated by mitochondri@Boverisand Chance 1973However, in isolated
mitochondria, increasing respiration rate with ADP or an uncoupler such as DNP
decreases the amount of ROS produ¢Bdverisand Chance 1973; Boveris et al. 1976)
Uncoupling electron transport from ABlynthesis reduces the protonmotive force, which
has been proposed to alter the redox state of the mitochondrial ubiquinone (Q) pool,
reducing the concentration of QBrand 2000) Thenet effect of this is to reduce

formation of ROS. However, a similar observation has not been reported in whole cell
experiments and the physiological relevance of isolated mitochondria manipulations
under artificial conditions is douful. Further evidence of this idea comes from a finding
that polymorphisms in uncoupling protein genes are associated with human longevity
(Rose et al. 2011)t therefore appears thatwvhile uncoupling of respiratiomay reduce

ATP production, it alsbhasa beneficial regulatory role

3.1.70xygerprofiling methods in oocytes and embryos

The analysis of oxygen consumption in rabbit oocytes and mouse embryos was first
reported by Fridhandler et a{1956; 1957) The authorsised a Cartesian diver technique
andnoted that oxygen consumptioby rabbit oocytesncreased during developmeand
subsequent embryo developmett the blastocyst stagdyut did not vary in response to
serum In addition,supplementation of the culture medium with pyruvate, glucosel @A
cycle substrates fumarate or malonate did not cause a detectable change in OCR.
However, embryos were sensitive to cyanide treatment, reducing OCR of early cleavage
stage embryos by 95%, and that of blastocysts to an undetectable(fevathandler et al.

1957) The technique was further refined by Mills and Bring#&67)to validate the non
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invasive measure of ggen consumption in the mouse, ax8ll embryos continued to
develop on return to culture. This was a complex and labotensive method, requiring

large groups of embryos or oocytes to detect changes in oxygen concentration.

Spectrophotometric methods &re used in mouse blastocygtsilsson et A 1982)and
single human oocytes and blastocy@#agnusson et al. 19867 his technique was based
on the amount of oxyhaemoglobin converted to haemoglobin due to oxygen

consumption and as such was indirect and lacked sensitivity.

Methods to improve sensitivity were developdtg first method to measure oxygen
consumption of single embryos with oxygen electrodes was develop€d/bystrom et

al. (1992) This method found that respiration rates of individual embryos correlated with
survival followig embryo transfer. However, the method was tisimtensive and lacked

sensitivity, so was not widely used.

Oxygen consumption by small groups of murine, bovine and porcine embryos was
measured using pyrene as a fluorescent marker of oxygen depletion, loleddry

(Houghton et al. 1996; Thompson et al. 1998urmeyandLeese 2003)Pyrene is a nen
toxic, hydrophobic compound whose fluorescence is quenched in the presence of oxygen.
The change in fluorescence is proportiotathe change in oxygen concentration and can
be measured using a quantitative fluorescence microscope. This method-iavasive

and embryos can be returned to culture and grown to the blastocyst stage. However,
embryos must be assayed in groups andtighnique is very timelemanding, requiring
manual measurements every 15 minutes for up to 6 hours. Using this technique, murine
embryo OCR was relatively constant atggnol/embryo/hr throughout cleavage stages,
significantly increasing to 1§ ol/embryo/hr at the blastocyst stagéHoughton et al.

1996) A similar pattern was seen in the bovine, increasing from-10.7
12.1pmol/embryo/hr during cleavage stages, to 1pmol/embryo/hr during morula
compaction and to 40@mol/embryo/hr in the expanded blastocy$thompson et al.

1996) In the porcine, a significant increase in oxygen consumption again occurred at the
blastocyst stage, &fm around 2@mol/embryo/hr to 0pmol/embryo/hr with

considerable biological variation for each stage measured througihotitro

development of oocytes and embry{Sturmeyand Leese 2003)The pyrengechnique
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uses a closed system and so precludes dynamic experiments where compounds that

might modulate OCR can be added.

A selfreferencing electrode technique was used to measure the OCR of mouse embryos
(Trimarchi et al. 2000)The technique required the zona pellucida to be removed; an
invasive process. Trimarchi and colleagues reported that the proportion of oxygen
consumed by oxidative phosphorylation altdrdramatically during early embryonic
development, from 30% at early cleavage stages td@% at the blastocyst stage,

however the noamitochondrial oxygen consumption stayed constant throughout
development. Therefore, the cleavage stage embryo genetagsnajority of its ATP
through glycolysis, whereas the blastocyst relies on oxidative phosphorylatiefQ%Qof

oxygen consumed was not used to produce ATP during the early cleavage stages.

A scanning electrochemical microscopy technique was develop&dhitau et al(2001)

Bovine morulae with greater diameters had higher respiration rates than those with
smaller dianeters when measured by scanning electrochemical microscopy, suggesting a
link between metabolic activity and total embryo volume. This pattern was later
corroborated by Lopeand colleaguew/ho, using an electrochemical method (discussed

in detail inthe following section) found that day 3 and day 7 bovine embryos with above
average diameters had increased respirat{bnpes et al. 2005 urthermore Abe (2007)
found that respiration rates of individual embryos correlated with morphological quality;
higher ranked morulae tended to have greater OCR. A summary of reported OCR for

bovine blastocystis given below iTablell.
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3.1.8Nanorespirometry

Lopesand colleague®d t ARF G SR I G4SOKyAldzS OIFffSR Wyl
OCR of bovine single oocytes or embrflaspes et al. 2005 he system uses a

miniaturised Clark electrode mounted on a motorised mimanipulator and connected

to an oxygen sensor capable of 0.1umol/l resolution. Embryos are maintained@ir39
Hepesbuffered media for the duration of equilibration and oxygen profile measurement.
Pre-equilibration allows the buildip of a steady statef oxygen consumption, where the
concentration is lowest in close proximity to the embryo and highest at the media
surface. This gradient in oxygen concentration is measured directly by the oxygen sensor
and is converted to oxygen consumption in nl/hrandrespirometry does not affect the
viability of embryos, and hence could be a candidate for accuratejma@sive

measurement on a clinical or commercial sdalepes et al. 2005However, this

technique does involve removing the embryo from its culture group. Moreover, working
with the embryos under atmospheric gas conditiom$depesbuffered medium, may

perturb metabolism.

OCR OCR Reference Method
(pmol/embryo/hr) | (nl/embryo/hr)

58 1.3nl/hr Lopes 2005 | Nanorespirometer
Overstrom | SelfReferencing
67 1.5nl/hr
1996 Electrode
Thompson
31 0.7 nl/hr Pyrene
1995

Tablell: A summary of bovine blastocyst oxygen consumption from selected literature.
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Figurel4: Overview of nanorespirometry. An embryo is aspirated to a 5yl micropipet and
incubated at 38C under Hepes SOF for 1buringthis time the embryo settles to the

bottom of the tube and establishes a steady state gradient of oxygen consumption. The
oxygen concentration is measured in 200um intervals, moving towards the embryo. This
generates an oxygen profile, shown here as % oxygen saturation vs depth in pm. Example
data collected using Unisense A/S© SensorTrace Pro 3.0 and the nanorespirometer
sygem.
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Using nanorespirometry, Lopes et @ported that the OCR increased during

development, from 0.38nhr for day 3 embryos to 1.3nl/hr for day 7 embryos. In the

same study, it was claimed that blastocysts with a higher morphological quality tended to
have a higher OCR, with a mean of hlfi#. By contrast, blastocysts of lower

morphological quality had a significantly lower QC&oes et al. 2005¥hese data

suggest that, in terms of OCR, the embryos with elevated metabolism tend to be the most
viable. However this was based on subjective morphological analysis of blastocys

quality/viability.

The nanorespirometer method has revealed additional data which suggests that embryos
with higher quality grades have average respiration rates, with rogue high and low values

indicative of reduced viability in the bovirfeopes et al. 2005)
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In a later study, Ottosen and colleagues used nanorespirometryetdigirthe capacity of
early cleavage stage murine embryos to develop to expanded blastqQtsbsen et al.
2007) There were significant increases in oxygen consumption between the 4 cell to 8
cell stage and again to the morula stage, followed by a doubling in rate at the expanded
blastocyst stageln general, embryos that successfully reached the expanded blastocyst
stage consumed more oxygen than those that did not, though there was little difference
between viable and poor morphological quality 2 cell embryos. This supported previous

data colleted in murine embryogHoughton et al. 1996)

3.1.9Fluorometric techniques

While other fluorescence methods have been discussed above, so far the BD Oxygen
Biosensor System (BD OBS), employing a proprietary fluorophore quenched by oxygen,
has yet to be applied to oocytes or embryos. It has been used to assay oxygen
consumption ofsomatic cellg§Fraker et al. 200@nd spermatozoa from different bulls,
identifying differences in respiration which correlated with the return rate,

representing relative fertilitfGarrett et al. 2008)However the present research is the

first time the method has been applied to bovine oocytes and blastocysts.
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3.2Aims

As described above, several studies have assayed oxygen consumption by oocytes and
embryos, using aariety of methods, but a thorough assessment of the components of
oxygen consumption has hitherto yet to be performed, limiting our understanding of the
degree and possible effects of uncoupling and the capacity of embryos to adapt to
metabolic challenges’he aim of this chapter is to quantify the Api®ducing oxygen

consumption of bovine oocytes and embryos. This involved the following objectives:

W Evaluate two different methods of measuring oocyte and early embryo

oxygen consumption.

W Measure the noanitochondrial oxygen consumption of bovine embryos by

acute inhibition of mitochondrial OCR with myxothiazol

w Quantify the ATBroducing rate of oxygen consumption in bovine oocytes

and embryos using acute inhibition of ATP synthase alifomycin

w 5SGSNX¥AYS GKS WALI NBQ NBEALANI (2NE

treatment with the uncoupling agent,2-Dintrophenol

w Identify the contributions of the Tricarboxylic Acid Cycle to bovine embryo

OCR usingptenone, an inhibtor of complex I.
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3.3Materials andnethods

Unless otherwise describeoh vitro maturation and fertilisation of oocyte#) vitro
culture and grading of embryos and measurement of oxygen consumption by

nanorespirometry were performed as describeddhapter 2.

3.3.1Linearity of the BD Oxygen Biosensor System

Experiments using the BD OBS system were performed at either atmospheric oxygen
(21%) or 5% oxygen using the gas control module. Mean fluorescence interiy of
sodium dithionite controls was plottealongsidéblank Hepesuffered media 5% and
21% using data frorh separate experiments to form a®int standard curveo check

for linearity Figurel5).

3.3.2Validatian of the BD Oxygen Biosensor System

Prior to performing experiments using embryos, the BD oxygen biosensor system was
tested with 4 randomly assigned groups (30, 50, 60 and 80) of mature coggtalus
complexeqOCG) following IVM.The change in absolute oxygen (pmol) was calculated
FTNRY Ffd2NRaoOSyOS AyidSyaaride | O0O2NRAYy3I G2
Chapter2.2.2.9 andthe change in concentration normalised to individual OCC relative to
time as plotted belowKigurel6). The gradient of this curve is the oxygen consumption

rate inpmol/embryo/hr.

3.3.3Comparison of the BD Oxygen Biosensor System and
Nanorespirometer oxygen profiling methods

To validate whether the BD OBS method was accurate, and reproducible, multiple
oxygen consumption measurements of groups e¥iitno produced blasicystsat a range

of stages of expansionere performed for comparison with mean OCR data collected by
nanorespirometry, which has previously been validated with bovine embryos (Lopes,
2005).For analysis by BD Oxygen Biosensor System (BD OBS), blasteystssigned
randomly into groups of approximately 10. For analysis by nanorespirometry, blastocysts

were loadedndividuallyinto PCR micropipets. Nanorespirometer oxygen profiles were
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analysed using a manufacturer designed MS Excel program. BD OB&slataalysed

according to manufacturer guidance using MS Excel.

3.3.40ptimisation of solvent

Analytical Reagent (A.R.) Grade Absolute Ethanol was diluted in Hepes SOF to achieve
stock concentrations of: 0.01%, 0.1%, 1%, and 10% (v/v). Embryos were cultthred to
blastocyst stage as described in chapter 2 and assigned into groups of approximately 10
mixed stage blastocysts for analysis by BD OBS in 50ul HSOF, as described above. Basal
OCR of blastocysts was measured for 30 minutes &Bib OBS method, befoirgecting
increasing concentrations of ethanol in 5pl volumes to reach approximate final
concentrations of 0.001%, 0.01%, 0.1%, and 1% (v/v), again measuring for 30 minutes for

each treatment.

3.3.5Inhibitor preparation

A range of inhibitors were used to &s the components of oxygen consumption.

Details are given below ifiablel12.

Inhibitor name | Solvent Concentration| Site affected | Value ascertained
used

Oligomycin DMSO/Ethanol 0.05ug/ml ATP Synthase Uncoupled OCR

Myxothiazol Ethanol 1.6nM Complex 1l Nonmitochondrial
OCR

Antimycin A Ethanol 0.2uM Complex 1l Non-mitochondrial
OCR

2,4 Ethanol 10uM Proton Maximal OCR

dinitrophenol Gradient

(DNP)

Rotenone Ethanol 0.01puM Complex | Complex-
independent OCR

Tablel2: Summary of the inhibitorased to measure aspects of bovine blastocyst oxygen
consumption in this chapter
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3.3.6Coupledoxygen consumption

In order to establish the optimum concentration of oligomycin to be used OCR of a

group of 10 blastocysts was recorded prior to and after addition of increasing
concentrations of the ATP synthase inhibitor oligomy@iablel2). Groups of 10

blastocysts were loaded into the BD OBS plate and OCR was measured every 20s for one
hour at 485/600nm without mixing. After one hour, a vehicle control solution of DMSO
was inected into the sample wells and OCR read for another hour. The injector was
manually washed to remove the DMSO solution and primed with 0.05ug/ml oligomycin in
HM. This procedure was timed for exactly 5 minutes to maintain an identical interval
between mesurements. Measurements were taken for a further 20 minutes before
injecting 0.005ug/ml of the oligomycin and OCR measured for 30 min. This step was
repeated for 0.05pg/ml and 0.5pg/ml oligomycin.

These experiments were repeated with oligomycin solsé&din 100% Htanol n=40

across 4 independent experiments.

3.3.7Nonmitochondrial oxygen consumption

Non mitochondrial OCR was determined by addition of myxothiazol or antimycin, both
inhibitors of complex IfTablel2). Following basal OCR measurement by BD OBS, 0.001%
ethanol (vehicle control) was added to the well containing groups of ensbayal basal

OCR measured for &in. After this, increasing coeatrations of myxothiazol in Hepes

SOF in the range 0.486nM Garrett et al. 2008)vere injected and OCR measured for
20minin the same wayMitochondrial OCR was calculated by subtracting myxothiazol
treated OCR from bas@CR.

For antimycin treatmentblastocystsvere profiled using nanorespirometry (n=20) across
4 independent experiments-ollowing measurement of basal OCR in the presence of
0.001% ethanol, measurement of the same embryos was repeated following treatment
with increasing concentrations of antimycin in Hepes SOF in the rangA\d2in line
with concentrations used in embryonic stem cells as describd@ioket et al. 2011The
OCR of 20 individual blastocysts was measured before and after treatment with 0.2uM
antimycin A across 4 dependent experiments from 3 independent IVP cohorts.
Mitochondrial OCR was calculated by subtracting antimireiated OCR from basal OCR.
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3.3.8Maximal rate and spare respiratory capacity

Maximal OCR was determined usiD§iP, an ionophore that abolishes theofon

gradient, removing all regulation of mitochondrial OCR and forcing mitochondria to
consume the maximum volume of oxygen. Embryos were first titrated with increasing
concentrations of DNP in Hepes SOF in the rangeD00uM(Machaty et al. 2001ip

determine the optimal concentration.

Maximal OCR was determined using nanorespirometry (n=14) across 3 independent
expaiments. Following basal measuremebtastocysts were treated with 10uM DNP,
increasing OCR. Spare respiratory capacity was caldddgtsubtracting the basal OCR

from maximal OCR for each blastocyst.

3.3.9NADH and FADHIependentOCR

NADHdependent OCRas determined by addition of rotenone, an inhibitor of complex I,
which receives electrons from NADH ofiliable12). To determine the optimal
concentration of rotelne, a group of 30 blastocysts were first profiled by BD OBS.
Following basal OCR measurement, 0.001% ethanol (vehicle control) was added to the
well containing groups of embrgaand basal OCR measured fom2@ After this,

increasing concentrations obtenone in Hepes SOF in the range 0:QQM, in line with
concentrations used in embryonic stem cells as describd@inket et al. 2011)vere

injected and OCR measured fom2id in the same way.

Next, individual embryos were profiled using nanorespirometry. Following measurement
of basal OCR in the presence of 0.001% ethanol, measurement of the same embryos was
repeated following treatment with 0.01uM rotenone in Hepes SOF. Complex | orNADH
dependent OCR was calculated by subtracting the remaining OCR from basal. Complex Il
or FADHdependent OCR was calculated by subtracting the complex | dependent value

from estimated coupled OCR basedkigure20; 66% of basal OCR.
Basal OCRRotenone-insensitive OCR = Compledependent OCR
Basal OCR x 0.66 = Estimated coupled OCR

Estimated coupled OGRComplexddependent OCR = Complexiépendent OCR
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3.3.10Statistical analyses

Data were compared between groups by ANOVA with08tO0 . 2 Y FSNNR Y A (i
test in the case of unequal groups. Significance thresholdpw@<95.Specific details of

numbers of observations and replicates are given in appropriate figure legends.
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3.4Results

3.4.1Linearity of the B[@xygen Biosensor System

Mean fluorescence intensityf the sodium dithionite contraht 0% oxygen was
215209+1806, while blank media at 5% oxygen was 20342511146, decreasing to
472871825 in blank media at 21% oxygen. Plottmg data as a standard curve
produces a trend line with?£0.97(Figurel5). Plotting this data as a standard curve
suggests that the change in fluorescence of tie@BS in response to changing oxygen

concentration is linearHigurel5).
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Figurel5: Validation of the linearity of the BD OBS system. Drata 5 separate
experiments conducted at 5% or 21% oxygen withresponding 0% oxygen controls

data shown as meaimtensity+s.e.m. 0%0,: 2152091186, 5%0,: 203425+114621%
0,: 4728711825
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3.4.2Validation of the BIDBSsystem with OCCs

Figurel6A shows that fluorescent signal increased over time, in response to depletion of
oxygen Figurel6B) and was able to detect the oxygen consumption of as few as 30 OCCs
(Figurel6Q). Change inlfiorescence over time correlates with the number of OCCs per

well. Figure 5C also shows that when OCR per oocyte is largely equivalent regardless of

group size.
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Figurel6: Analysis of OCR of different populations of bovine QGiDg the fluorescent

BD OBS method. A) Change in fluorescence over time B) Change in oxygen concentration
over time C) Individual OCR of OCCs measured in different population sizes {88m 30
OCCs per group. Mean value = 38.8. Measured individual ®0was not different

dependent on population size=0.9.
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3.4.3Comparison of blastocyst OpRfilesby
nanorespirometryand BD OBS

The mean OCR value for groups of mixed stage blastocysts measured by BD OBS was
27.2+2.9omol/embryo/hr, while the mean OCR of single blastocysts of mixed stages
measured by nanorespirometry was.71.3pmol/embryo/hr Figurel?), with no

significant difference between the two measurement typps(.9). These values are

comparable to published daf@opes et al. 2005)
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Figurel?7: Comparison of OCR measured by nanorespirometer and BD OBS methods.
Nanorespirometryn=97 individual blastocysts measured acra§sndependent

experiments, BD OBS n= 40 blastocysts in groups of 10 across 4 independent experiments
Presented as mean OCR (pmol/embryo#iste.m: NR21.7.6+1.3; BD OBS: 2742.9.
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3.4.40ptimisation d solvent for respiratory inhibitor
experiments

Figurel8A shows that 0.005% (v/v) dimethyl sulphoxide (DMSO) had no significant effect
on blastocyst oxygen consumption rate as measured by BD@B88)(Figure18B shows

that injection of 0.001% analytical reagent (A.R) grade ethanol in Hepes SOF significantly
reduced OCR from a basal level of 26.7 tpMél/embryo/hr (p=0.001).Injection of

higher oncentrations of ethanol abolished OCR entir@lgurel8B). However, oxygen
consumption of bovine blastocysts in the presence of molecular biology (M.B.) grade
absolute ethanol in Hepes SORY.5%) was 19 gmol/embryo/hr, which did not differ
significantly from basal OCR measurement (@8@l/embryo/hr; p=0.3)
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Figurel8: The effect of common solvents on blastocyst OQdta presented as OCR
(pmol/embryo/hr)xs.e.mA) The effect of DMSO on grouped blastocyst OCR measured
over 3 independent experiments (n=3@) The effect ofA.Rgrade ethanolon blastocyst
OCR measurealverseven independent experimen{e=70. Mean OCR decreased from
26.7+2.2 to 9.63.4 on addition of 0.001% ethanol. Injection of higher concentrations of
solvent ablated OCK)The effect 00.001%dV1.B grade ethanol on blastocyst OCR
measured over 3 independent experiments (n=30). Mean OCR decreased frath 8.2
19.A43.
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3.4.5Non-mitochondrial oxygen consumptiaiate

Addition of 1.6nM myxothiazol reduced OCR from 2prédl/embryo/hr to
1.50mol/embryo/hr, abolishing 95% of OCR compared to the solvent corfiigli{el19A-
B). Injecting higher concentrations of myxothiazol ablated embryonic oxygen

consumptionentirely, suggesting toxicity above 1.6nM.

As described in section 3.3.6, titrating antimycin concentration from 0.02uM, 0.2uM and
2uM dramatically altered OCR. tAe lowest concentration, 0.02uM, OCR was reduced
by 60% from 28#56.9 to 11.33.3 pmol/embryo/hr. By comparison, Qu® antimycin
consistently reduced OCR by 88% tat2.@pmol/embryo/hr (p=0.006)while 2uM
consistently reduced blastocyst OCRzémo and was likely toxi€igure190). Therefore,

0.2uM was used in subsequent experiments.

Figure 18D shows théhe meanOCR in the presence wéhicle control was 2€3.6
pmol/embryo/hr, which fell to 23+1. pmol/embryo/hr after addition of 02uM antimycin
A (p<0.002. This suggests that 12.8% of basal OCR wasmimthondrial (Figure 18E)t
should be noted that on a few occasions, antimycin treatment reduced OCR to zero.
These embryos were not included in the calculation of-natochondrial OCR as it is

likely that they died during the assay, thilés wasnot true OCR.
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3.4.6Coupled oxygen consumption

As shown irFigure20, addition of0.05ug/ml oligomycinhad no effecion overall OCR

while concentrations above Q4/ml abolished oxygen consumption entirely, suggesting
toxicity. Therefore, 0.0%g/ml was selected as the appropriate concentratidvhen this

was added to groups of 10 blastocystXCR was reduced froi®.7+2.8pmol/embryo/hr

to 6.4+2.3pmol/embryo/hr (Figure20B). The coupled rate of oxygen consumption was
determined to bel3.3t0.7pmol/embryo/hr (Figure20B), suggesting that 66% ofvitro
produced bovine embryo oxygen consumption is coupled to ATP production, while 33% is

uncoupled Figure20C).
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Figure20: The coupled and uncoupled OCR of bovine blastoci$@ligomycin titration
using a group of 10 blastocysB)Oligomycin sensitive proportion of OCR (n=40, 4
independent replicates). Coupled rate calculated as basalqQ@G§omycintreated OCR.
Data presented as mean O£&R.mC)Coupled (32.6%) and uncoupled rate (67.4%) as a
percentage of basal OCR.
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3.4.7Maximal rate and spare respiratory capacity

Individual embryos had varied basal OCR between 4.5 apth8Bembryo/hr, however
OCR consistently and significantly rose after addition of DNP4@gmol/embryo/hr),
p=<0.001(Figure21). Mean OCR increased from 1#&2A.50mol/embryo/hr to 32.32.7
pmol/embryo/hr following addition of DNHF{gure21A). The difference between the

basal and maximal values, known as the spare respiratory capacity, was
15.2omol/embryo/hr. This suggests that basal OCR accounts for 53% of maximal OCR,
with a47% spare respiratory capacifyiure21B).
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Figure21: Maximal respiratory rate and spare capacity of bovine blastocysts. R) OC
increases to maximal following DNP treatm@ot<0.001 n=14; 3 independent
replicates) BRoarerespiratorycapacity ascalculated by subtracting basal from maximal
OCR. Data psented as individual OGR) and % maximal OCB).
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3.4.8NADHdependent OCR

Addition of 0.01uM rotenone reduced threeanOCR from 16.5pmol/embryo/to
7.1pmolembryo/hr, a reduction of 57%Hjgure22). This analysis was subsequently
repeated using nanorespirometry on individual blastocysts. Mean basal OCR fell from
27.7+1.6pmol/embryo/hr, to 11.680.9mol/embryo/hr following treatment with 0.01puM
rotenone Figure22). This suggests a mean complext NADHlependent OCR of
16.2+1.1pmol/embryo/hr, or 58% of basal OCR.

A 70 -
60 -
50 -
40 -
30 -
20 -

N = m

OCR (pmol/embryo/hr)

Basal Rotenone Rotenone Rotenone Calculated
0.001pM 0.01pM 0.1pM Complex |
Treatment rate
B C

50
. & @
£ O O
=
S 30 A
: 0 o0
©°
B e o)
= 000000
(s}

o 000

(_) W % Rotenone-resistant
0 T et @ % Complex |
Basal Complex|
(Rotenone-sensitive)
Treatment group

Figure22: Complexddependent blastocyst OCR) The effect of increasing
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sensitive or complexdependent OCR of single blastocysts C) Overall complex |
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3.5Discussion

3.5.10verview

The aim of this research was to quaptihe components of oxygen consumption rate
(OCR) in individual bovine blastocydh order to do this, the following experimental

sequence wasompleted

1 Validated the use of the BD Oxygen Biosensor System to measure OCR of groups
of embryos against namespirometry

1 Optimised the use of solvents for respiratory inhibitor experiments

1 Measured noAmitochondrial OCR of bovine blastocysts using myxothiazol and
antimycin A.

7 Calculated the amount of OCR coupled to ATP synthesis in bovine blastocysts
usingthe ATP synthase inhibitor oligomycin.

1 Determined the maximal rate and spare respiratory capacity of bovine embryos
using the uncoupler protonophore£Dinitrophenol.

1 Identified the contributions of tricarboxylic acid cycle products NADH and £FADH

to OCR usimthe complex | inhibitorotenone.
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3.5.2Bioenergetic profile of bovine blastocysts.
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Figure23: Bioenergetic profile of bovine blastocyst oxygen consumption. Percentage
contribution of each component was calculated usingthe preceding data.

Analysis of oxygen consumption using a range of inhibitors has reviealde first time

a comprehensive andetailed breakdown of the fate of consumed oxygen by the bovine
blastocyst, which is summarisedkigure23. Spare respiratory capacity allows a potential
89% increase in OCR. This might be of importance during high energy demand processes
such as blastocoel expansion, actagf Wo dzZF FSND G2 Syl ofS 1 ¢t
mitochondrial oxidative phosphorylation tagrease on demand. Around 21% of basal

OCR is uncoupled from ATP synthesis but not used bynitmchondrial processes and

may contribute to ROS generation, or haveaternative role such aactivity of oxygen

consuming enzymes such as membrdmoeind NAPH oxidaséManesand Lai 1995pr
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peroxisomal enzyme activity. Finally, 66% of basal OCR is coupled to ATP production, with
the majority, 58% of basal, coming from electron flow from NA®Ebimplex | and the

remaining 8% of basal from electron flow from FABiHcomplex II.

3.5.3Linearity of the BD Oxygen BiosenSgstem

Data recorded using the BD Bioscience oxygen biosensor system (BD OBS) at 0%, 5% ant
21% oxygen across 5 different exipeents were plotted to form a-point standard curve
with r’=0.972 Figurel5). This suggests that the change in fluorescence of the BD OBS in

response to changingxygen concentration was linear.

3.5.4Validationof the BD Oxygen Biosenssystem

The BD Bioscience oxygen biosensor system (BD OBS) has previously been applied to a
wide range of somatic cell typ€#/odnicka 2000; Stitt et al. 2002; Guarino et al. 2004;
Fraker et al. 2006however this is the first time the system has been used with
mammalian embryodnitially, the system was tested with 4 groups of mature OCCs,
ranging fom 30;80 OCCs per well to establish sensitiyitgtential toxicity and
reproducibility. The system was sufficiently sensitive to detect the OCR of 30 bovine
OCCs, though increasing the number reduced an observed fluctuation in the fluorescent
signal, sggesting thahavingmore biological replicates reduces heterogeneity;
alternatively the lower limit of sensitivitnay have been reached’he system also gave a
similar value for OCR per OCC regardlesiseaiumber(mean 5%mol/embryo/hr),
suggesting dicient reproducibility to compare different groups of OCCs or embryos

where appropriate.

On the basis of signal variabilifyigurel6B) it was decided that 50 OC@s group was

the optimum group size for further experiments addition all assayed OCCs were
returned to cultureafter assayand fertilised as normal, resulting in similar blastocyst

rates to control cognate OCCs not used in the experiment. The, BOsQierefore a
sensitive, robust, nomoxic method for measuring OCC oxygen consumption and could be

used to measure embryo OCR.
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3.5.5Comparison ofechniques

In addition to the BD OBS system, it was possible to use a hanorespirdinepers et al.
2005)to measure OCR. This methisdechnically challenging, but allowed tl@CR to be
measured on individual embryok was necessary to confirm that mean OCR values for
individual blastocysts did not differ accordingtbee method of assayAs shown in Figure

17, there were no significant difference between the two measurement types (p=0.9).

These data are broadly comparable to published findings. For example, when expressed
asnl/embryo/hr, mean OCR as measured by nanorespirometry wanBembryo/hr,
compared tathe 0.7l/embryo/hr reportedby Thompson et al. (1996singthe pyrene
method and slightly lower thathe value ofl.3 nl/embryo/hr published by Lopes et al.
(2005) or 1.8nl/embryo/hr published k¥an Hoeck et al. 2011)oth using
nanorespirometry. Th&e modestifferences in OCR between published reports could be
due to differences in culture technique, whibhvebeen welldescribed as having an

impact on embryo metabolisr{Takahashand First 1992; Gardneand Sakkas 1993;

Leese 1995Gandhi et al. 2001)

3.5.60ptimisationof solvent for respiratory inhibitor
experiments

The majority of publications using water immiscible respiratory chain inhibitors such as
oligomycin and DNP report using DMSO as the vehicle, without significant negative
effects on somatic cell, stem cell or embryo physiol@dgrvey et al. 2004; Birket et al.
2011) In initial experiments, treating embryos with DMSO using the plate reader injector
system had no significant effect on embryo OCR, hence DMSO was chosen for respiratory
inhibitor experiments. Howevegddition of DMSO to the nanorespirometer lead to
irreparable damage to the probe. Furthermore, DMSO has been reported in a variety of
systems to interfere with gene expressi@ibavid et al. 201Pandincrease oxidative

damage byconvering hydroxyl radicato methyl radicals, which can react with ©

form more reactive secondary radicgBurkittand Mason 1991;)factors which could

interfere with physiological measurement of oxygen consumption. Consequently, DMSO
was extuded from further experiments anethanol was tested as an alternative

(Trimarchi et al. 2000)
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Atitration experimentwas therefore carried out in whidncreasing concentrations of
analyticalreagent (A.R) grade ethanol, rangimgni 0.0001% to 1%yere tested for their
effect onbovine blatocyst oxygen consumption raté/hen this was don®CR was
greatly reducedat all concentrations includinthe lowest in which themean basal OCR
of 20 blastocysts reduced by 60% atdition of 0.001% ethanol iklepes SOF (1jd\).
Injection of higher concentrations of ethanol abolished oxygen consumptaonpletely
andwaslikely toxic to the blastocystéloweverwhen repeated with molecular biology
grade ethanol, no detrimental effect was observétiis observéion was confirmed in
subsequent experiments where Molecular BiolglyyB.)gradeethanolwas used as a
vehicle and shown not to affect ongoing embryo developméns possible that the
analytical reagent grade ethanol contained impuritsegh as methanol which interfered
with embryo metabolisnfAndrews et al. 1993; Abbott et al. 199H)1.B.grade ethanol
was therefore chosen as an appropriate solvent for solubilisation of water immiscible

chemicals used in the determination of oxygen consumption.

3.5.7The nonamitochondrial OCR of bovine blastocysts

The majority of total oxygen consumption in the bovine blastocyst is due to mitochondrial
oxidative phosphorylationhowever a significant portion has been reported to be
consumed by nomitochondrial processes, such as oxygensuming cyclooxygenase or
NALCPH dehydrogenase@rimarchiet al. 2000; ManeandLai 1995)Addition of1.6nM
myxothiazol reduced mean OCR of 20 blastodysta 29.55to 1.50mol/embryo/hr,
abolishing 95% of OCR compared to the solvent control. This suggests that the remaining
5% of blastocyst OCR is used in-naitochondrial processes. Treatment with higher
concentrations of the inhibitor caused a decrease in #isgent signal, reflecting an

increase in oxygen concentratig@uarino et al. 2004)rhis suggests that at higher
concentrations the inhibitor is toxic and thesting loss of respiring embryos removes

the site of oxygen consumption. As the BD OBS is an open system, this change allows
oxygen to diffuse into the well down the concentration gradient, returning it eventually to

ambient concentration.

In order to canfirm the data for noAmitochondrial oxygen consumption obtained from
blastocysts cultured in groups, individual embryo respiratory measuegs performed.

A second inhibitor of complex Ill, antimycin, was used in order to compare the effects of
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inhibiting mitochondrial respiration at a different stage of the Q cyEigyrel3).
Furthermore, this was an opportunity to compare publistiada of mitochondrial OCR in
mammalian embryos using the same inhibi{@rimarchiet al. 2000) Addition of 0.2uM
antimycin in Hepes SOF caused the mean blastocyst OCR to fall tdtii 26
pmol/embryo/hr to 2.3t1.3pmol/embryo/hr, suggesting that the true mean
mitochondrial OCR was 244 1pmol/embryo/hr. From these data, it may be concluded
that 12.8% of blastocyst OCR was used for-mitochondrial purposes. This is higher
than was dserved using myxothiazol. However, individual blastocyst data collected using
nanorespirometry is likely to be moreliablethan data for groupsaising fluorescence as
the nanorespirometer is a more sensitive system and blastoaygisoupanalysisvhich
may be more sensitive to toxic effects of the inhibitor cannot be detected and removed

from the BD OBS analysis.

The proportion of mn-mitochondrial OCR was similarttzat in many somatic cell types

at around 10%Porterand Brand 1995; Wu et aP007; Affourtitand Brand 2008; Amo et

al. 2008; Kenney et al. 2014d)d significantly lower than the 23.2% reported for

embryonic stem cell@Birket et al. 2011)The noamitochondrial component of oxygen
consumption observed here was lower than that reported previousiyunine
blastocystgTrimarchiet al. 2000) in that study, 30% of blastocyst OCR was insensitive to
cyanide or ImM antimycin A treatment, inhibiting complexes IV and Il respectively. The
proportion of nonmitochondrial oxygen consumption reported hyimarchiet al. (2000)

is in agreement with the work of Manes and Lai (1995), who determined that 30% of
rabbit blastocyst OCR was caused b@kproducing oxygenase enzymes, reporting

activity of an unidentied NADPH oxidase and identified superoxide and peroxide radicals
present on the blastocyst surfa¢®lanesandLai 1995) These processes might include
enzymatic activity, such as NADPHhyldrogenase, cyclooxygenases and xanthine

oxidase. Thelifferencesbetween the present data and that reported by Manes and Lai
may arise from species differencé3ther metabolic pathways also differ between

species, for example murine embryos consumeiigantly less glucosand pyruvate

than bovine(LeeseandBarton 1984; Leese et al. 198&)rther investigation comparing
mitochondrial OCR between different mammalian species such as human, sheep and pig

is clearlyrequired
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3.5.8Coupled OCR of bovine blastocysts

The mean basal OCR of groups of 10 bovine embryos with multiple degrees of blastocyst
expansion wad9.7+2.8omol/embryo/hr or 044nl/embryo/hr, a value comparable tihe
dataof Lopes et al(2005) Treatment with 0.05 pg/ml oligomycheduced the OCR to
6.4+2.3 pmol/embryo/hr; approximately33% of total. While this figure is in agreement

with studies in somatic cel(8randandNicholls 2011)it remains surprising to find that

only 66% of OCR in vitro produced bovine blastocysts is coupled to ATP synthesis since
it is often assumed that more viable embryos tend to have lower overall metabolism
(Leese 2002and an embryo with high uncoupled OCR must increase its overall OCR to
maintain sufficient ATP production . It is tempting to speculate that the ratio of coupled

to uncoupled oxygen consumption imdividual blastocysts will have a role in embryo
viability. For example, an embryo with a greater than average proportion of coupled OCR
could be expected to produce enough ATP for basal metabolism and development while
consuming less exogenous and endogeas substrate and producing less ROS by leaky
respiration. In contrast, an embryo with a greater than average proportion of uncoupled
OCR could be expected to produce greater levels of ROS, increasing lipid peroxidation,

DNA damage and the amount of AHuired for repair of this damage.

The present dataHigure20B) also enable rterpretation of previously published data.
For example, we can consider the widely accepted data of Thompson(£996), who
reported total blasbcyst OCR of 0.9 nl/emyo/hr (40.2 pmol/embryo/h). If coupled OCR

is 66% of total, coupled OCR was p#ndl/embryo/hr. The quantification of the coupled
proportion of oxygen consumption suggests that ATP production is lower than previously
thought, for exampléerhompson et al1996)reported 22Jmol/embryo/hr ATP, a value
calculated from total OCR. However, using the coupled OCR g@fr26l/#mbryo/hr and

the P/Omax = 2.4 (per single oxygen), total ATP production by OXPHOS is 26.5 x 4.8 =
127.3mol/embryo/hr ATP. Furthermore, we can estimate ATP production from aerobic
glycolysis, since 1 mole of lactate equates to 1 mole of ATP. iTmasyidual bovine
blastocyst lactate productiowas31.9mol/embryo/hr, again as determined by

Thompson et al(1996), ATP produced from glycolysis is tx@®l/embryo/hr, giving a

total production of 127.3 + 31.9 = 159120l/embryo/hr ATP. This value is significantly
belowthe valuereported by Thompson and colleagues (1996) in the absence of

information relating to coupled OCR. However, using the newly calculated figures,
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approximately 20% of ATP is produced by glycolysis, while 80% ATP is produced by
coupled OXPHOS. This is broadly in agesg with SturmeyandLeesg2003) who
reported that the overwhelming majority of ATP in the porcine blastocyst came from
oxidative processeslespite not having @ess to data on the ratio abupled: non
coupledOCR

It should be notedhat since oligomycin treatment slightly increases proton leak by
inhibiting phosphorylation of ATP, the calculated coupled rate may be artificially lower
than the true value; an wvoidable effect of the experimental interventigAffourtit and

Brand 2009; DivakaruandBrand 2011)

3.5.9Maximal rate and spareespiratory capacity

Spare respiratory capacity, which may be describegragidingthe ability of oxidative
metabolism to adapt to changing ATP dem#gBdandandNicholls 2011) was

determined by meastng OCR in the presenceDNP. Basal OCR was
17.1+2.50mol/embryo/hr, while maximal OCR following DNP treatment was
32.3:2.7pmol/embryo/hr. The spare respiratgrcapacity of bovine blastocysts was
therefore32.317.1 = 15.pmol/embryo/hr, or 47% of maximal OCHdure21). In other
words, under control conditions, the bovine blastocyst used only 53% of its possible
maximal oxygen consumptiolVhile there was high individual variation between
embryos, it isnteresting to note that the mean percentage change was similar for that
established using the BD OBS method above

As 33% of basal OCR is uncoupled from ATP synthigise0), thisimpliesthat the

bovine blastocyst uses only 35% of its potential maximal oxygen consumption for energy
metabolism. Individual embryos had wide ranging basal OCR between 4.5 and
38pmol/embryo/hr; however all exhibited a dramatiiccrease in OCR on DNP treatment,
which roseto between 14 and 48mol/embryo/hr. Individual variation in sensitivity to

the uncoupler FCCP by murine embryos has previously been reporfedhtgrchi et al.
(2000) so it is possible that the precise concentration of DNP was not ideal in all cases.
However, in the interest of controlling the independent variable, the concentration of
DNP was titrated using a groop 20 blastocysts to find the most appropriate

concentration for the majority.
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A large spare respiratory capacity is common in cell types whaphire variable ATP

demand, including neurons, muscle cé¥adavandNicholls 2007; Choi et al. 2009;

Flynn et al. 2011and most likely, embryos. Spare respiratory capacity in bovine
blastocysts was measured as 89% over basal, much lower than somatic cells with dynamic
ATP demand, such as rat neurones, with a spare respiratory capacity of 217% over basal
(BrandandNicholls 2011)However this still represents a relatively large buffer for

energy demand processes in the embryo. Additionally, the maxim@li©Meoretically
dependent to some extentpn the number of mitochondria anithus may be fixed during
embryo developmen{Van Blerkom 2011 Conversely a small spare capacity suggests
mitochondrial dysfunction. Indeed, maximal OCR is also fixed throughout the early
cleavage stagedrimarchi et al. 2000While basal OCR differs between species, similar
fluctuations in OCR throughout pimplantation developmenhave been reportedn
mouse(Houghton et al. 1996 porcine(SturmeyandLeese 2003and bovineembryos

(Lopes et al. 2005)

This spare respiratory capacity may be vital to support the changing energy demands of
the developing pramplantation embrycand throughout the cell cycles of individual
blastomeres As the number of mitochondria is fixed during this period of development,
the maximal respiratory capacityiayalso remain fixed. This large potential reserve may
therefore be necessary for thmudden anddramatic increase in energy demand on
blastocoel expansion, caused by increasing protein synthesis, differentiation, growth and
activity of the N¥K" ATPas¢Donnayand Leese 1999Membrane potential differs
betweenmitochondria inthe inner cell mass and trophectoderm cells; the

trophectoderm, which wiltontributeto the placenta, consumes significantly more
oxygen, contains ~80% of the total embryonic ATP and significantly more mitochondria,
which tend to be more polarised than the comparatively quiescent ICM, from which the
foetus will develogdHoughtonet al. 1996; Houghton 20067 his distribution may help
restrict ROS production in the ICM and developing postimplantation embryo until ATP
demand increases, while the TE and resulting placenta are much more metabolically

active.
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3.5.10NADH and FADHIependant OCR

Having established the coupled rate of oxygen consumption in individual embryos (76%),
it was decided to quantify the relative contributions of respiratory complexes | and Il to
the coupled rate. As complex | accepts electrons from NADH only angleoihfrom
FADH only, this provides an insight into the activity of the TCA cycle in the bovine
blastocyst. Addition of 0.01uM Rotenone, an inhibitor of complex I, caused individual
blastocyst OCR to fall from 2ZT.6pmol/embryo/hr, to 11.60.9mol/embryo/hr; a
reduction of 58%HKigure22). This suggests that 1gol/embryo/hr or 58% of total OCR
is generated bgomplexl activity, which rquires electron transfer from NADH.66%

OCR is coupled, the difference between the two, that is-68%-8%o0r
2.2pmol/embryo/hr of embryo OCR due tmmplexll, which requires electron transfer
from FADH The ratio of OCR due to complecoimpared to Il is 58/8&25. This is
unsurprising as NADH is more abundant in the mammalian cell thanFtkieHKrebs

cycle theoretically producing four times as much NADH as FamHnoreover, electron
transfer from FADkreleases less energy thémat from NADHBerg et al. 2002)t is
possible that experimental analysis of this relationship using malate would result in a
different FADHRdependent rate due to the deleterious effects of experimental
manipulations and the technical difficulties of performing both analyses on the same

embryo; it is likely that the ratio is specific to each embryo.

3.5.11Linking components of oxygen consumption fBPA
supply

From the relative proportions of oxygen consumption reported above, it is possible to
recalculate components of ATP supply assuming that 1) the ADP phosphorylation/oxygen
reduction ratio P/Omax2.4 (Brand et al. 2005) the average bovine blastggt hasan
OCR 027.232.9pmol/embryo/hr (Figurel?); 3) that 3pmol/embryo/hr ATP is
produced by glycolysi@hompson et al. 199&nd 4)66% of total OCR is coupled to ATP
synthesis as reported abovEigure20). Thus, the coupled OCR wapi®l/embryo/hr,
which can, theoretically support the generation of approximatelgr@6l/embryo/hr
ATP. The NAD#ependent Complex I, contributing 58% of tloéal oxygen consumption,
accounts for approximately pdnol/embryo/hr of oxygen consumption and
76.8mol/embryo/hr ATP production. This suggests that FA@#bendent complex Il
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accounts for pmol/embryo/hr G and 4.&mol/embryo/hr ATP produced. Total RT
production per blastocyst including glycolysis waspti8l/embryo/hr, such that
oxidative phosphorylation accounts for approximately 72% of bovine blastocyst ATP

production.

3.5.12Evaluation of methodology

In many somatic cell types, it is possible to treells sequentially with a range of

inhibitors over a short period of time to calculate several components of oxygen
consumption(BrandandNicholls 2011)By contrast, individual embryos were less robust
in withstandng manipulation of mitochondrial function without death or complete
dysregulation of energy metabolism. Early experiments attempting a similar approach by
nanorespirometry failed as individual embryos must be-@geilibrated, with inhibitor

for an hour before measurement can be made. Attemptirsgeond profile with a new
inhibitor gave varied responses between embryos, but most often the embryos became
unstable or ceased respiring altogether. In both experimental methods, it appeared that
treatment of embryos with two inhibitors in series result in toxic effects. Separate

experiments were thereforaisedto improve accuracy.

3.5.13Strengths andimitations

Chapter 3 describes a detailed breakdown of the fate of consumed oxygen in the bovine
blastocyst. Embryos responded consistently to the individual inhibitors in thergments
detailed above. However, embryos tended to be sensitive to the toxic effects of multiple
inhibitors in series, preventing analysis of multiple components, such as uncoupled and
non-mitochondrial OCR, in the same embryos. This approach is pos#tiblsomatic cells
(Birket etal. 2011)out embryos may be more sensitive to metabolic poisons, or toxicity
may be exacerbated by the 1hr equilibration time between nanorespirometer profiles.
The BD OBS method may be more appropriate for a multiple inhibitor approach, but
inhibiting oxidative phosphorylation tends to reduce the OCR below the lower limit of
sensitivity using the number of blastocysts tested to date. Furthermore, repeating each
bioenergetic profiling experiment with different preimplantation stages, such as zygote,
pre-EGA cleavage stages or morulae, could illustrate dynamic changes in energy demand

and OCR during preimplantation development.
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3.5.14Conclusion

This chapter reports a detailed breakdown of bovine blastocyst oxygen consumption,
which reflects the dynamic naturd mmammalian embryo energy metabolism. Most

oxygen is consumeid response tdhe activity of theNADHdependentcomplexl, with a
smaller proportion by FADHIependentcomplexll. The activity of these complexes is
coupled to ATP synthasetavity, producing sufficient ATP to meet the energy demands of
the blastocyst, including protein and DNA synthesis, cell division and structural changes.
However, a sizeable proportion of oxygen consumed, which varied between individual
embryos, is uncoupd from ATP synthesis. A small proportion of this is due te non
mitochondrial oxygen consuming processes, such as cyclooxygenases, but the remainder
Ad LI NBydte RdzS G2 LINRG2y WESIHF1Q FyR L3
protein and lipid throghout the embryo. Finally, the blastocyst maintains a significant
spare respiratory capacity, allowing an increase in coupled rate, perhaps in order to
accelerate ATP production during eneidgmanding processes such as blastocoel

expansion.
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4 The effects of manipulatinigovine

embryo lipid metabolism
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4.1 Introduction

4.1.1Fattyacidmetabolism

Cellular fatty acids are stored in uncharged lipid droplets composed of triacylglycerol
esters (TGs). In adult mammals, most TG is stored in the adipocyte; a specialised cell
composed almost entirely of a single large lipid droplet. However, mammaliantesocy

from many species contain comparatively high quantities of lipid stored as droplets in the
ooplasm(Kruip et al. 1983; Cran 1985; Abe et al. 2002; Leroy et al. 2005; Sturmey et al.
2006; Aardema et al. 201,Wvith considerable inter spés variation (Table4). It has

been suggested that, on the basis of oxygen consumption, there is sufficient lipid to
support the metabolic requirements of oocyte maturation as a sole energy source
(Sturmey et al. 2009b). For example, oxidation of eaclerabpalmitate (GHs20.)

produces net 106 moles ATP. The stoichiometry of the complete oxidation of palmitate is

as follows:
PalmitoylCoA + 7 FAD + 7 NAEY CoA + 7 A 7 FADK+ 7 NADH + 8 AcetlloA + 7 H

Producing the following proportions of ATP

Product/Procesg No. produced per | Moles ATP produced | Net ATP produced
mole palmitate per oxidation

AcetytCoA 8 10 80

NADH 7 2.5 17.5

FADH 7 15 10.5

Total ATP 108

produced

Initial activation -2

Total Net ATP 106

produced

Tablel3: Stoichiometry of ATP production from the oxidation of 1 mole palmitate.
Palmitate activation to palmitoyCoA requires 2 moles ATP. Data reproduced f{rand

1994; Meisenbergnd Simmons 2011)

Until relatively recently, the importance of the endogenous lipid store in oocytes has

been largely overlooked, however a growing body of research has highlighted the vital
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role of fatty acid metabolism in embryo developmégBturmey and Leese 2003; Sturmey

et al.2009)

Species | Triglyceride content

(ng/nl volume of oocyte)

Pig 37.3
Sheep 21.2
Cow 15
Mouse 6.25

Tablel4: Mean oocyte triglyceride content ohammalian species. Data reproduced with
kind permission from H.eese (2012)

Oocyte development from the primordial to a poxulatory follicle housing an oocyte in
metaphase Il involves periods of growth, nuclear unation and cytoplasmic
development, however the precise period when the oocyte accumulates endogenous
lipids is largely unknownn vitro, the final stages of oocyte maturation are the most
susceptible to modification of cytoplasmic lipid contelRérguson and Leese reported
that triglyceride content of bovine oocytes decreased frortbh37ng to 46:0.851g
duringin vitro maturation (FergusorandLeese 1999)In traditional cell or embryo
culture, the major source of fatty acids in the medium is foetal calirse{-CS) or bovine
serum albumin (BSA), which also has bound ligiaisd is obligatory whereas serum is
less spwhich influences the morphology and composition of the bovine oocyte and
embryo(Sataet al. 1999) During bovine embryo development without serum,
triglyceride content is relatively constant from 2 cell to hatched blastocyst stage at
around 34:0.76ng, but addition of 10% serum led to an increase in triglyceride content
from 33t0.65ng at the 56 cell stage to 621.14ng in the hatched blastocygFerguson
andLeese 1999)Nonesterified fatty acids (NEFA) are retained by bovine oocytes before
and during meiotic maturatiofAardema et al. 201 §nd modification of the fatty acid
content ofin vitromaturation (IVM) media alters tolerance of the resulting embryos to
cryopreservatior{ShehakEFDeen et al. 209);, an indicator of lipid content and
composition(Nagashima et al. 1994)hese studies indicate that the lipid profile of tine

vitro matured oocyte is dynamic and dependent on the culture environment. On this

103



basis, it is widely thought that the lipid profile of the oocyitevivoreflects the fatty acid

composition of the follicular fluid.

4.1.2Diet andfatty acidcomposition

The composition of fatty acids contained in the blood plasma is influenced by maternal
diet and can have very significant effects on oocyte and embryo development, reviewed
by McKeegarand Sturmey(2011) For example, oocytes of canids and felids contain a rich
store of lipid(Guraya 1965and it has been proposed that a carnivorous diet leads to

increased oocyte tay acid(Spindler et al. 2000)

Maternal metabolic stress is reported to have major effects on the fatty acid composition

of blood and follicular fluid. A particularly walludied model is the high yielding

commercial dairy colLeroy et al. 2008 Leroy et al. 2008. Sustained higlvolume milk
production leaves the high yialty dairy cow in a state of permanent Negative Energy
Balance (NEB), which is associated with reduced fertility and altered follicular fatty acid
composition (Leroy et al. 2005b, 2010; Vanholder et al. 2005). Feeding the dairy cow a
specialised dietinclidy 3 Ay ONBIF A4SR &l GdzNF GSR | yR LJ]2f ¢
FSSRAY3IQsS OFly FEttSOAILGS a2YS8S 2F GKS yS3l
source and reducing fatty acid content in nilleroy et al. 2013NEB can be modelled

vitro by supplementing oocyte and embryo culture media with Nesterified Fatty Acids
(NEFA), leading to altered oocyte and embryo fatty acid content, metabolism and gene
expression(Van Hoeck et al. 20L1yhe embryos arising from NEF&ated oocytes tend

to have increased apopsis and fewer total cells at blastocyst stage. Treatment with a
mixture of NEFA including stearate, palmitate and oleate, the most abundant in the

follicle, resulted in more dramatic perturbations to the embryo than stearate alone,
including more greatlyaduced blastocyst development rate, along with altered

differential gene expression, amino acid and carbohydrate metabolism. This reinforces

the need for more investigations incorporating a range of treatments at physiological

concentrations and ratios, ther than isolated fatty acids in excess.

In the human, maternal overweight and obesity (OVOB) is associated with subfertility
(Dunning et al. 202,QJungheim et al. 2011%everal studies have focused on the

composition of the follicular fluid in OVOB women, since this is the environment in which
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the oocyte matures prior to ovulation and is the first key stagestablishing the
SYONEB2Qa YSil 62t A Odufing Re pBrigoh&eptualperibdkirbnyagrads LIS
(SteegersTheunissen et al. 2013 recen study by Valckx and colleagu@912)

reported that in OVOB women (BMI 25+), the increased serum contenRefaCtive

Protein (CRP), triglycerides and insulin was reflected in the follicular fluid. This
corroborated the earlier data of Robker et(2D009) who reported that obesity was
associated with elevated follicular triglyceride and CRP levels, as well as lactate and
androgen concentration®Bausenwein et a(2010)reported thatoxidised LowDensity
Lipoproteins (oxLDL) levels are significantly higher in the serum and follicular fluid of
obese women and that the activities of catalase, glutatkioxidase and glutathione
reductase were also increas¢dausenwein et al. 2010n the whole body, oxLDL cause
cardiovascular conditions such @aferosclerosis and coronary heart dised¥eshima et

al. 2000) upregulate cellular ROS generation and Hypaxid RdzOA 6 £ S CI O 2 NJ
(Guarino et al. 2004)

In the bovine, oocytes can mature and embryos can progressitin multiple cleavage
stages without exogenous substrates, relying only on endogenous TG @tergsison
andLeese 2006; Sturmest al. 209) Oocytes matured in this way were successfully
fertilised and developed to blastocyst stage in normal méBergusorand Leese 1999;
Sturmeyet al. 2009) Mouse oocytes have a much small& 3tore and arrest within
15hrs of culture without exogenous substraté3ownsand Hudson 200Q)Similarly, when
020AyS 2208iGS8a 6SNB Odzf §dzZNBR 6A(K2dzi SE2:
oxidation, they arrest{Fergusorand Leese 2006)Furthermore, culture of bovine zygotes
from zygote stage without exogenous substrates but supplemented with Srodtriitine
increased the number of morulae compared to media withoginitine or exogenous
carbohydrate, although only 32% of these morulae developed into blasto§ston
McDowall etal. 2012) ¢ KSa S R (i JoxidatiozEoBeSdogenolsKT 5 Btorés is

vital to oocyte maturation and resulting embryo development.

4.1.3Lipids in the oviduct and uterus

Compared to our knowledge of the ovarmifollicle, little is known about the lipid profile
of oviduct and uterine fluid which support early embryo development. This gap in our

understanding is presumably due to the technical challenges associated with the
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collection of fresh samples from theiduct and uterine lumen (Iritani et al. 1969, 1971,
1974; Khandoker et al. 1997, 1998; Coyne et al. 2008; Hugentobler et al. 2008; Leese et al
2008). As a consequence, relatively little is known about lipid metabolism by
preimplantation embryosn viva It was suggested that NEFA in the rabbit oviduct lumen
may provide an energy substrate for early embryo development, since these oocytes can
be culturedin vitroin simple salbased medium supplemented with a sole NEFA such as
palmitate, oleate or stearateogether with BSAKane 1979)However, lipids have roles in
addition to the provision of an oxidisable substrate for ATP synthesis, an illustration of
which is given by Menezo et al. (1982) who reported that total fatty acid content of the
bovine embryo increased between day 11 and 18evelopment, with a specific increase

in arachidonic acid; the precursor for prostaglandins, at Day 14. This could indicate the
start of prostaglandin synthesis, vital to recognition of pregnancy, and suggests a more

complex regulatory role for NEFA.

Foran overview of the pathways discussed below, Bepire24.

4.1.4Lipid metabolism and mitochondria

In mice, a high fat diet is associated with a deleterious mitochondrial phenotype in the
oocyte(Grindlerand Moley 2013) These mitochondria tend to have fewer cristae,

reduced matrix electron density and an increased number of mitochondrial vacuoles
(Luzzo et al. 2012Mitochondria tend to clustefigosheva et al. 201@nd have reduca
membrane polarisatioifWu et al. 201]) which is consistent with other tissues whare

an increase in FAO versus carbohydrate oxidation tends to decrease membrane potential
(Rigoulet et al. 1998)n addition, the high fat diet oocyte tends to have fragmented

spindles and clustered chromosomsizzo et al. 2012)

4.1.5Therole of L-carnitine infatty acidmetabolism

Metabolism of endogenous lorghain fatty acids occurs in the matrix of the
mitochondria. Theransport of fatty acid moieties into the mitochondrial matrix requires
L-carnitine, an essential efactor (Vaz and Wanders 2002he transport of fatty acids
into the mitochondrial matrix is a twetep process: cytosolic fatty acids in the form of
fatty acytCoA arenansesterified to icarnitine by the enzyme Carnitine Palmitoyl
Transferase 1 (CPT1B). The fatty-aayhitine passes through the outer mitochondrial
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membrane and is transported to the matrix by carnitiaeylcarnitine translocase (CACT).
CPTII transestédies the fatty acids to mitochondrial CoA, releasing tkeatnitine to be
transported by CACT back across the mitochondrial membranes. These reactions maintain
FLdde F OAR (NI yaLI2 Nloxidatdn andkelntrorthelirdrad@llday R NA 2
balan® between free CoA and ae@bA(VazandWanders 2002)Free carnitine is taken

in through the diet, but can also be synthesised from lysine and methionine in mammals
and other animalg§vVazandWanders 2002)Synthesis takes place in the liver and involves

the enzymes TML dioxygenase, HTML aldolase, TAMABA dehydrogenase and
butyrobetainedioxygenase (BB@onversion of butyrobetaine to carnitine has been

reported in many mammalian tissues, including the rat te§enphaichitand Broquist

1974; VaandWanders 2002)although activity of these enzymes has not been reported.
L-carnitinesynthesis has yet to be confirmed in the early embryo, although it is possible,
especially when the embryo is viewed as a discrete organism with the potential to express

every gene and carry out every biological process possible in the eventual organism.

CPT1B expression has been confirmed in mouse blastocysts, though notzygibie, 2
cell or 8cell stagegDunning et al. 2000However, inhibitiorof CPT1B with Etomoxir
significantly reduced blastocyst rates, whereas supplementing medium vaidinritine to
FI OAf A (I ip8datibn/c@uNas BréinSrease in blastocyst @enninget al.2010)
¢ KS A YL NI Iy Golidagom (FAQ) i éspeciallyOriteiResting in this case
considering that the endogenous store of triglyceride in the mouse oocyter{(§/8b is
significantly maller than other organisms studied. Furthermore, again in the mouse,
inhibition of CPT1B with Etomoxir or malonyl CoA arrests oocyte maturation by a
mechanism that may be rescued sypplying kcarnitine or palmitic acid in the medium
(Dowrs et al.2009)

In addition to these effects vitro, oral administration of{carnitine to superovulated
mice protects oocytes against oxidative strégéyamoto et al 2010) The mechanism by
which this occurs might be linked to the observation thatknitine supplementation
causes an increase jinoxidationand hence reduces the endogenous lipid stores
available for lipid peroxidatiofDunning et al. 2000 However, antoxidant roles for L
carnitine havebeen well documented. For exampl&/u et al.(2011)found that addition
of L-carnitine to the immature porcine oocyte improved maturation and reduced ROS

levels, most likely by upregulating the production of the biological antioxidant
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glutathione. It is clear that-tarnitine plays an important role in early embryo
development. Theatically, addition of iOF NY A GAY S FIF OAf Ad-F 6GS& A
oxidation, but the relationship betweendarnitine treatment and carbohydrate, amino

acid and oxygen metabolism remains unknown.

416LYKAOAGAZ2Y-od@&ionFl GG& | OAR |

An alternative apprach to investigate the role of endogenous lipid stores in the early
SYONEB2 A& (2 AYKAOGAKAR INIaicybodidetdt(BMA) ida/ ONS |
competitive inhibitor of palmitoylCoA dehydrogenase (lofudpain 3hydroxyacw

coenzyme A dehydrogenasee LINB @Sy (i oxidatiorOo? fattyJacisitdatty acy-
CoAand acetyiCoA(Baucheet al.1981) This inhibitor acts downstream ofcarnitine

transport by CPT1B and can be used to investigate the mechanism proposed by Downs et
al. (2009), whoNB LJ2 NIi SR (i K I-akidakiofi &ith &thniioXirbyMaldrifCoA

decreased oocyte maturation, but that this effect was rescued by additiorcafmitine.

The authors suggested an AMB&pendent mechanism, inhibiting malorgbA

formation to relieve K S A y K A @idatibre The gff@ct of BMA on early porcine

embryo development has previously been investigated (Sturetey.2003). However,

the effectsof inhibiting endogenous -oxidationduring preimplantation bovine embryo

developmenton oxidativemetabolismhave yetto be studied
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oxidation pathway. Fatty acyl groups conjugated to Coenzyme A (FathCHA) are

conjugated to tcarnitine by the mitochondrial outer membradmund enzyme Carnitine
PalmitoylTransferase, releasing CoA. Tliatty acytcarnitine is transported across the
mitochondrial inner membrane by theansport channel carnitine/acyl carnitine

translocase, after which the-darnitine moiety is exchanged for another CoA by carnitine
palmitoyl transferase II, bound to the mitochondrial inner membrane on the matrix side.
The kcarnitine is transported badkto the intermembrane space by

carnitine/acylcarnitine translocase. Remaining bound to CoA, the fatty acyl group

dzy’ R S NJBbgidation, regulated by a series of 4 enzymes; BoA dehydrogenase,

Enoyl CoA hydratase;RydroxyacylCoA dehydsgenase (also known as loobain fatty

acyl dehydrogenase); and Thiolase. This sequence releases a fatty acid chain which is
NERdzOSR Ay fSy3dK o0& H Ol-dkildighfdabngsvithaO K Ol
AcetylCoA, which enters the tricarboxylicid¢TCA) cycle, providing electrons to drive

ATP synthesis through oxidative phosphorylation. Figure adapted (Bang et al. 2002)
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4.2 Aims

The aim of thichapteris to assess the effects of manipulating fatty acid metabolism on

oxidative metabolism in bovine embryos. Specific objectives are to:

9 LY@SadaAarasS (KS Sidat®dd end@ogenovd faftk doidainl G A y
oxygen consumptiorate and mitochondrial polarisation

1 Measurethe effects of modifying endogenous stores by supplementireg
culture medium with foetal calf serum and measuring embryonic lipid content,
YAG2O0K2YRNAIF T LRtINAGE |ofitioNBalLlzyasS :

1 Determinethe metabolic impacbf supplementing the culture medium with L

carnitine.
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4.3 Methods

Embryos were produced as described in Chapter 2. Measurement of oxygen consumption

and carbohydrate turnover were carried out as describesertions2.2and2.3.

4.3.1The effect of acute BMA treatment on bovine blastocyst
oxygen consumption measured by nanorespirometry
LG o61a FANRG ySOSaal NBE G2 I-aidaBoh én bdvikeSs ST T
blastocyst oxygen consumption over a short period of time. This was done by
nanorespirometry. After recording the bdsaxygen profile in 1ul Hepes SOF, 1pul of
0.1mM BMA in Hepes SOF was injected to each of the micropipettes carrying the
blastocysts (n=3) making a final volume of 2ul and left teqeilibrate for 30 minutes.

Oxygen profiles were taken again for each tdagst and data analysed using a

manufacturerdesigned MS Excel program.

4.3.2Measurement of the effect of chronic BMA treatment on
bovine blastocyst oxygen consumption by
nanorespirometry

Embryos (n=110) were randomly grouped and cultured in standard SOFaaBSA
SOFaaBSA supplemented with 0.1mM BMA; a concentration that has been shown not to
reduce oocyte maturation or blastocyst rate in the fgjurmey and Leese 2003)
Blastocysts were staged according to the Gardner prot@id@unsorand Gardner 2000)
and transferred to individual culture, in single 4pl droplets of SBB&a+ 0.1mM BMA.
After 24 hours, blastocysts were staged and those which had developed to the required
stage were loaded into micropipettes for oxygen profiling as described in Chapter 2. At
the conclusion of the assay, embryos were returned to a frespldt@f culture medium

in group conditions and allowed to develop further. This procedure was repeated to
collect oxygen profiles for 4 cell, 8 cefiprulaandblastocyststage embryos. At each

stage of development, data were collectiat an equivalent number of control embryos

cultured in SOFaaBSA.
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433 KS STFSOU -oRidatio®ohOER  OSR |
Putative zygotes (n=120) were randomly assigned to groups and cultured in SOFaaBSA +
5mM L:carnitine, SOFaaBSA + 0.1mM BMA or standard SOFaaB8yo$were cultured
to the blastocyst stage on Day 8 before selection of 10 blastocysts to be profiled in the

control and treatment group by BD OBS. The OBS method was performed as described

previously.

4.3.4Determination of follicld-carnitine

Follicular fliid was aspirated from mature follicles @B, centrifuged to remove debris

and stored at20°C. The {carnitine fluorimetric assay kit (Abcam) was used according to
0KS YI ydzFl OG0 dzZNENRA Ay ad NHzOdamigng @in vivederived & | &
follicular fluid, FCS for cell cultur8igmaAldrich, Dorset, UKand SOFaaBSA media. In

this assay, an acetyl group is transferred from Ae€yA to Lcarnitine, followed by the
oxidation of the proprietary probe with fluorescence change measutéiB&/587m. L-
carnitine concentrations are calculated by calibration to@oht gandard curve in the

range G10mM.
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Figure25: An example standard curJer the L-carnitine assay
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4.3.5Assessment of embryonic lipid content @ynfocal
microscopy

Lipid droplets were stained with Nile Red according to the method described by Leroy et
al. (2005), with the following adaptations: Embryos were selected at the relevant
developmental stage and morphological quality and fixed overnigboOpul 0.9% PBS

with Imgml Polyvinylpyrrolidone (PVP2%formaldehyde and 2% glutaraldehyde in

groups. Fixed embryos were transferred to staining solution (250ul 0.9% PBS with 1mg/ml
PVP (PBS/PVP) and 100nM Nile Red stain) foEg&thiryos were then mounted in

custommade chambers containing 50ul PBS/PVP for imaging.

Images were obtained on a Zeiss LSM 710 Confocal Microscope wiAgelelnromat

40x airbased objective. Fluorophores were excited at 458nm and emission data collected
at 571-741nm using a MBS 458/561 dichromatic beam splitter. Data were collected in a Z
stack of the mid 20um above and below the embryo equatorial across 12 individual
images(Figure27A). This allowed representative data to be collected from each cell of

early cleavage stage embryos to be assessed.

Images were analysed pesbllection using Image J (NIitp://rsbweb.nih.gov/ij/). Each
of the 12 individual imaggser embryowas thresholded before specifically measuring the

signalintensity.
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Figure26: Example individual Nile Red imagds range of early cleavaggageembryos.
p

Figure27: Example analys ofembryolipid droplet staining by Nile Reti2 cross section
images were taken for each embrgoross the central 20pnimages were thresholded
using Imagetb convert the raw grayscale image to a binary imagand BExample
images 1 and 12 from the samecBll embryo are showim raw and binary formMean
intensity was measured in a defined arfea each embryas shown in the binary images
above.GF) Rw and binaryblastocystcrosssection images incorporating ICM.
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: .| Relative signal Relative signal
Image | Mean intensity
o, (raw) value (post Blastocyst | value (post
threshold) threshold)
1 1183.33 79.78 A 100.8®
2 1131.68 74.70 B 109.59
3 1075.92 68.29 C 86.54
4 1021.84 61.48 D 112.07
5 978.12 55.78
6 950.07 51.61 Mean 102.22
7 928.91 48.31 s.d. 11.54
8 912.77 46.01
9 895.23 43.44
10 877.81 41.37
11 857.39 38.98
12 833.07 36.59
Mean 970.51 53.86
s.d. 111.4 14.33

Tablel5: Example Nile Red stainingage analysisTable Ashows the differences in raw
and binary intensity for all 12 images taken of the embryo showfigure 26mages 1
and 12 Only the posthreshold intensity was used for image analy$able B shows
relative signal value of thieinaryblastocyst images shown kigure 26CF.

4.3.6Assessment of mitochondrial polarity by confocal
microscopy

Blastocystsvere incubatedwith 0.2mg/ml JG1 and 0.0%ug/ml Hoescht 3342 pre-
warmedHSOFat 3¥Cfor 30 minutesbefore mounting in custorrmade chambers
containing 50l HSOF at®@Images were obtained on a Zeiss LSM 710 Confocal
Microscope with PlaApochromat40x airbased objective, with numerical aperture 0.6
1.3. JEL was excited at 488nm using an MBIB dichromatic beam splitter and emission
data was collected at 51349nm (Red) and 57825nm (Green). Hoescht 3342 was
excited at 405 using an MB®5 dichranatic beam splitter and emission data collected at
414501nm. Each image was analysed in ImageJ;twésholded, and the area showing
the embryo selected and pixel intensity measured for each chafinglie28).

Polarisation ratios are calculated by dividing red/total (green + red) intensity. A higher

ratio suggests polarisation, whereas a lower value suggests depolarisation. Mean
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polarisation ratio was caldated for each experimental group and data from independent

experiments combined for statistical analysis by ANOVA with-lpastBonferroni test, or

5dzyyQa (Sad AT 3AINRAzZIA 6SNB dzySldz f @

Figure28: An example image of a blastocysained withJG1 and Hoescht 3342. From
left to right: (blue)the nuclear stain Hoescht 334green) and (regthe ratiometrc dye
JC1 which tends to formrmonomers with green fluorescence depolarised mitochondria
and Jaggregates with red fluorescengemore polarised mitochondria. The finalage
combines all 3 colourd'he area highlighted in yellow in each image was analysed for
fluorescence intensity with these values used to generate the depolarisation ratios for
each blastocyst.
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4.3.7 Statistical aalyses

All data presentedh this chaptemwere analysed using SigmaPlot. Datsfirst tested for
normality using the Shapir@ilke test, followed by analysis of variance (ANOVA) with

postK2 O . 2y FSNNRYA (GSad F2N Sl ddups. THINER dzLJa
significance threshold wgs<0.05.
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4.4 Results

4.4.1Inhibiting FAO during embryo development increases
OCR

Figure29A showsthat inhibition ofb-oxidationwith 0.1mMBMAthroughoutembryo
cultureled to significanincreases in OCR at the morute:.010) andat allblastocyst
stages, including BB7 =0.050). At each stagseveral embryos ltavery low OCR

however, overall OCR increases withggtaas does the range of OCR.

Oxygen consumption of bovine blastocysts increased with blastocyst developRigatg
29B). In general, mean OCR of blastosystated with BMAvasgreater than that of the
control at the equivalent stage. Thisasa significant difference at the fully hatched

blastocyst stage, B7 (p=0.036).
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Figure29: ¢ KS STFS OG0 ofdatioy ikt BVIA DA GCR dugirk embryo
development.A) The basal OCR of embryos at each stage of early development following
chronic culture with 0.1mM BMA versus control embryos cultured without supplement.
OCR values in priiembryo/hr+1 s.d 4 cell: control OCR 2427.77 (n=7) BMA
OCR=83.49+47.67, n=17. 8 cell: control OCB£4P4.9, n=1BMAOCR=21.99+25.84

n=14. Morula control OCR=2.18%1.86 n=3 BMA OCR=74.71+£36.06, n=7. Blastocyst contro
OCR=30.85+27.73, n=21 BMBR3>*56.49+34.54, n=2l/otal n=106 over 12 independent
experimentsB) Mean OCR1s.d of individuablastocysts cultured in SOFaaBSA control

or SOFaaBSA + 0.1mM BMA from the zygote stage and measured on day 6, 7 or 8.
Blastocysts were staged accordimgthe Gardner Scalas described in Chapter 2.
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4.4.2 Acute BMA treatment increases OCR of blastocysts
dependent on FCS supplementation

Following basal OCR measurement, 0.1mM BMA in HSOF was injected directly into the
tube containing the respiring embryo. Acuteatment of bovine blastocysts with BMA
tended to cause an immediate and dramatic increase in measured OCR, which varied

between blastocystsHigure30B).

Bycontrast, individual blastocysts cultured without FCS had variable responses to acute

BMA treatment, with no significant difference overdigqure30A).
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Figure30: ¢ KS STFSOG 2ofdatioyvidith BIVIA ibri baagfocyastTOCR with 0% and
5% FCS) Blastocysts cultured with 0% FG&nbt exhibit altered @R following acute
BMA treatment n=7B) Blastocysts cultured with 5%CS increase OCR following acute
BMA treatment n3.
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4.4.3Manipulatingfatty acidi -oxidationsignificantly alters
OCR

Measurement of bovine blastocysts by the OBS metlrogufe31) correlated well with
the nanorespirometry data shown Figure29. The control blastocyst OCR was
25t5pmol/embryo/hr, while the BMAreated blastocyst OCR was#®mol/embryo/hr
(Figure31) compared to 56.pmol/embryo/hr by nanorespirometryHigure31).
Furthermore, treatment with {carnitine throughout of alture decreased OCR to

16+4pmol/embryo/hr.
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Figure31: OCR of groups of 10 mixed blastocysts cultured with 0.1mM BMA, 5mM
carnitine or control SOFaaBSA media. Measurement by BD OB Sasssy4
independent experimentPresented as mean O&Re.m. Control: 24+5.1, l-Carnitine:
15.9:3.7, BMA: 47.¥9.2.
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4.4.4Manipulatingfatty acidi -oxidationalters carbohydrate
metabolism.

Treatment withL-carnitine had little effect on glucose consumptidig(re 32A, p=0.46)
but decreased pyruvate uptake at the early cleavage stdggsie32D, p=<0.00) and
increased lactate production at blastocytagesFigure32C,p=0.004). Blastocysts
treated with Etomoxi(EX)o inhibit FAO consumed significantly nreaylucose than
equivalent blastocysts cultured withdarnitine Eigure32A, p=0.009), BMARigure32A,
p=0.025) and control blastocystBigure32A, p=0.005). BMA and EX treated embryos
both had increased pyruvate consumption versus conffjot.018 ando=0.006
respectivelyand L-carnitine treated embryosHigure32E, p=0.018 ancdp=0.006
respectivelylFigure32D and E)
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Figure32/ NP 2K&@RNJ S YSGlo2fAay 2F SxdainE2a 7T
with BMA, Ecarnitine or EtomoxirA) Cleavage stage glucose consumption in mean
pmol/embryo/hrts.e.m, n=30. Control: 8.6 £ 2.2, BMA:#.1l-carnitine: 4.60.8,

Etomoxir: 7.50.9. B) Blastocyst glucose consumption in mean pmol/embryo/hr + s.e.m,
n=35. Control: 16 £1.4, BMA: 18.82.2, l-carnitine: 15.81.3, Etomoxir: 28#41.1. C)
Blastocyst lactate production in mean pmol/embryafisre.m, n= 30. Control 193.8
pmol/embryo/hr, BMA 18.63.0pmol/embryo/hr, L-carnitine 30.@0.6pmol/embryo/hr,
Etomoxir 20.42.8pmol/embryo/hr. D) Cleavage stage pyruvate consumption in mean
pmol/embryo/hrts.e.m, n=30. Control: 8.5, BMA: 11.%#3.6, l-carnitine: 6.60.1,
Etomoxir: 9.82.6.F) Blastocyst pyruvate consumption in mean pmol/embryo/hr + s.e.m,
n=35. Control: 238.4, BMA: 30.%2.8, l-carnitine: 24.82.9, Etomoxir: 38 £8.7. Data

bars with the same letter are significantly differénbm each otler.
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4.4.5L-carnitine s present infollicular fluidand FCS

The concentration of-Larnitine in FCS was 0.1mMigure33), while the concentration of
L-carnitine in preovulatory folliclewith a diameter greater thadcm was 0.22mM and
varied little between follicles from different bovine ovaries (n=21). Comion of L-
carnitine from the SOFaaBSA culture medium supplemented with 0.5cévhiitine was
0.84+0.04pmol/embryo/hr in day 1 embryos, increasing to 1#6632pmol/embryo/hr in
day 2 embryos.
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Figure33: L-carnitine concemtation and consumption of-tarnitine during early cleavage
stagesA) Mean L-carnitine concentration of FCS (0#09003) and follicular fluid
(0.15:0.02) in mMes.e.m. Data collected from 5 separate collections over three
independent expements. B)Consumption of {carnitine of Day 1 n=5 and Day 2 n=10
embryos measured in groups of 5 over 2ghesented as meats.e.m.
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4.4.6FCS supplementation increases lipid conterdag 23
embryos

Embryos were cultured for 8 days in the presence of FCS at a range of concentrations (0
10%). Embryos supplemented with FCS had significantly increased lipid Statiennsity

than controls, suggesting higher lipid conteRtgure34A). However, there was no linear
correlation between lipid droplet content and FCS concentratiigyre34C). At the
blastocyst stage, there were no significant differences in lipid content regardless of FCS

concentration usedKigure34B and D).
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Figure34: The effect of increasing concentrations of FCS during culture on embryo lipid
staining.A) Mean lipid staining intensifarbitrary units}s.e.m. ofday 23 embryos of

stages 2B cell produced with 0% (n=21), 2.5% (n=22), 5% (n=21) or 10% (n=9) FCS. There
is not a linear relationship between % FCS and $faichingintensity. B)Mean lipid

staining intensityarbitrary units¥s.e.m. ofday 23 embryos of stages-2cell produced

with 0% (n=16), 2.5% (n=5), 5% (n=12) or 10% (n=4) FCS. Data points with the same lette!
are significantly different from each other.
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4.4.7Increasing FCS concentration correlates with decreased
mitochondrial polarisation oflay 23 embryos

Emlyyos cultured in SOFaaBSA supplemented with 5% and 10% (v/v) FCS had significantl
more depolarised mitochondria in comparison to control embryos cultured without FCS
(Figure35A). There was a negative correlation between FCS concentratibd) and

mean polarisation ratioigure35B, p=0.018).
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Figure35: The effect of increasing concentrations of FCS during culture on embryo
mitochondrial polarisation ratiocA) Mean polarisation ratts.e.mof day 23 embryos of

1-8 cell stages across 5 independent experiments. 0% FCS n=17, 2.5% FCS n=18, 5% FC!
n=17, 10% FCS nZJata points with the same letter are significantly different from each
other. B) Linear correlation of data presented in a), [04@.
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4.4.8a | y A LJdzt-okidatioy' & endogenous stores
significantly alters lipid droplet staining

Figure36A shows that cleavage stage embrgogosed td_-carnitinethroughout
RSGSt 2LIYSy G o6 WAsK dighifcandy décieasenpid dbiding intensity
compared to control embryo$€0.009) and BMAreated embryos Figure36A, p<0.001).
Day 7 Blastocysts treated with 0.1nBMAhadsignificantly higher intensity than
controls or kcarnitine treated blastocyst§igure36B, p=0.023.
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Figure36:¢ KS STFSOG 2a&idatidn fukingldzitureiwkhéd FGS on embryo
lipid stainingA) Mean lipid staining intensiarbitrary units}s.e.m. ofday 23 embryos
of stages 2B cell produced with 0% FCS. Control (h=8), 0.1mM BMA (n=&8)nitine
(n=10) across 2 independent experimentsM&an lipid staining intensitarbitrary
units}s.e.m. of Day blastocystproduced with 0% FCS. Control (n=6), 0.1mM BMA
(n=7), kcarnitne (n=5) across 2 independent experiments. Data points with the same
letter are significantly different from each other.
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4.4.9Manipulating FAO without FCS significantly decreases
mitochondrialpolarisation ratioduring early cleavage

The mtochondrial polarsation ratiowassignificantly reduced in BM#eated and L
carnitine treated embryos compared to controldqure37, p=0.002).However, there

were no significant differences in blastocyst mitochondrial polarisation.
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Figure37: Mean polarisation ratias.e.m of day 8 embryosof 2-8 cellstage chronically

Odzt G dzZNBR ¢ A (K 2 NJ gdxidakod.dzontror =9, BNIAdaE10dhrRitmB 2 F
n=13 across 2 independent experiments. Data points with the same letter are significantly
different from each other.
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4.4.10Manipulating FAQ@oes not affect blastocyst
polarisation ratio with or without FCS

Figure38 shows that there was no change in mitochondrial polarisation rate in
blastocysts following culture with 0% (A) or 5% (B) FCS.
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Figure38& ¢ KS STFSOG 2aidatidn dukingldziturelt-FgDon blastocyst lipid
staining.A) Mean polarisation ratits.e.m of day 7 blastocysts cultured with or without
OKNR YA O Y ydxitatizin Bnd QONECS.Lantrol n=8, BMA neariitine =5
across 2 independent experiments. No significant differences between treatments were
apparent. B) Mean polarisation ratis.e.m of day 7 blastocysts cultured with or without
OKNRB Y A O Y y-dxidatzin bndl 39NECS.Lantrdl n=6, BMA ncérniine n=7,
L-carnitine + BMA n=5 across 3 independent experiments. No significant differences
between treatments were apparent.
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4.4.11Treatment with BMA, Etomoxir ordarnitine does not
alter development rate or blastocysill allocation.

Cleavage iad blastocyst development rates were recordaeker 7 independent

experiments and did naliffer betweencontrol embryosand embryogreated with BMA

or L-carnitine(Tablel6). Embryos were cultured to blastocyst stage in the presence of
BMA, Etomoxir ordcarnitine and stained for differential cell counting as described above
(Section2.6). Blastocysts of different treatment groups had similar mean cell counts
(Figure 36Aand trophectoderm to inner cell mass ratidaqure39B). Additionally,

inclusion of 5% FCS in culture medium had no effect on cell countl@Miatio
(p=0.83.

Control BMA L-carnitine
Cleavage rate 73% 81% 72%
Number 218/298 114/140 152/211
cleaved/total
Blastocyst rate 25% 24% 24%
Number of 58/235 50/208 24/99
blastocysts/total

Tablel6: Cleavage and blastocyst rates for control, BMA andrhitine treated embryos.
Rates recorded over 7 independent experiments
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Figure39: Cell allocation of blastocysts following treatment with BMA, Etomoxir or L
carnitine.A) Mean total cell count did not differ betweeontrol, BMA,L-carnitine and
Etomoxir treated blastocystisplayed as meas.e.m ntrol: 79+8.74, BMA: 111+8.21,
L-carnitine:93+4.59, Etomoxir: 839.55.B) Differential counts of blastocysts cultured with
BMA, Lcarnitine or Etomoxir versus controls presented as % Trophectodéontrol
63.1+3.7 %, n=8; BMA 66t3.5, n=6; tcarnitine 60.3t9.4, n=3; Etomoxir 5949..8, n= 3.
Data collected over 3 independent collections and experiments.
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4.4.12 Treatment with kcarnitine may accelerate blastocyst
development

In order to assess differences in embryo development rate following manipuk 2y 2 F
oxidation, the Primdvisionembryo tracking system was used. One cohort ofce[?

embryos from a specific treatment group (BMAgdrnitine, Etomoxir or controls) were
allocated to a welbf-the-well (WoW) culture dish to track developmenter 8 days of

development.

Times of morula formation, blastocoel expansion and cell death were recorded. Data
collected using the Primdisionsystem Figure 40 suggesthat embryos treated with L
carnitine may begin blastocoel expansion sooner than controls (5.08 days compared to
6.75,p=0.017) or Etomoxitreated embryos (7.2 dayp;0.003).
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Figure40: Time ofblastocoel expansion recorded using the Primovision system and Well
of-the-well culture of kcarnitine, BMA, Etomoxir treated or control embryos. Treatment
groups measured independently over a series of 12 independent collections and
experiments. Data reecded as mean number of hours pefgtrtilisatiorts.d. Control
162+15.9 hr, n=6; BMA 136t8.7 hr, n=3, {carnitine 1225.1 hr, n=3; Etomoxir 1&3.2

hr, n=3.
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4.5 Discussion

The bovine embryo has a large endogenous store of triglyceride, which is affected by
maternal dietin vivo(Leroy et al. 2011; Leroy et al. 20HB)d culture media omposition

in vitro (Fergusorand Leese 1999; Van Hoeekal. 2011) Manipulation of oocyte fatty

I OAR YSOl o2t A-axidationawithAB¥A, Etomiokirfor/ofher inhibitors or

LINR Y 2 éoidétidn vith Lcarnitine affects oocyte maturation and subsequent embryo
developmental competencéDowns et al. 2009; Dunning et al. 20 8uttonMcDowall et

al. 2012) In this chapter, the effects of manipulating the metabolism of endogenous
stores diring embryo development were investigated. The aim was to highlight the
AYLEZ2 NIy OS -é&iflatioh (FAG) ®&n eimidyo Beveélopment, oxidative

metabolism and mitochondrial function.

45.1L y K A 0-axidldtioh Burihg embryo development
increases OCR

Individual bovine embry@CRncreasel with stage of developmentHigure29A),
corroborating data collected by other metho@@Ehompson et al. 1996; Trimarcht al.

2000a; Lopes et al. 2005)

Reduing FAO in embryos with 0.1mM BMA throughout culture led to a significant rise in
oxygen consumption at the morula and blastocyst stages. The increased OCR may be
more pronounced athe later stages due to increased metabolic activity associated with
blasg 02 St SELI} yaA2yd Cdoxidakod N¥he deBvage Atagg&embrioll A ;
could lead to legacy effectsn metabolism at the blastocyst stage, alongside the switch

from generating ATP from glycolysidia¢ cleavage stages to OXPHO$atlater stages
(Trimarchiet al. 2000b)

This increase in OCR swsurprising, since the inhibition of fatty acid oxidation might be

expected talimit access to a majendogenous energy source. Thus one might predict

that inhibition of FAQwould resultin reduced metabolism and OCR. The increased OCR

observed Figure29) mayhave ariserirom anintrinsicuncoupling effect of fatty acids

due to UCP activatiofRousset et al. 2004; Fedorenko et al. 20dr2accumulation of

NEFA in the mitochondrial inner membras&)ceoxidation to remove the fatty acidsas
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inhibited. Anincrease in OCR due KMEFAanalogous to the effects of uncouplers such as
FCCP or DN#as beerreported in a variety of cell typgRottenbergand Hashimoto

1986; Luvisetto et al. 1990; Nobes et al. 199W)s would reducéhe coupling of electron
transport to oxidative phosphorylation, leading to inefficiency, where a greater
consumption of oxygen would be required to produce a sufficient level of ATP. To
investigate this possibilityn the future, the coupled OCR of BM£eated blastocysts

could be measured alongside control blastocysts. A second possibility is that the
additional oxygen consumptiomasnon-mitochondrial in origin. This could be
investigated by treating BMi#xeated blastocysts wit myxothiazol, which inhibits

electron transfer by complex Ill, abolishing all mitochondrial oxygen consumption.

4.5.2Manipulatingfatty acidi -oxidationsignificantly alters
OCR

L-carnitine is an essential €actor for the transport of fatty acyCoA into ntiochondria
and plays a pivotal role in fatty acid oxidati@remer 1983)Supplementing embryo
culture media with Ecarnitine resulted ira 33% decrease in OCR. This was somewhat
surprising as-carnitine has been reported to stimulate fatty acid oxidation in oocytes
and embryogDunning et al. 2013;,0valsangkaand Downs 2013)Consequently one might
haveexpeced OCR to increase to réflO U | Yy A ¥@iAkBn- ofif&ty dciyls. |

One explanation fothis apparent discrepanayight be a change in the strategy by which
ATP is synthesised. The total energy demands of the developing embryo are not likely to
be changed in the-tarnitine treated group, however, by promoting FAO, a higher
proportion of ATP may be supplied at the expengether pathways. Since FAO is the
mostefficient way of generating ATP it is possible that a partitioning towards FAO and

concomitant fall in activity in dter pathwaysvasseen as an overall fall in OCR.

4.5.3Manipulatingfatty acidi -oxidationalters carbohydrate
metabolism.

L-carnitine treatment of bovine embryos led to a rise in lactate production and fall in
pyruvate consumption, suggesting that more glucose and pyruvate were converted to
lactateby glycolysis rather than enterdte Krebs cycle for complete oxidation. This

suggesed a switch from carbohydrate to fatty acid oxidation and a reduction in OCR used
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for carbohydrate metabolism. The idea that increased FAO leads to a fall in glucose
metabolism wagproposedby Randle and colleaguéRandle et al. 1963; Randle 1998)
This finding is analogous the recentstudy by Van Hoeck and colleagues, who reported
that supplementation obovine embryo cultureswith a mixture of fatty acids caused a
reduction in glucose uptake, lending more support to the idea that increased FAO in

embryos inhibits carbohydrate metabolism (Van Hoeck et al; 2011).

A number ofreports have used Etomoxir, whiateversibly inhibits CPT1 activity and
henceFAO during oocyte maturation and embryo developm@uwns et al. 2009;

Dunning et al. 20L,0Paczkowski et al. 2013Jjhis inhibition is upstream of BMA, so
comparison of embryos treated with both inhibitocould determine whether the
mechanism involved in increasing OCR isshexificallyto inhibition of fatty acid

0 NJ y & LJ2dXiflatioh, isRwell as highlight any difference in metabolism dependent on
the site of inhibition. Etomoxir inhibition of moagDCCm vitro prevented subsequent
embryo maturation to the blastocyst stagPunning et al. 2000 However, treatment

with methyl palmoxirate, andter inhibitor of CPT1, from the 2 cell stage reduced but did
not abolish mouse blastocyst productigdewitson et al. 1996)This suggests that FAO
plays a vital role on mouse oocyte maturation. However, in this study bovine blastocyst
rates were unaffectedh embryos cultured with BMA or Etomoxir from the zygote stage
(Tablel)d t 2GSy GdAlffes GNBI 0YS yoxidaioh of ghort aad 2 NJ

mediumchain fatty acids to continue.

Blastocysts treated with Etomoxir to inhibit FAO consumed more pyruvate than L
carnitine treated embryos and took up more glucose than equivalent blastocysts in all
other treatment groups, suggesting a more extreme phgpe than with BMA. This was
perhaps due to the difference in site of action, as Etomoxir acts upstream of BMA. In
addition, Etomoxits irreversible while BMA is a competitive inhibitor, so it is possible
that Etomoxir inhibited FAO moffectively In arecent study bywalsangkaand Downs
(2013) L-carnitine stimulated meiotic resumption in mouse oocytes, while BMA and
Etomoxir each inhibited meiotic resumption. Furthermobeinning et al(2010)reported
that Etomoxir treatment during oocyte development or zygote cleavage redrated of
blastocystfformation, while O Ny A G Ay S GNBFGYSy i RdzZNA-y3 2
oxidation 2fold as well asmprovingsubsequent blastocyst rat&Vhile it appears that

manipulation of FAO during oocyte maturaticather than during early cleavadeas
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more dramatic effects on subsequent embryo development, the present data show that
inhibiting or promoting FAO modification during embryo developmdfecs other

aspects of oxidative metabolism.

4.5.4L-carnitineis present in the follicular environment and
consumed by early cleavage stage embryos

L-carnitine is present at a concentration of£Z15umol/l in serum and 286.6umol/l in
follicular fluid in the human(Leroy et al. 2011; Valckx et al. 2012)the present study,
the in vivoconcentration of kcarnitine in bovine antral follicles was more than double
that of FCS (0.09mM) at 2mM. This value is also much highethiaaireported for
bovine plasma; 27F00uM (Carlson et al. 200@nd suggests that-tarnitine
accumulates in the ovarian follicle. Theepence of {carnitine in the follicular
environment is particularly interesting in light of the triglyceride stores present in the
bovine oocyte and the consumption of triglyceride duringitro maturation (Ferguson
andLeese 1999; SturmendLeese 2003; FergusamdLeese 2006)it would be
interesting to measure the concentration ochrnitine in follicular fluid at different
stages of follicle development and discover if the concentration changes, perhaps to

supportin vivooocyte naturation.

The presence of-tarnitine in follicular fluid; theaturalenvironment, presents a strong
physiological argument for the inclusion e€arnitine in oocyte maturation systems. The
presence of {carnitine inin vitromaturation media has preously been shown to boost
maturation and subsequent embryo developmébBunning et al. 20L,05uttonMcDowall
et al. 2012; Valsangkand Downs 2013)However, the concentrations used greatly
exceededhose found in the follicleTaken together, these findings suggest that L
carnitine may have an important role in oocyte maturatiarvivoand mightimprove the
physiological relevance of the bovine méd&erum which includes-carnitine,is oftena
constituent ofin vitro maturation systems andouldaccount for one of the benefits of
serum addition Foetal Calf Serumis also widely used in cell culture practigeserally

and theaddition of L-carnitine should be considereals having physiological relevance

In the FAO manipulation experiments (results sectibds3 4.4.4 4.4.90), SOF mdium
was supplemented with 5SmM-tarnitine, a concentration reported to improve the

proportion of bovine zygote whichdevelop to blastocystéSuttonMcDowall et al. 2012)
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To the best of my knowledge, the concentration efdrnitine in reproductive tract fluids,
such as uterine and oviduct fluids, has not been meakunewever the concentration of
L-carnitine found in follicular fluid (0.10.02nM) was much lowethan in the culture
medium (3nM, Figure33). This hightjhts the discrepancy between physiological levels of
compounds and the concentrations used in laboratory studies and the relevance of data

collected in suprahysiological conditions.

The data irFigure33C shows that bovine embryos depleted carnitine from ithgitro
culture environment. Consumption afcarnitineby bovine embryos increasddom Day

1to Day 2

4.5.5FCS supplementation increases lipid conterdag 23
embryos

Foetal Calf Serum has long been added to embryo culture medium where it improves
success rates by providing a range of metabolic substrates, including fatty acids, and
growth factors, althouglit has been reported to lower mitochondrial number and
efficiency(Crosier 2001)Lipid content was increased in early cleavage stage embryos
cultured with FC@Figure34), in agreenent with the findings ofFergusorandLeese

(1999) However accumulation of lipid was not dependent on the concentration of FCS
(2.59%610%) in the medium. This suggests that embryos can replenish or maintain their TG
reserves from the FCS, maintaining endogenous TG to a relatively constant level
regardlesf FCS concentration. It is possible that the absence of FCS or another source
of NEFA imn vitroO dzt (i dzZNBS Y S R A | -ofidatiorR d@thouglin vivoddrivetl A Yy
blastocysts have similar TG content to those producedtrowithout serum(Ferguson
andLeese 1999)This is in agreement with the datalofroy et al(2005) who reported

that bovine embryos cultured in the presence of 5% FCS had significantly more TG by the
morula stageandthat of Aardema et al(2011) who reported that supplementation of in
vitro oocyte maturation media with oleic acid increased TG content. As ivatural
environment the embryo is exposed to a sourceNEFAgulture with FCS, or at least a

source of exogenous lipid, may be a more physiologically relevant culture technique.
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4.5.6Increasing FCS concentration correlates with decreased
mitochondrial polarisation oflay 23 embryos

I NBRdAzOUGA2Y 2F YAG2O0K2YRNAFf GNIFYavYSYo NI
mitochondrial function and can be caused by apoptosis and/or impaired mitochondrial
regulation. To assess transmembrane potential in preimplantation embryos, the

ratiometric dye JE1 was usedMitochondrial polarisation ratios were calculated by

dividing red/total intensity (green + red). A higher ratio suggests polarisation, whereas a
lower value suggests depolarisation. This method of quantification obviates artefacts
commony detectedin the use of the markedG1 (BrandandNicholls 2011¥ince non

specific staining similar to green and red channels iseied out.

A linear correlation was found between increasing FCS concentration and decreasing
polarisation ratio in early cleavage stage embryos. This is in agreement with the data of
Wu et al.(2010) who reported a decrease in mitochondrial membrane polarisation
oocytes from mice fed a high fat diet. When considered with thegpéining data
(Figure34), this suggests that increased embryonic lipid content is related to
mitochondrial phenotype. Even mildly hyperlipidaemic conditions could compromise

embryonic mitochondrial polarity.

No sigificant correlation wagound between polarisation ratios and lipgtaining

intensity, sincelipid uptake appeared to increase very dramatically on addition of the
lowest concentration of FCS and reach a threshold. A positive correlation was found
between FCS concentration and lipid stain intensity. Treatment with FCS also rettieced

variation in lipid content between embryos.

45.7a | y A LJdzt-okidatioy' & endogenous stores
significantly alters lipid droplet staining

While it seems likely that mammalian embryasdise TGas an energy souraduring
development, a decrease in lipid content between the oocyte and blastocyst stages has
not beenobserved(Sturmeyet al. 2009a; McKeegaand Sturmey 2011)Several studies
have reported that bovine embrydake uplipid from the culture media, perhaps
suggesting thait serves tareplenish endogenous storéergusorandLeese 1999;

Aardema et al. 2011)
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In the present study, adtion of LOF N A G A Yy S -odidatiohINBughdLt the |

embryo culture period led to significantly reduced lipid contentiet early cleavage

stages Figure36), implying that these embryos consumed TG more rapidly than control
orBMAUNB I 06SR SYONE2Aa®d ¢ NB I-axidafion led té significantlya |
increased lipid content at blastocyst stage().022), suggestintpese embryos had
consumedéss TG than control ordarnitinetreated embryos. Taken together, these

data strongly suggest that-QF NY A G Ay S LINR-0x@lalidh &and Adceleini@s the O A F
metabolismof lipid atearly preA Y LI | yG I GA2y adl 38xdationss A f S
that most lipid remains, even at the blastocyst stage. This supports the hypothesis that
bovine embryos can develop to the blastocyst stagen thougHipid metabolismis

inhibited.

Treatment with Ecarnitine also reduced variation in lipid staining, susioey that
supplementation had overcome individual variationthe concentration of {carnitine
present in the oocyte, or perhaps levels of synthesis in the embryo, forcing embryos to
consume most of their lipid store. There was no significant differdrete/een l-carnitine
treatment and controls at the blastocyst stage, supporting the hypothesis that additional
L-carnitine has no beneficial effeoh bovine embryos cultured without serurfihe

variation in the BMAreated group could be due to variation oocyte TG content, based

on maternal age, diet or variation in metabolism of medium and shbdin fatty acids.

When bovine embryos were supplemented witisdrnitine or BMA in the presence of 5%
FCS during embryo culture, no differences were obsenvéigid droplet staining during

early cleavage or blastocyst stages. Taken with the above data, this strongly suggests that
bovine embryos consume endogenous TG during nommetro development,

replenishing endogenous stores when a exogenous suppigidf such as NEFA found in

FCS, is available. These findings are summarised befigure41.
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Zygote TG Level FCS
BMA
Control

L-carnitine

Relative TG content

v

D1 D7
Time in culture

Figure41l: Summary of the effestof manipulation of endogenous fatty acid metabolism

on embryo lipid content throughoun vitrodevelopment. Dotted line represents zygotic

TG level. Supplementation with FCS {P086) allows the embryo to maintain high TG
content to the blastocyststaggy’ 517 6. f dzS0® . a! OwSRG AYyK)
oxidation so BMAreated embryos have relatively higher TG than control embryos

(Black). 1O Ny A G Ay S 6 DNEStign) acdelsBtiNgZTG So@isumption but

reaching a level similar to contrembryos at the blastocyst stage.

4.5.8Manipulating FAO without FCS significantly decreases
mitochondrialpolarisation ration day 2-3 embryos

In early cleavage stage embryos, cultured in the absence of FCS, inhibition or promotion
2 T-oxidation throughouthe culture period led to a fall in mitochondrial polarisation
ratio compared to controlsHigure37). It has been reported that aincrease ircelluar

fatty acid provision leads to decreased oocyte mitochondrial polarity in mouse oocytes
(Wu et al. 201pand other tissue¢Borst et al. 1962; Rigoulet et al. 1998; Hunel
Taegtmeyer 2009 Howeverothers have reported that provision of fatty acids incremse
membrane potential in the bovine oocy{®an Hoeck et al. 20138)d other tissues

(Nobes etal. 199@ . a! A-okiakioh heffaid fatty acyCoA transport across the
mitochondrial inner membrane. It is possible, therefore, that fatty acgidees

accumulate and could interfere directly with the mitochondrial membrane, reducing the
voltage gradient. Similarly, supplementation with excesarnitine may result in

increased transport of fatty acids into the intermembrane space, resulting in an
accumulation of fatty acidand allowingor a similar interaction with the phospholipid
membrane. Both of thes scenarios could result in anaoupling effect reducing

membrane polarisatiorfLuvisetto et al. 1987; Pietrobon et al. 1981 addition, as fatty

139



acids are required for the activation of uncoupling progithe depolarisation could also
be caused by increased UCP acti{iRpusset et al. 2004; Fedorenko et al. 2012)

The potential ugoupling caused by fatty acid accumulation in the mitochondrial inner
membrane discussed above may be decreasedcarhitine treatedembryos, since the
metabolism of these fatty acids is increased and hencé teadency to accumulate over
time in the mitochondrial matrix could be expected to decrease. In additi@ashitine
has been shown to increase production of glutathione areteéby reduce ROS levels.
This would correlate with higher coupled respiration iodtnitine treated embryos, such
that the same ATP generation is achieved while the demand for substrates, including
oxygen, is decreased. To investigate this, the coupled GfGcarnitine treated

blastocysts was investigated.

4.5.9Manipulating FAO does not significantly affect blastocyst
polarisation ratio with or without FCS

There were no significant differences in polarisation ratio between blastocysts treated
with inhibition2 NJ LINE Y 2oXidagoyf, regafdless of whether FCS was present. This
IS surprising, given the significant changes in oxygen consumption induced by these
treatments in FG8eated blastocysts. It is therefore possible that embryos can overcome
mitochondrial depolarisatiorduringearly cleavageby a regulatory mechanism and that
altered OCR is a legaaiythis effect This could result in a change in cell number at the
blastocyst stage or a change in mitochondrial copy number following the activatitwe of t
embryonic genome at the-86 cell stage. Alternatively it could simply reflect the shift in
metabolic strategy from the use of lipid at early cleavage stages, which usually depletes
lipid stores by the blastocyst stage, to minimal lipid metabolism éntfastocyst, thus

alleviating the detrimental effects of dysregulated lipid metabolism.

4.5.10Treatment with BMA, Etomoxir ordarnitine does not
alter cell allocation ratio

TE cells contain the majority of mitochondria in the blastocyst and are more metabolically
active as they have to carry out the ion pumping required to maintain the blastocoel
cavity(Barnett et al. 1996; Van Blerkom 200B}Mcellshave lower ATP deamd and so

have fewer and less active mitochond(tidewitsonandLeese 1993; Houghton 2008)he
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TE therefore haa higher OCR than the relatively quiescent ICM and an increasd@MI'E

ratio would explain a higher overall OCR.

9YONER2a OdzA GdzNBR (G2 GKS of | aolictOwitil- a4+ 35S
OF Ny AUGAYS 2-okddtiohKvith@MA dr Btgfoxgr €ach had similar mean cell
counts and trophectodernmner cell mass ratios, regardlesstioé presence or absence

Of FC$p=0830 ® ¢ KSaS TFTAYRAYIA A ydilabdn of Snddg&nbus Y |
stores has no effect on blastocyst cell counttor allocation to TE or ICM lineages.
Furthermore, the differences in metabolism are not due to a difference IlCMEatio or

of total cell number.

4.5.11Treatment with kcarnitine may accelerate blastocyst
development

Timing of embryo cleavage, particularly the initial zygotic cleafrage one to two cells

has been proposed as a namvasive marker of developmental capadi§irkegaard et al.
2012; Cetinkaya et al. 2014h humans, early cleavage is associated with increased
pregnancy rates and reduced rate of abortid/an Morifoort et al. 2004) Similarly, the

time of zygotic cleavage is linked to increased developmental competence in the bovine
embryo(Yalav et al. 1993; Lonergan et al. 1999; Lonergan et al. 2000; Lee et al. 2012)

A ¥ s A -

5F a1 O02ftf SOGSR dzi A vy HigutedOSsuggastkdviri@higod teafed 2 &
with L-carnitine may begin blastocoel expansigarlierthan controls p=0.017) or
Etomoxi-treated embryos§=0.003). Instead, it may be th#te addition ofL-carnitine-

better supports development of bovine embryos in individual cultiiaster

development may be linked to chromosomal aberrat{tMagli et al. 204),
fragmentation(Alikani 2000)loss of genomic imprinting and altered gene expression
(Market Velker et al. 2012)However, since development rates were poor when using the
9-well culture dishes and only one treatment group could be cultured per week, few
biological replicates were possible. While the systenxeeient when using human
embryos which develop well when incubated individually, bovine embryos which
normally develop best in groups of around @opichandrarmndLeese 2006nay be too
isolated forautocrine or paracrineommunicationto providesupportfor embryos in a 9

well culture dish.
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4.5.12Strengths and limitations

Chapter 4 describes the differences in metabolism of embryos culturdédpramotion of
I2EARLF GA2Yy 2 Nlidatigndrbn the(zygats/to Bastocyst stage. Analysis of
relative lipid content by confocal microscopy was successful, but further study with a
quantitative method of sufficient sensitivity could be a powédddition to this study.

Analysis of mitochondrial polarisation was also successful, but analysis of mitochondrial
localisation and physiology using Transmission Electron Microscopy (TEM) would add
further detail to the mitochondrial phenotype of embrygsiA (G K R & & MBdatdzi. | (0 S F
LygSadaAadalriArzy 2F RS@GSt2LIYSyd NraGaSa -yR .
oxidation with the Primd/ision system was limited by the relatively poor development of
bovine embryos in the wethf-the-well dishespresumably due to the increased distance
between embryos, reducing paracrine signalljiS¢pkes et al005; Gopichandraand

Leese 2006 Additionally, only one treatment group could be analysed per development

cycle,reducing the total number of replicates.

4.5.13Conclusions

The role of fatty acid metabolism in mammalian reproduction has long been neglected
but is an important area of investigation, especially in humans, sindacrease irfiat
contentof the oocyte and emtyo, as in maternal obesity, is linked to infertil{tyeary et

al. 2014) It is also important in the dairy indtry, where the dairy cow hasduced

fertility due to negative energy balance (Leroy e28l05). An understanding of the
underlying mechanisms affecting oocyte and early embryeigpment istherefore vital

to improving assistive reproductive technologies (ARTSs) in domestic animals and man.

Fatty acid metabolism is undoubtedlycatical component of early embryo development
(Sturmey et al200%). Recenta & dzZRA Sa Ay @S a (-ox@dtianhaved G KS N2
suggestedhat successful FAO is vital for oocyte maturatiSturmeyandLeese 2003;

Dunning et al. 2011gndthe fatty acid composition of bovine reproductive fluinisvivo

(Leroy et al2012) and duringin vitro culture (Leroy et al2009) affecsthe outcome of

early development. The present study provides evidence that modification of endogenous
F I G ( e-oxidahidniR bovine embryosmpacts onoverallenergymetabolism, including

basal oxgen consumption rate, carbohydraternover, lipid metabolism, mitochondrial

polarisation angbossiblythe coupling of electron transport and oxidative
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phosphorylation In addition, supplementation of culture media with FCS incréase
embryolipid content,while decreasing mitochondrial polaritgroviding further evidence

for a link between lipid content and mitochondrial phenotype.

In the present study,-tarnitine was shown to be present in the ovarfatiicular
environment, providing a judtcation for supplementing theulture mediumfor in vitro

maturation with this component.
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5 The effects of manipulating bovine
embryo lipid metabolism on gene

expressiorand methylation
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Introduction

5.1.1Gene expression imammalianembryos

Mammalianpreimplantation embryos are made up of relatively few cefidm one in the
fertilised eggo around200 in the bovine blastocyst and rely on maternal protein and
MRNA transcripts during the early cleavage stagese he embryonic genome is not
transcribed immeditely following fertilisation EnbryonicGenomeActivation (EGA)
begins around the 8 cell stage in the bovide cell stage in the humaandthe late 1cell
stage in the mouséNiakan et al. 2012Y hus there is relatively little RNA present in the
preimplantation embryo. These factors produce a range of challenges$udyinggene
expressionn early embryosSeveral reporthave focusean specific gene expressiam
single blastomeres using gPCRalvernatively take a wholegenome approach tiisg
microarray technology and small groups of embryos. In this study, groups of ten
blastocysts withmatchedpyruvate and oxygen consumption rategre collectedwithin
meant2.s.d)to obtain a representative sample of geneticangesvith minimal variation
This enabled analysis of how gene expressiffieredin relationto metabolic changes
followingLINE Y 2 (i Aogidatiog With BOI Ny A G Ay S | yoRidafioff With 6 A (i A 2
BMA.

5.1.2Epigenetics and metaboliegacy

Asproposedby Barker (1986) changes during early development can predispose the
developing organism to diseaderom the first report of a link between infant birth

weight and adulcoronary heart disease, to recent studies investigating the relationship
between ART and adult health j$ increasingly well understood thaarly development
iscrucial to thehealth of the adult. The embryo is entirely dependent on the maternal
enviornmentand aharmful, but sublethal environment potentiallyproduced by

maternal diet and lifestylegan have permanent implications for the br¢/ A 8 Y Q& KS'|
and development, the embryo giving rise eventually to all cell types, including the
placenta ad other extraembryonic tissugSinclair et al2007; Sinclaiand Singh 2007,

Fleming et al. 2011; Lucas 2013; Steeddrsunissen et al. 201.3)

One mechanism connecting the preimplantation environment to development,

metabolism and gene expression is epigengticcas 201%) a Sl yAy 3 Wl 62 @S
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epigenetics is the study of heritable changes in gene expression through means other
than DNAmodification Examples of such modifications include DNA methylation, histone
modification and RNA methylatiopwhichenable cells to express a subset of the genome,
allowing the tissuespecific gene expression associated with differentiated cells. DNA
methylation is the most stable and heritable type of epigenetic modification, as well as
the best understoodainceit is less complex than histone modificatiQlones 2012)

Certain areas of the mammalian genome areng@ and termed CpG islands (CGlIs),
defined as comprising at least 55% CpG dinucleotides and an observed to expected ratio
of CpG of >®.(Takaiand Jones 2002)Cytosine residues can be methylated to 5
methylcytosine to control gene expression. Somed80o of human CpG sites are
methylated,and 6080% of CGls occur around transcription promoter gi@svuluri et al.
2001; TakaandJones 2002)Traditionally, methylation of DNA wpsrceivedto repress

gene expressiofPhillips 2008)however a more complex picture is now emerging.
Promoter methylation tends to repress gene expression, while intragenic methylation has
genespecific effects. Intergenic methyian hasfew well describecffectsand is much

less commor{Guo et al. 2014 highlighting thespecific regulatory role of methylation.

The methylation of CpG islands is largely regulated by a class of enzymes termed DNA
aSiKetfiNIryafTSNraSa 65bac¢cvd 5bat¢tm Aa NBaLl
required for cell differentiation and proliferatio DNMT2 methylates transfer RNA,
allowing epigenetic control at an additional level of transcription. DNMT3a and DNMT3Db,
assisted by the nowgatalytic DNMT3L, perforale novomethylation in the early embryo
(Gowher et al. 2005 DNA methylation may work in tandem with histone modification to
silence gene expressigRuks 2005)however as histone modifications are reversililes
debated whethetthey are a true epigenetic mechanism. DNA methylation is essential to
cell differentiation and proliferation, with somataells retaining methylation patterns
throughout their lifespan. Aberrant DNA methylation is implicated in many diseases,
including developmental conditions and metabolic syndrdiBarresand Zierath 2011;
Milagro et al. 2012; Carless et al. 2013)

Epigenetic alterations are heritable, as changes to DNA persist in daughter cells following
cell division. However, these alterations must be removed in order to allow the new
2NHIFYAaAYQa SLIAISYSGHAO Y2ZRAFAOF A2y @lgta 2 0

remove the vast majority of epigenetic modifications, though reports state that the
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spermatozoon and oocyte have different levels and regions of methylation in mouse
(Kobayashi et al. 2012y relatively similar levels in huma(Suo et al. 2014)

Furthermore, following oocyte fertilisation, the paternal genome is immediately
demethylated(Yoshizawa et al. 2010; Ma et al. 2012; Smith et al. 200#t) maternal
demethylation continuing until the blastocyst stage. In the mouse, demethylation starts in
the zygote stage and most is completed by the end of the 2 cell $Gige et al. 2014)
Paternal demethylation is reduced in IVF or {@8tHuced zygotesompared toin vive
derived zygotegMa et al. 2012)During postimplantation development up to

gastrulation, selectivde novoy S K& f | G A2y SadlrofAiakKkSa GKS
methylation pattern as the ICM further differentiat¢Smith et al. 2012; Hackedind

Surani 2013)Again, there are some similarities in remethylation patterns in humans and
animal modelgFulka et al. 2004 s well as some variatigBeaujean et al. 2004DNMT
activity has been detected in pregastrulation embryos and embryonic stem cells, but not
in differentiated ESCs or somatic cells such as fibrobldaenisch 1997Furthermore,

DNMT knockout mouse embryos do not develop beyond gastrulation, whileTDNM

knockout ESCs do not survive differentiat{tnet al. 1992; Lei et al. 1996)

{2YS 3SySa NP GAYLINAYIGSRE YSFyAy3a GKIFG
one parental allele of certain genes is expressed. These geneseymaptected from
remodelling during postimplantation development to an extéhitet al. 1993; Smallwood

et al. 2011; Hacketind Surani 2013although several reports suggest that imprinted
genes are prone to remodellif&adford et al. 2012; Huntriss et al. 2048y respond to

the maternal environmenf{Puumala et al. 2012)mprinted genes are often involved with
growth and developmenfLucas 2013Yhough soméhave argued that they ammore
important to somatic cell function than early developmddaenisch 198. Imprinting is

vital in Xinactivation in mammalian females, preventing over expression of genes absent
from the male Y chromosome, but mutations affecting imprinting are implicated in a
variety of diseases. The active X chromosome tends to be hytkeytated within gene
sequences and hypomethylated at promoter regions, with double the adiedeific
methylation of the inactive X chromoson(idellmanand Chess 2007)eading to

enhanced activityBall et al. 2009; Aran et al. 201The XIST gene (X inactbgecific
transcript) encodes a INcRNA component of thRehkomosome inactivation centrgsado

and Sakaguchi 2013nd is demethylated during gamete development but remethylated

postimplantation(Norris et al. 1994; Beard et al. 199%he XIST gene is expressed only
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on the inactive X chromosome, which Ievays paternal in the placenf{@akagand

Sasaki 1975)put randomised in the actual embryo. An antisensascript known as Tsix
is encoded at the Xist locus and inhibits Xist transcription on the same chromdteme

et al. 1999; Migeon et al. 20Q1Another Xinked IncRNA, XACT, was recently discovered
(Vallot et al. 2013Yhe extraembryonic tissues tend to be more demethylated than the
embryo(Sado et al. 2000)in the mouse, Xist RNA tends to accumulate on the paternal X
chromosome during the-8 cell stage. Xist remains on the TE and portion of the ICM
destined to form endoderm, but disappears from the rest of the ICM complerfidak

et al. 2004; Okamoto et al. 2004Another example is the intronic methylation of
maternal IGF2R during oogenegoger et al. 1993)longside the paternadpecific
methylation upstream of the H19 promoter region during spermatogendssmblay et

al. 1995) These maodifications work in synergy; paternal H19 expression is suppressed,
while maternal IGF2R is eniaed. These specific modifications are unaffected through
demethylation in the zygote andle novomethylation in the postimplantation embryo
(Jaenisch 1997)naintaining optimal expression of these genes throughout early

development.

Not all regulatory CGls are found in promoter regions; CGls several kbp away from a
promoter can affect its transcriptio(Deatonand Bird 2011; Wittkopmnd Kalay 2012)
wS3IA2ya 1y26y a WHEGSNYIFGAGS LINRPY2GSNREQ
transcription(Maunakea et al. 201@nd have phenotypic manifestations. Differential
methylation of CGls adjacent to splice sites can affect the efficiency of splicing, leading to
expression of one splice variant of a protein over anotfiedwards et al. 2010; Shukla et
a.2011 Ly 3ISYSNIf>X | NRdzyR KIFIEF 2F [tf 3ASy2
often show evidence of initiating transcription or dynamic expression. The orphn CG

are primarily methylated during embryo development, as opposed to promoter CGls
(llingworth et al. 2010)In addition, 4260% of orphan CGls had promoter activity in the
human(lllingworth et al. 2010)The authors found thatypomethylated orphan CGls

were associated with expression of certain genes, while hypermethylation was associated
with transcriptional repressioflllingworth et al. 2010)It seems possible that orphan CGI
products are norcoding RNAs withegulatory roles and methylation of these sites could
regulate tissuespecific gene expressidtilingworth et al. 2010)Increased intragenic
methylation correlates with increased transcription in some cgBesatonand Bird

2011) however in other reports intragenic methylation decreased expression by
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promoting a closed chromatin structure to prevent RNA Polymerase Il bifidimgpcz et
al. 2004) Thus, intragenic and intergenic methylation regulates gene expression, but the
enhancing or suppressing effect of each modifmatis specific to each gene and cannot

be easily predicted.

While the total population of humans born through ART is increasing and the earliest ART
children are entering adulthood, the majority of research linking ART, preimplantation
conditions and epigeetic modifications is performed in animal models, primarily mouse,
but also sheep, rat, rabbit and cdivucas 2013Broadly speaking, animal models and the
human have exhibited similar relationships between maternal diet @rdiovascular
change, behaviour, bone development and the immune response in the pr¢géming

et al. 2011) For example, a maternal diet deficient in methyl donors, such as
tetrahydrofolate (THF)auses altered methylation status in the liver of foetal sheep
(Sinclair et al. 2007 5imilar effects were maintained in the rat until adolescence, but
were rescued by dietary supplementation with folgtellycrop et al. 2005; Burdge et al.
2009) Cooper et al(2012)recently reported that supplementation of human maternal
diet with folate,zinc, and vitamins A, B, C, and D altered DNA methylation status of
offspring in a gendespecific manner, with hypomethylation of IGF2R in females and
GTL22 in males. These chamgwere detected in cord blogdithough not replicated at 9
months in venas blood(Cooper et al. 20125uch studies suggest that methylation
status is affected by maternal djébut remains dynamic to an extent throughout an

2NHIyAaYQa tATFTSo

Epigenetic modification is intricately linked to metabolism through a number of
mechanisms. AcetyCoA, supplied by the TCA cycle, is the substrate for histone acetyl
transferase enzymesyhich perform histone modificationd.eeand Workman 2007;
Shahbaziamnd Grunstein 2007)The primary methyl group dondéor DNA and RNA
methylation is Sadenosylmethionine (SAM), which is produced during the conversion of
methionine to succinyl CoA for entry to the TCA cyEigure4, Chapter 1). A further link

to the TCA cycle is the FAIBpendent enzyme LSD1, which demethylates H3K4, a
common histone modification site which increases transcription when trimethlyated
(H3K4me3}Shi et al. 2004)L.SD1 also influences DNA metabolism, perhaps through this
histone modification(Lan et al. 2008; Cicceret al. 2009; Wang et al. 200#nother

methyl donor is tetrahydrofolate, which is converted toN¥’-methyleretetrahydrofolate
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by the glycine cleavage systdiaelinand McKnight 2013)In humans, genes with the
H3K4me3 promoter modification tend to remain hypomethylated throughout gamete
maturation and preimplantation developmeg&uo et al. 2014)During postimplantation
development, and in hESCs, such genes tend to be highly methylated and actively
expresseqGuo et al. 2014)Evolutionarily younger DNA elements tend to resist
RSYSGKetlFdA2y G2 | 3INBFGSNI RSINBS (iKIy W

5.1.3Transcription

Transcriptomics is thstudy of the completeset of genes expressed by a cell type, and
includes expression of messenger RNA (mMRNA) andading RNA (ncRNA). The
majority of mMRNAs may be similar between tissue types, but abundantly expressed
MRNASs are often specific toiggue. In general, around 10% of expressed genes are
specific to a differentiated cell type, while many genes are constitutively expressed in all
cell typeg(Lewin 2004)Microarray chip analysis allows an overview of expression of the
entire genome to b recorded simultaneously, revealing genes that are differentially
expressed between tissue types or treatments. Such comparisons may be made in
experimental settings to examine the effect of an intervention or in clinical settings to
compare the impact o disease state. In studies in early development, microarray
analysis opens the possibility to identify differences in gene expression pattern as a

function of developmental stage and in response to manipulations and interventions.

Recent studies usingrige-scale expression analysis have revealed a new cohort of
candidate genes involved in aspects of embryo metabolism, development and successful
pregnancy. For exampl&}Sayed et al2006)established links between bovine embryo

gene expression and developmental competence by analysing biopsies of day 7
blastocysts which were later trafesred to surrogate recipients. The authors found that
blastocysts resulting in successful pregnancies, as measured on day 25, tended to express
greater levels of genes including thioredoxin and cyclooxygenase 2, which are involved in
prostaglandin synthas, CDX2, a trophoblaspecific transcription factor, PLAU, a
plasminogen activator, ALOX15, required for carbohydrate metabolism, BMP15, a growth
factor, and PLACS, a placental gene specific to invasion. However, embryos that had been
reabsorbed by day®had increased expression levels of KRT8, a protein phosphorylase,
PGK1 and AKRIBI, both involved in glucose metabolism; embryos resulting in no

pregnancy had increased TNF cytokine, CD9, an inhibitor of implantation and EEF1A1,
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involved in amino acid bding. These data indicate that there are differences in gene

expression at the blastocyst stage in cattle that reflect developmental competence.

5.1.4The EmbryoGENE platforms

The EmbryoGENE transcriptomic and methylomicroarrayplatform wasfirst

devdoped and validated biRobert et al(2011) The transcriptomi&mbryoGENBEovine
microarraycomprises 42,242 probes in total, of which 21,139 are known reference genes;
9,322 are novel transcribed regions (NTRs); 3,67 Alaeenatively spliced exons; 3,353

are 34iling probes; and 3,723 are controls.

The transcriptomic microarray platform has since been used in numerous st@Gidst
al. (2012¥ound transcriptomic changes between embryos moved betwi@eritro andin
vivoculture conditionsbefore and after EGAat the 4 or 16 cell stages. Embryos cultured
in vitrountil the 4 cell, 16 cell stages or blastocyst stage had significantly-degutated
gene products related tbpid metabolism, while 68 transcripts including development
and proliferationrelated genes were differentially expressed between embryos cedtu
in vitroat the time of genome activation and those culturnedvivoduringembryonic
genome activationAnother recent study found that embryos cultured undewitro
conditions, including embryo eculture with buffalo rat liver cells, had signifitdy
upregulated genes involved in cell death, and oxidative stress, as well as altered
expression of lipid metabolism pathways thianvivoderived oocytegPlourde et al.
2012) These data suggest that transcription in the embryo is dynamically linked to

embryo production method and culture conditions.

A recent study by agnoneand Sirard(2014)reported that culture & bovine embryos

with serum lipid induced an altered transcriptomic phenotypeha blastocyst stage.
Genes connected with oxidative stress and inflammation were upregulated, while
pluripotency genes were downregulateiother study reported thatculturing bovine
OCCs with-carnitine boosted blastocyst rate, total cell count and a possible increase in
mitochondrial content, along with decreased expression of fatty acid transporters
SLC27A&and SLC22A8nd increased expression of FAO enzymes CPT1B and CPT2
(Ghanem et al. 2014)

The EmbryoGEN#&Dvinemethylomicmicroarrayplatform was firstdeveloped and

validated bySaadi et al(2014) The authordound that bovinesperm DNAendedto be
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more methylatedthan blastocyst DNANnd validated thiby selectng7 DMRdgor analysis
by bisulphitepyrosequencingwhich showed a similar patterslowever the present

study is the first use of this method in conjtion with parallel transcriptora analysis
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52 Aims

The aim of this chapter is to quantify the effects of manipulating preimplantation embryo
i -oxidation on gene expression and DNA methylation status.alimsvill be addressed

by carrying out the following series of experiments:

T Metabolic profiingofboy S of ai 2084034 LINPRJzZOSR T 2f
oxidation with EO Ny A G Ay S 2-RE A KK & b-thafcapfolfcet@er | |
1 Microarray analysis of transcriptional differences

1 Microarray analysis of DNA methylation status
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5.3 Materials andmethods

The techniques describdzklowin sectionss.3.1and5.3.2were carried out iFhouse.
RNA quantification.3.3 of the initial group of 12 samples was carried attUniversité
Laval bythe authorwith the guidance ofsalelle Dufort.As several of these samples had
degraded in transit, another group of samplesre prepared on return to the UK
Quantification otheseRNAsamples was carried out [SallyJamesof the University of
York.Once the final group of 12 samplegre received aniversitéLaval, the
techniques described in sectiobs3.4 5.3.5 5.3.6and5.3.7were carried out by Isabelle
Dufort and Dominique Gagne of Université LavalirBormatic analysis (sectidh 3.8
was carried out by Eric Fournief Université LavaBSubsequent genentology analysis
was carried out irfhouse by the author (sectiob.3.8. All data shown belowincluding
the metabolic profiles shown in secti@w.], relatesonly to the final group of 12

samples.

5.3.1In vitroculture and metabolic profiling

Embrys were produced usinghe in-vitro production protocol aslescribed in Chapter 2.
However, immedately after fertilisation at the in vitro culture stagezygoteswere
randomly assigned t8§ OFaaBSAulture mediasupplementeds A 0 K n-dmYa |
mercaptoacetate (BMA, a competitive inhibitor of lealgain ac\HCoA dehydrogenase),
5mM L=carnitine (a cefactor required for transport of Fatty AcLoA across the inner
mitochondrial membrane) onnaltered SOFaaBS@ulture media was SOFaaBSA + 5%
FCS. As previously reporté&ectiord.5, Figure39), there was no difference in cleavage
or blastocyst development ratdsetweentreatments. Embryos were cultured without
interference to the blastocyst stage (Day 7), at which point blasteayste removed for
individual metabolic profiling of oxygen consumption rate by nanorespirometry and
pyruvate consumption rate by fluorimetric assay described isections2.2.2and2.3.1
Foursamples were prepared for each group; BMA drnitine and Control, for a total of
12 samples. Each sample contadra group of 10 blastocysts with pyruvate and oxygen
consumption rate within mear2.s.d. Samples welienmediatelyfrozenin 5ul PB®n

dry ice and stored a80°C prior to RNA and DNA extraction using the AllExsA/RNA
microkit (Qiagen).
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5.3.2Parallel extraction of total RNA and DNA

RNA and DN#ere extracted from frozerblastocystaisingthe QIAshredder kit and
AllPrepDNA/RNA micréit (Qiagen T 2t € 26 Ay 3 YI ydzF I Ol dzZNB ND &
modifications. Frozen blastocyst samples were transported to the preparation hood on

dry ice and suspended in 75ul buffer RILIS. The suspension was moved to a

QIAShredder column and the original tube rinsed with a further 275ul RLT plus to ensure
all blastocyst material was removed. The QIAshredder column was centrifuged at 10,000
x g for 2nin to lyse blastocysts and liberate all DNA and RNA. The homogenised lysate
was then transferred to an AllPrep DNA spin column and centrifuged at 10,000 x g for 30s
to separate DNA and RNA. DNA was bound to the spin column membrane and stored in a

collecion tube at room temperature until RNA extraction was completed.

RNA purification as carried out as described by the manufacturer. Briefly, the lysate
containing RNA was mixed with an equal volume of 70% ethanol, transferred to an
RNeasy spin column andrdrifuged at 10,000 x g for 15s, binding RNA to the column
membrane. Bound RNA was then washed with a series of buffers and centrifuged at
10,000 x g; 70@ RW1 for 15s, 5Q0 RPE for 15s and 50iB0% ethanol for &in. The
80% ethanol wash removesyaoomponents which can interfere with downstream RNA
labelling (described below). Carryover from previous washeswaisnisedby
transferring the spin column to a fresh collection tube and spinning for a further 1min.
Finally, RNA was eluted to a fresHlection tube in12.5u1 RNasdree water. RNA samples

were transported on dry ice and stored-&0°C until required.

DNA samples, still bound to the AllPrep DNA spin column, were washed wijiththGfer

AW1 and centrifuged at 10,000 x g for 15s to wdshmembrane. The flowhrough was
discarded and the spin column membrane washed with 500ul buffer AW2 at 10,000 x g
for 2min. DNA was extracted in 37pl buffer EB in a fresh collection tube AllPrep DNA/RNA
micro kit. RNA and DNA samples were stored38C before shipment to Université Laval

on dry ice for transcriptomic and epigenetic analyBiBIA samples were stored €0°C

until required.
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5.3.3Quantification of RNA quantity and quality

RNA quality was analysed using the Agilent Bioanalyser 2100 systéemi{Agi
Technologies Inc., Santa Clara, CA). RNA samples with an RNA Integrity Number (RIN) of

7.5 or greater, along with their DNA counterparts, were included in microarray analyses.

5.3.4T7amplicationof RNA

RNA samples of2agwith RIN >7.5 weramplified using the RiboAmp® T{&RNA

Amplification Kit (Applied Biosystems) as describe®byert et al(2011) Briefly,

strand cDNA was synthesised usiif1i NJ YR { éy i KSaia O2YLRYSy
Enzyme (Invitrogen). Follovgrthis, 29 Strand DNA synthesis was performed and DNA

was purified again using kit componentis.vitrotranscription was performed and the

resulting antisense RNA (aRNA) purified. The resulting aRNA was then processed through
another round of cDNA syn#isis, cDNA purification, aRNA transcription and aRNA
purification. The final aRNA was quantified using a Nbamp system(Thermo Fisher

Scientific Wilmington, USAand was around 50ug per sample.

5.3.5Transcriptomic microarray analysis

RNA samples weff@st labelled in a dyeswap design with the Universal Linkage System
(ULS) (Kreatech/Leica Biosystems, Ontario). Briefly, 2ul ef/CS'8r CYBLS were

added to 2ug RNA and 2ul Labelling Solution and the mixture was incubatetCato85

15 minutes toallow the proprietary ULS moieties to bind to the N7 position of guanine on
RNA molecules. Labelled RNA was separated fronreected UL$abel using the

t AO2t dzNBun wb! A&2fl GA2y YAG O6vAlF3ISyod . NJ
using 250ml coditioning buffer and centrifuged at 16,000 x g. The labelled RNA sample
was mixed with 100pl Extraction Buffer and i@0% Ethanolnd thenadded to the
preconditioned RNA column. Labelled RNA was bound to the column by centrifugatio

100 x g for 2nm, then flowthrough was removed by further centrifugation at 16,000 x g.
Bound RNA was then washed with Wash Buffer 1 and washed twice with Wash Buffer 2
with centrifugation at 8000 x g and 16,000 x g. Bound RNA was eluted to a fresh collection
tube by ncubating with 11l elution buffer and centrifugation at 16,000 x g.
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5.3.6Hybridisation of labelled RNA samples to the microarray

Next, ULSabelled RNA samples were conjugated to the microarray. Briefly, lyophilised
10X blocking agent was reconstituteds@0ul nuclease free water, 2ml 10% Tritorl B2
was added to wash buffer and 0.005% Triteh0% to gene expression buffers 1 and 2.

Next, each of the following reagenffablel7) were added to a 500pul microtube and

mixed gently.

Substance Amount
Cyanine 3-labeled RNA 825ng
Cyanine 5-labeled RNA 825ng
Agilent spike, 0.01X 2.7
Nuclease-free water to volume
10X Blocking Agent 11lg
25X Fragmentation Buffer 2.P
Total Volume 55¢l

Tablel7: Composition of RNA hybridisation reaction mixture.

The mixture was incubated at 8D for exactly 1%in to fragment the RNA, then

immediately cooled on ice fomiin before adding 55ul hybridisation buffei-RPM to

halt fragmentation. 100ul sample was then immediately loaded to the gasket slide within
the chamber base, distributing evenly across the sdigidace. An Agilent microarray slide
was then gently lowered on top of the gasket slide and the chamber cover firmly attached
to the base. The chamber was held vertically to check for a single large bubble and then
loaded to a rotating rack within the prearmed hybridisation oven at 66. The

microarrays were rotated at 10rpm and &for 17r.

Microarray chambers slides were then gently removed from the oven and-geasket
slides removed from the chambers. Each aigagket slide was submerged in Gene
Expression BuffilGEB)L and separated. The array slide was then transferred to the
staining dish containing pr&/armedGEB1 for 3 min, then transferrma to another slide

staining dish containing @R for 3min. Slides were scanned immediately.

5.3.7Epigenetic microarray analysis

Analysis of blastocyst DNA methylation status was performed using the EmbryoGENE

platform as described belo{de Montera et al. 2013 Briefly, blastocyst gDNA samples
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were fragmented with the nommethylation dependent restriction enzyme Msel. Linker
primers MseLig21 and MseLig12 were addgdrizubation with T4 DNA ligase for 20min.
Following this, DNA samples were treated with thethylsensitive restriction enzymes
Hpall, Acil and Hinpll, which specifically digestmathylated DNA fragment&eaitime
gPCR was performed to verify digestion success andufficient digestion was observed
(defined asa difference of <opiesbetween digested and naedigested DNA digestion
was repeated. Methylated fragments were then amplified exgatmally by PCR.
Following this, nommethylated fragments were digested using Msel to remove linkers
and then linearly amplified by PCR. This method leads to selective enrichment of
methylated fragments, allowing differences in methylation between DNA $s81ip be

detected.

Theamplified DNAsamples were labeled with Cy3 and @y®&susing the ULS
Fluorescent Labelling Kit described aboviKreatechOntarig). Labelled DNA samples
were hybridizedto the Agilentmanufactured EmbryoGENE slidesdescribe@bove for
RNA samples, with the following modifications: Hybridisation was & & 40m, after
which microarray slides were washed®igo aCGH Wash Buffefdl 5min at room
temperature, in Oligo aCGH Wash Buffer 2 fmirLat37°Cjn 100% acetonitrildor 10s
at room temperature and finallin Stabilization and Drying Solution (Agilent, Diegem,
Belgium)at room temperature for 30sSlides were scannachmediatelywith
PowerScannefTecan, Mannedorf, Switzerland), followedfegaturesextraction with

ArrayRo 6.4 (MediaCyberneticBethesda, M

5.3.8Analysis of microarray data

Microarray dataanalysisvas performeddy EricFournierusing Flex array version 1.6
(genomequebec.mcgill.ca/FlexArrand theLinear Models for Microarray dataIMMA)
R package. Differentially expressed or differentially methylated genes identified by
LIMMA analysis (exceeding fold change 0.5 amdlue 0f0.05) were analysenh-house

using DAVID online functional annotation softwané{://david.abcc.ncifcrf.gov).
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5.4 Results

5.4.1Metabolic profiles

Blastocysts produced following chronic BMA treatment, chrordarhitine treatment, or
control conditions, were metabolically profiled for oxygen and pyruvate consumption
immediately prior tocryopreservation for microarray analyses as described above
(Section 5.2). BM#reated blastocysts (40 .1pmol/embryo/hr) had a significantly
higher mean oxygen consumption rate (OCR) thaarhitinetreated blastocysts
(23.2£2.7pmol/embryo/hr, p=0.034, Figure4?2). Control blastocysts had an intermediate
OCR (2985.50mol/embryo/hr). BMAtreated blastocysts also had significantly higher
pyruvateconsumption (23.67.1pmol/embryo/hr) than kcarnitine treated blastocysts
(13.8:0.8pmol/embryo/hr, p=0.018 Figure4?2). Control blastocysts had similpyruvate
consumption (13.23.3pmol/embryo/hr) to L-carnitine treated blastocysts, albeit with

greater variation.
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Figure42: Metabolic profiling of blastocysts for microarray analysisMean oxygen
consumption rate of ContlpBMA and {carnitine treated embryos used in the following
microarray experiments. BM#keated OCR was significantly higher thaceknitine-

treated OCRp=0.034). B: Pyruvate consumption assays of the same embryos. Control:
13.1+£3.3BMA:23.6+7.1L.-carnitine:13.8+0.8 BMA pyruvate consumption was
significantly higher than-tarnitine £=0.018). Data in both cases shown as mesaa.m.
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5.4.2Summary of genetic changes

DNA and RNA were extracted from groups of 10 blastocysts intesatinent group for
microarray analysis. BMA anetarnitine treated blastocysts were compared to control
embryos to generate a dataset of differentially expressed genesldfedentially
methylated regions (DMRs). Transcriptomic analyses revealed that 152 genes were
differentially expressed in-tarnitine treated blastocystd-{gure43A), while 582 genes
were differentially expressed following BMA treatmehiglre 43B) (p<0.05,fold
change>log2 (0.5)Epigenomic comparison revealed 1414 DMRs betwesariitine
treated and control blastocyst&igure43C) anl 2494 DMRs between BM#eeated and
control blastocystgFigure43D) (p<0.05,fold change>log2 (0.h)
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A Volcano plot of fold-changes and p-values B Volcano plot of fold-changes and p-values
Over-expressed Over-expressed Qver-expressed
in Control: 99 regions
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in Carnitine: 53 regions in Gontral: 252 regions in BMA: 330 regions
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C Volcano plot of fold-changes and p-values D Volcano plot of fold-changes and p-values
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Figure43: Volcano plots indicating microarray results. A) Differential gene expression
between Lcarnitine treated and control blastocysts. B) Differential gene expression
betweenBMA treated and control blastocysts. Data points located on the upper left side
of the plot are significantly downregulated genes following treatment, whereas the points
located on the upper right side of the plot are those which are significantly ugpatsgll

C) Differential methylation betweendarnitine treated and control embryos. D)

Differential methylation between BMA treated and control embryos. Data points located
on the upper left side of the plot are significantly hypomethylated genes following
treatment, whereas the points located on the upper right side of the plot are those which
are significantly hypermethylated. Dashed lines indicate significance threshqie®.06

andfold change>log2 (0.5)
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5.4.3Transcriptomic microarrajollowing L-carnitine
treatment

L-carnitine-treated blastocysts analysed using the EmbryoGENE transcriptomic microarray
platform had 152 differentially expressed transcripts compared to control blastocysts
(Figure44), including 102 genes, 40 novel products and 1 pseudogene. These genes had a
variety of functions, and a full list of annotations were found using online DAVID analysis
software (Huang et al. 2009However we will initially focus on genes involved in embryo
metabolism and development, including oxida damage and resistance, DNA and

protein turnover, apoptosis and proliferatio §ble18 and Figure45).

Volcano plot of fold-changes and p-values
Over-expressed Over-expressed
in Control: 99 regions in Carnitine: 53 regions

log2(Fold-Change)

Figured4: Volcano plot indicating the spread of transd¢amic probe binding between-L
carnitine treated and control embryos. The dark points indicate probes which exceed the

significance thresholds 0k0.05 and fold changdog2 (0.5). A total of 152 regions were
differentially expressed betweerontrol and kcarnitine treated embryos.
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Annotation Group | Gene ID | Product name Role Fold
change
Mitochondria ALAS2 Deltaaminolevulinate synthase 2 Catalyses first step of haem biosynthesis +0.60
RAB32  Rasrelated protein 32 Mitochondrialfission +0.75
HEBP2  heme binding protein 2 Oxidativestress induced apoptosis , mitochondrial membrane permeability -0.97
Metabolism STBD1  Sarchbinding domain 1 May have the capability to bind to carbohydrates, involved in glycogen metabolism +0.84
ELOVL1 Hongationof very long chain fatty acids 1 Hongationof very long chain fatty acids -0.68
ACOT4  AcylCoAthioesterase 4 Degradation/synthesis of fatty aciddydrolysesuccinyiCoA -0.86
ACSL6  AcylCoA synthetase longhain 6 Longchain FA synthetase -0.66
THEM4  Thioesterasesuperfamily member 4 Has acylCoA thioesterase activity towards medium and legin (C14 to C18) fatty aeégbA -0.60
substrates
TPI1 Triosephosphatdsomerase 1 Converts Glyceraldehyd&phopshate (GAP)-x Dihydroxyaceton@hosphate (DHA) for TG -0.85
synthesis
CYP4A22 CytochromeP450 Catalyseshe omega and (omegal)-hydroxylation of various fatty acids such as laurate and +0.98
palmitate, no activity towards arachidonic acid and prostaglandin A1
Obesity MTMR9  Myotubularinrelated protein 9 Qontrol of cell proliferation Relevance to obesity and diabetes. -0.61
CLDN23 Claudin23 Possible link to childhood obesity -1.44
Pregnancy IFNT Interferon-_ Primary signal for maternal recognition of pregnancy -1.41
PAG2 Pregnancyassociated glycoprotein 2 Low expression related to abortion. -1.24
PAG12  Pregnancyassociated glycoprotein 12 Involved in implantation and placentogenesis -0.94
PTGS2  Prostaglandirendoperoxide synthase @ cyclooxygenase 2 Key enzyme in prostaglandin synthesis -0.84
TIA1 T-CeltRestricted Intracellular Antigeh Silences COX expression -0.76
ROS GSTO1 Glutathione Sransferase omegd Glutathione-ascorbatecycleantioxidant metabolism -0.61
Gap junctions GJB4 Component of gap junctions. CalciumRegulation in the Cardiac Cell. Membrane Trafficking -0.59
Oxygerconsuming | SQLE Or squalene monooxygenase. 1st oxidation in cholesterol synthesis, likely ritaiting. Oxygen consuming. -0.65
Protein turnover | QSOX1  Sulfhydryl oxidase 1 Catalyses oxidation of thiol groups salphides -0.73
CHST10 CarbohydratesulphotransferaselO Transferssulphateto the of terminal glucuronic acid of proteiand lipidlinked oligosaccharides. +0.65
TGM2 Transglutaminase? Catalyzethe crosslinking of proteins +0.93
Transcription NUPR1  Nuclearprotein, transcriptional regulator 1 Inhibits MSL1 activity on Histone H4'iy& acetylation -0.60
TFAP2A Transcriptionfactor AR2 alpha KO represses placental gene expression in trophoblasts. Related to apoptosis, caspase and w -1.01
ZNF187 Zncfinger and SCAN domain containing 26 Zinc Finger And SCAN Domain Containing 26. transcriptional regulation +0.62
TAF7 TATA Box Binding Protein (TBRypociated Factor, RNA Polymerase Il  Componentof the DNAbinding general transcription factor complex TFIID, mediating promoter +0.65
responses to various activators and repressors
FOXG1 Forkhead box protein G1 Transcription repression factor which plays an important role in the establishment of the regior +0.69
subdivision of the developing brain
ZNF354A Zincfinger protein 354A Promotion of cardiogenesis vertebratesand MAPKsignalling +0.73
NR3C2  Nuclearreceptor 3 C2 or mineralocorticoigceptor Liganddependenttranscription factor +0.77
TBX18 T-box 18 Embryonicdevelopment transcriptional repressor +0.85

Tablel8: Table highlighting the role and fold change of selected genes which were differentially expressed betaedtirie treated and control

blastocysts.
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Differentially expressed genef®llowing promotion ofi -oxidation with L-carnitine
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Figure45: Differentially expressed genesldy interest in carnitingreated blastocysts identified by microarray analysis. These genes are involved in
embryo metabolism and development, including oxidative damage and resistance, recognition of pregnancy, DNA and protem apayatosis and
proliferation. Genes presented exceed significatiwesholds of g0.05 and fold changdog2(.5).
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5.4.3.1Genes involved imitochondrialpermeability and morphology

Culturing embryos in the presence etarnitine led to ahange in transcription of a

number of genes involved in mitochondrial behaviour. HEBP2, involved in apoptosis and
mitochondrial membrane permeability, was downregulated at transcript |€0e97 fold
change) ALAS2, which catalyses the first step of hdmesynthesis, along with RAB32, a
protein required for mitochondrial fission, were upregulated compared to con{ralst

and +0.75 fold increasespectively.

5.4.3.2Genes involved in metabolism

Ay dzYo SNJ 2 F 3ISy Sa Nfdatbniwer mad@atd®d-tranScipt IevelA R
F2ff 26 Ay 3 LINEGOR With ZafnitiBeTIn dontrast, only one gene directly
related to carbohydrate metabolism was altered. Five genes involved in fatty acid
elongation and synthesis of triglyceride were downregulatetb¥ahg carnitine

exposure ELOVLL0.68 fold change)ACOT4-0.80 fold change)ACSLE0.66 fold

change) THEM4-0.6 fold change)TPI1(-0.85 fold change)while one transcript

NB lj dzA NBxRatidh2Q¥P422A, was upregulafed.98 fold changeBTBD1, starch
binding domain 1, involved in carbohydrate metabolisvasupregulated in carnitine

treated blastocyst$+0.84 fold change)

5.4.3.3Genes involved in successful pregnancy

Three transcripts related to successful pregnaneyendownregulated in carnitine
treated blastocysts compared to controls; IFNT (Interferon > G KS LINA Y I NB
maternal recognitior(-1.41 fold change)s well as pregnan@ssociated glycoproteins

PAG2Z-1.24 fold changegand PAG12-0.94 foldchange)

5.4.3.4Genes involved in glutathione metabolism

The gene GSTO1, encoding the cytoplasmic enGiotathione Sransferase omegd,

was downregulated in-tarnitinetreated embryoq-0.61 fold change)
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5.4.3.5Intracellular junctions

GJB4, encoding a componaitgap junctions with roles including calcium regulation and
membrane trafficking, had reduced expression followirgatnitine treatment(-0.59 fold

change)

5.4.3.60xygenconsuming enzymes

SQLE, encoding squalene monooxygenase, had reduced expression cotopameiiol

blastocysts following-carnitine treatment(-0.65 fold change)

5.4.3.7Protein turnover and postranslational modification

L-carnitine treatment led to altered expression of a number of genes involved in protein
turnover. QSOX1, catalysing oxidatmfrthiol groups to sulphides, was downregulated
0.73 fold changeWwhile CHST10, which transfers sulphate groups to glycoproteins and
glycolipids, along with TGM2, involved in protein crosslinking were upregula@65

and +0.93 fold change respealy)

5.4.3.8Transcription factors and transcription suppressors

A number of genes encoding transcription factor or suppressor products were altered
F2ff20Ay 3 LINEGIOR With ZafnitiBeFTwo transcription repressors were
upregulated; TBX18, whickpresses genes involved in embryo developmeit85 fold
change)and FOXGL1, which represses genes involved in brain develop®60 fold
change) These changes might inhibit development of a viable embryo. Interestingly,
TFAP2A (transcription fact&?2 alpha) was downregulategll.10 fold change)an effect
reported to repress placental gene expression in trophoblast. Additionally, NUPR1,

encoding an inhibitor of histone acetylation was downregulat®d6 foldchange)
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5.4.4Transcriptomic microarrajollowing BMA treatment

In blastocysts treated with BMA, a total of 582 sites were differentially expressed, with
330 upregulated and 252 downregulated versus contreigure46). Of these, 440 were
differentiallyexpressedyenes, 62 were novel products and 14 were pseudogenies
remaining 66 were interna?RS3IASYy SNI 6SQ O2yiNRfta ol asSR 2
microarray but with a number of mismatchekhese were differentially expressed as their

corresponding genes were differentially expressed and are included in the total of 440.

Volcano plot of fold-changes and p-values
Over-expressed Over-expressed
in Control: 252 regions in BMA: 330 regions

0
log2(Fold-Change)

Figure46: Volcano plot indicating the spread of differentially expressed transcripts
between BMA treated and control embryos. The dark points indicate probes which
exceed the thresholds of .05 amd fold changelog2(.5). A total of 582 transcripts
were differentially expressed.
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Differentially expressed genes following inhibition dfoxidation withi -mercaptoacetate
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Annotation Group |Gene ID Product name Role Fold change
MAP Kinase CASP3 Caspase 3 ApoptosisRelated Cysteine Peptidase 1.15
signalling TNFRSF1A Tumournecrosis factor receptor 1A Activates NFkB, regulates apoptosis via caspase 8 and inflammation 0.81
CACNA1G Voltage-dependentcalcium channel, § g Low voltage activated calcium channel involved in pacemaker activity and 0.75
lipid metabolism |VAV3 Vav 3 guanine nucleotide exchange factor Acts with Rho GTPases to stimulate cytoskeletal rearrangements, regulates lipid processes 1.04
APOA1 Apolipoprotein A-l Major component of high density lipoprotein 1.31
PNPLA2 Patatin-like phospholipase containing 2 Catalyses the first step of lipolysis in lipid droplets. 0.63
WNT signalling DvVL2 Dishevelled Segment Polarity Protein 2 Promotes internalisation of frizzled receptors following wnt signalling. 0.70
ROCK1 RhoAssociated, Coile€oil Protein Kinase 1 Rho kinase, regulates cytoskeleton and cell polarity 0.76
CSNK1E Casein Kinase 1, Epsilon Negative regulator of circadian rhythmicity 0.62
FOSL1 FOSLike Antigen 1 Dimerises with JUN proteins to form transcription factor complextAfegulates proliferation and differentiation. 1.30)
WNT2B WinglessType MMTV Integration Site 2B Ligand for frizzled receptor, developmental signalling 0.67
CLDN23 Jaudin23 Possible link to childhood obesity -1.44]
Amino acid PAOX Polyamineoxidase (exéN4-amino) Flavoenzyme oxidising(1)acetyl spermidinéo spermidineor putrescine. -0.65)
metabolism . .
AMT Glycine cleavage system T Aminomethyltransferase -0.90)
GCSH Glycine cleavage system H One of four glycine components of glycine cleavage system -1.35
LOC787129 Similar to GCSH -1.34]
PRODH Proline dehydrogenase (oxidase) 1 Mitochondrial FAD binding catalysing first step in proline degradation. -1.08]
GNMT Glycine Nmethyltransferase Methionine metabolism -1.07
LOC100299975  Similar to GCSH -1.03]
Mitochondrial PHB2 Prohibitin 2 Oestrogen receptoselective coregulator with antiestrogens. -0.72)
structure and ENDOG Endonuclease G Mitochondrial endonuclease, cleaves DNA at GC tracts -0.69
function MRPL2 Mitochondrialribosomal protein L28 39S subunit of mitoribosome -0.65
SUOX Sulphite oxidase Intermembrane matrix protein oxidising sulphite to sulphate -0.80
AIFM2 Apoptosisinducingfactor, mitochondriorassociated, 2 Oxidoreductase mediating p&Bpendent apoptosis. -0.63
SLC25A5 Solute carrier family 25 member 5 Translocates ADP from cytoplasm to mitochondrial matrix and ATP from matrix to cytoplasm. -1.01
TXN2 Thioredoxin 2 Mitochondrial thioredoxin. -0.76
HMBS Hydroxymethylbilanesynthase Third enzyme of heme biosynthetic pathway -0.73]
AMT Glycine cleavage system T Aminomethyltransferase -0.90
CYC1 Cytochrome @ Hemecontaining Cytochrome-b1l components -0.69
TIMM17B Translocasef inner mitochondrial membrane 17 homolog B (yeast) Integral component of mitochondrial TIM23 complex. -0.67
ATP5G1 ATP synthase, H+ transporting, FO, C1 (9) Subunit ofATPsynthase. -0.65
LOC787129 Smilar to Glycine cleavage system H protein -1.34]
LOC613316 Smilar to ubiquinok-cytochrome c¢ reductase -0.77
AGPATS 1-acylglyceroB3-phosphate Gacyltransferase 5 Integral mitochondrial membrane protein catalysin &tep in de novo phospholipid synthesis. -1.37
C1QBP Complementcomponent 1, q binding protein Complement subcomponent inhibiting C1 activation. -0.92
MRPL28 Mitochondrialribosomal protein L28 39S component of mitoribosome -0.65
IVD IsovalerylCoenzyme A dehydrogenase Mitochondrial matrix enzyme catalysing leucine metabolism. -0.60)
MRPL38 Mitochondrial ribosomal protein L38 39S component of mitoribosome -0.64|
LOC783502 Smilar to ubiquinok-cytochrome c reductase -0.69
VPS25 Vacuolarprotein sorting 25 homolog (S. cerevisiae) homologndosomal sorting complex component -0.83
ATP6V1C2 ATPase, H+ transporting, lysosomal 42kDa, V1 C2 Subunit ofvacuolarATPase -0.59)
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Annotation Gene ID Product name Role Fold
Group change
Electron transport |ATP6V1C2 ATPase, H+ transporting, lysosomal 42kDa, V1 subunit C2 Subunit of vacuolar ATPase -0.59|
chain LOC786967 Smilar to Glutaredoxinl Similarto (Thioltransferasel) (TTas€l) -0.65]
TXN2 Thioredoxin 2 Mitochondrial thioredoxin. -0.76)
CYC1 Cytochrome € Hemecontaining Cytochrome-b1l components -0.69
LOC783653 Similarto Glutaredoxinl Smilar to (Thioltransferasel) (TTas€l) -0.63]
ATP5G1 ATP synthase, H+ transporting, mitochondrial FO comg@éxsubunit 9 Subunit of ATP synthase. -0.65
ATP6V1B1 ATPase, H+ transporting, lysosomal 56/58kDa, V1 subunit B1 Subunitof vacuolar ATPase -0.83
LOC783502 Smilar to ubiquinok-cytochrome c reductase -0.69|
GLRXL Glutaredoxin(thioltransferasejike -0.67|
GLRX Glutaredoxin(thioltransferase) Redox enzyme involved in antioxidant defence, uses glutathione as cofactor. -0.61]
LOC613316 Smilar to ubiquinot-cytochrome c reductase -0.77|
Transcription NFE2 Nuclearfactor (erythroidderived 2), 45kDa NFE2 complex essential for regulating erythroid and megakaryocytic maturatidrdevelopment -0.64|
MRPL28 Mitochondrialribosomal protein L28 39S subunit of mitochondrial ribosome, role in protein synthesis within mitochondria -0.65
GATA3 GATA binding protein 3 Tissue specific roles: regulate T cell development and mammary epithelial cell differentiation -0.80
PHB2 Prohibitin 2 Oestrogen receptor selective coregulator. Essential for mitochondrial activation, loss leads to diabetes -0.72]
SPDEF SAM pointed domain containing etsl transcription factor Androgenindependent activator of prostate specific antigen promoter. -0.61]
TFAP2C Transcriptionfactor AR2 gamma (activating enhancer binding proteir Involved in mammary development and hormone responsive breast cancer -0.81]
gamma)
VPS25 Vacuolarprotein sorting 25 homolog (S. cerevisiae) Component of endosomal sorting complex, role in sorting ubiquitinated proteins. Regulates transcription via ELL -0.83]
(elongation factor RNA polymerasé I
Posttranslational |B4GALT1 UDRGal:betaGIcNAc beta 1,dalactosyltransferase, polypeptide 1 Golgiform involved in lactose production,-lked oligosaccahrides and carbohydrate moieties of glycolipids. Cell -0.96]
modification Surfaceform involvedin celkcell recognition in events including fertilisation.
CTSL2 CathepsinL2 Lysosomakysteine peptidase, role in corneal physiology and certain cancers. -0.78]
MPZ Myelin protein zero Vital structural component of myelin sheath. Deficiency implicated in heritable neurological diseases. -0.62]
LOC786967 Similarto Glutaredoxinl (Thioltransferasd) (TTas€l) -0.65]
TXN2 Thioredoxin2 Regulationof mitochondrial membrane potential and protection against R@siced apoptosis -0.76]
FETUB Fetuin B Proteaseinhibitor required for oocyte fertilisation -0.63]
LOC783653 Smilar to Glutaredoxinl (Thioltransferasd) (TTase€l) -0.63]
SCARA5 Scavengetrreceptor class A, member 5 (putative) Ferritin receptor, mediates notransferrindependent delivery of iron -0.81]
PROS1 Protein S (alpha) Vitamin Kdependent glycoprotein. Binds complement component C. Role in blood clotting. -0.67|
GLRXL Glutaredoxin(thioltransferasejike -0.67|
GLRX Glutaredoxin(thioltransferase) Redoxenzyme involved in antioxidant defence, uses glutathione as cofactor. -0.61]
SLC2A8 Solute carrier family 2 (facilitated glucose transporter), member 8 GLUTS. Insuliregulated glucose transporter. Binds cytochalasin B and inhibited by fructose. -0.75]
P2RX4 Purinergicreceptor P2X, ligandated ion channel, 4 ATRactivated ligand binding ion channel. Forms homomeric or heteromeric trimmers. -0.68]
UPK3B Uroplakin 3B Component of urothelial asymmetric unit membrane -0.62)
LMBRD1 LMBR1 domain containing 1 Lysosomal protein involved in export of cobalamin for its conversion to cofactors. -0.84|
FAM55C Family with sequence similarity 55, member C Also known adleurexophilin And PEsterase Domain 3. -0.71]
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Annotation Gene ID Product name Role Fold
Group change
Stress response |HSPH1 Heat Shock 105kDa/110kDa Protein 1 Prevents aggregation of denatured protein following cell stress 1.43
HSPB8 Heat Shock 22kDa Protein 8 Temperaturesensitive chaperone protein, oestrogen sensitive. 1.19
HSPA1A Heat Shock 70kDa Protein 1A Stabilises protein against aggregation. 1.94
HSPA1B Heat Shock 70kDa Protein 1B Stabilises protein against aggregation. 1.94
DNAJB1 DnaJ (Hsp40) Homolog B1 Interacts with and stimulates ATPase activity of Hsp70s 0.92]
Stimulus CASP3 Caspase 3, ApoptosisRelated Cysteine Peptidase 1.15
response XRCC2 X-Ray Repair Complementing (Defective Repair In Chinese Hamster CBINA repair 0.64
CRYAB Crystallin, Alpha B Stabilises proteins against aggregation. 2.60
HSPB8 Heat Shock 22kDa Protein 8 Temperaturesensitive chaperone protein, oestrogen sensitive. 1.19
NGFR Nerve Growth Factor Receptor Regulates translocation of GLUT4 to the cell surface 1.46
HSPA1B Heat Shock 70kDa Protein 1B Stabilises proteins against aggregation. 1.94
Cellular STMN2 Stathmin 2 Regulates microtubule stability, activated by MAP8 0.77
remodelling KLC1 Kinesin Light chain 1 Component of Kinesin. Transports intracellular cargo towards the + terminus of microtubules 0.59
SWAP70 Switch-associatecprotein 70 PI3Rdependent guanine exchange factor (GEF). Regulates membrane ruffling, actin cytoskeleton via 0.98
RAC
UCHL1 Ubiquitin carboxyiterminal esterase L1 Thiol protease involved in ubiquitin precursor processing. Protects monoubiquitin from degradation. 1.11
S100A11 S100 calcium binding protein A11 Regulation of cell cycle progression and differentiation 1.78
TUBB6 ¢dzodzt AYy 1 c Major constituent of microtubules, interacts with Kinesin (+ end) and Dynesirdj 0.85
CDH2 Cadherin 2 Calciumdependent celcell adhesion glycoprotein. Role in leifjht asymmetry in gastrulation. 1.08
KLC2 Kinesin light chain 2 Component of Kinesin. ATdependent transport of organelles and vesicles. 0.62
ACTG2 L OGAY ' H Cell motility and maintenance of cytoskeleton 0.65
CASP3 Caspase 3 ApoptosisRelated Cysteine Peptidase 1.15
PNPLA2 Patatin-like phospholipase containing 2 Catalyses the first step of lipolysis in lipid droplets. 0.63
CAMK2N2 Calmodulindependent protein kinase Il Negative regulator of Ca2+/calmodulin kinase I, regulates cell growth 0.63
GCH1 GTP cyclohydrolase 1 Positive regulation of nitric oxidgynthesisdopamine synthesis. Role in pain sensitivity and 0.78
persistence.
AP1S2 ApoptosisNB f | 1SR LINRGSAY O2YLX SHbunitoficlathrinassociated adaptor protein complex |, protein sorting in late golgi/endosome 0.86
SPTBN1 Spectrin beta chain Actin crosslink or scaffold protein linking cytoskeleton to membrane. Role indeg2ndent 0.96
movement
SEC24D SEC 24 family D Componentof COPII coat, role in transport of HErived vesicles to the golgi. 1.07

Tablel9: Table highlighting functionainnotations of key genes which were differentially expressed following BMA treatment. Genes displayed exceeded
the significance thresholds okf.05 and fold changdog2(.5).
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5.4.4.1Genes involved in MAnasesignalling

3 Genes involved in MAKkinase signalling were upregulated following BMA treatment
includingCASP3, a caspase involved in apoptesiks15 fold changggnd TNFRSF1A,

which activatesNFkBand regulates apoptosis via caspasg-8.81 fold increase)
CACNA1G, wltagedependent calcium channel, was also upregulgteti 75 fold
increase) The MAP kinase pathway typically responds to stimuli including mitogens but
also osmotic or heat stress, and regulates proliferation, mitosis, apoptosis and gene
expression. Aincrease in expression of MAP kinase components suggests that the BMA

treated embryo is under stress and may have altered cell division and apoptosis rates.

5.4.4.2Genes involved in lipid metabolism

Two genes witlarole in lipid metabolism were differentiallyxpressed following BMA
treatment; APOAL, the main protein component of high density lipoprot€in31 fold
increasep=0.04) and PNPLA2 (i I NA S iwithi@wndtréam voles in lipid
metabolism ¢0.63 fold changey=0.03)

5.4.4.3Genes involved in WNT signadji

5 genes involved in the wnt signalling cascade, a vital pathway to embryonic
development, were upregulated in response to BMA treatment. These include DVL2,
involved in frizzled receptor internalisation (0.7 fold incregs€).01), ROCK1, a vital Rho
kinase (0.76 fold increasps0.03), CSNKL1E, a casein kinase (0.62 fold incne=&65),
FOSL1, a transcription factor complex (1.3 fold incrga®202) and WNT2B, a ligand for

frizzled receptors. This suggests an overall increase in wnt activity.

5.4.4.4Genesnvolved in amino acid metabolism

A total of 5 genes involved in amino acid degradation were downregulated following BMA
treatment, including 2 subunits of the glycine cleavage system, AMT (0.9 fold decrease,
p=0.0) and GCSH (1.35 fold decregs#).03).Additionally, polyamine oxidase (PAOX,

0.65 fold decreasg=0.04), glycine methyltransferase (1.07 fold decreg@s€,004), and
proline dehydrogenase (PRODH, 0.9 fold decrgas®0?2).
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5.4.4.5Genes involved in mitochondrial structure and function

A total of 24genes involved in mitochondrial structure and function were downregulated
following BMA treatment. These include ADP/ATP carrier SLC2BA5 fold change,
p=0.01), prohibitin PHB2@.72 fold changey=0.04), Endonuclease ENDOG (0.69 fold
change p=0.03), Mitoribosome subunits MRPL® (65 fold changgy=0.03), MRPL28 (
0.65 fold changep=0.03) and MRPL380(64 fold changgy=0.01), intermembrane
sulphite oxidase SUOX0® fold changep=0.02), apoptosisnducing oxidase AIFM2 (
0.63 fold changep=0.01), Thioredoxin TXN2)(76 fold changgy=0.04), Haem synthase
HMBS {0.73 fold changgy=0.03), Glycine cleavage system components ANI® fold
change p=0.00) and , Cytochrome C CY@160Q fold changep=0.05), TIM23 complex
component TIMM17B-0.67 fold changey=0.04), ATP Synthase component ATP5G1 (
0.65 fold changegy=0.05) phospholipid transferase AGPATI537 fold changep=0.04),
complement component C1QB®.02 fold changep=0.01), CoA dehydremase 1VD-0.6
fold changep=0.00), endosomal sorting complex component VPS283 fold change,
p=0.02) and ATPase compone®TP6V1C2.59 fold changg)=0.02) and ATP6V1B1 (
0.83 fold changgp=0.05) Also downregulated were novel transcripts LOCIZD ¢1.34
fold changep=0.04), LOC613316&)77 fold changep=0.03) and_.OC783502(.69 fold
change p=0.03) which have homology to glycine cleavage system components and

cytochrome ¢

5.4.4.6Genes invaled in the electron transport chain

7 genes involvedigeneration of precursor metabolites and energy release through the
electron transport chain were downregulated in BMA treated embryos. A number of
these (ATP6V1C2, TXN2, CYC1, ATP5G1, ATRSABDC6133)Gire described in the
mitochondrial polarisabn and morphology section above. Additionally, Glutaredoxin
GLRX-0.67 fold changep=0.05) and glutaredoxiike protein GLRXEQ(67 fold change,
p=0.05) were both downregulated. Novel transcripts similar to glutared@irf©C786967
(-0.65 fold changep=0.03) and LOC78365® (63 fold changegy=0.03). This might

suggest that the embryo consumes more oxygen in an attempt to overcome the resulting

reduction in electron transport.
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5.4.4.7Genes involved iregulation of transcription

A total of 8 genes involved regulation of transcription were differentially expressed
following BMA treatment. These included a number of proteins mentioned above;
MRPL28, VPS25 and PHB2. 5 additional transcription factor genes were also
R2gyNB3IdzA | G SR T 2 tokictib wit@BMIA yTKesediriclided®msh 2 T
homeobox protein MSX2(Q.59 fold changey=0.04), Nuclear factor NFE® (64 fold

change p=0.04), GATA binding protein GATAR{ fold changep=0.04), SAM domain
containing factor SPDE®.61 fold changep=0.01), tanscription factor activating
SYKFYOSNJ 0AYRAY J08LMBdh&hgey=0.06). ¢ C! t H/ 0

5.4.4.8Genes involved ingst-translational modification

A total of 16 genes involved in pesanslational modification of proteins were
downregulated following BMA treatmengalactosyltransferasB4GALT$0.96 fold
changep=0.01) cathepsin CTSLD(78 fold changgy=0.02), myelin protein MPZ(Q.62
fold changep=0.03), fetuin FETUBX63 fold changgy=0.00), scavenger receptor
SCARS5 (0.81 fold changep=0.01), Protein S PROSQ.67 fold changey=0.04), solute
carrier SLC2A80.75 fold changgy=0.05), purinergic receptor P2RX8.68 fold change,
p=0.01), uroplakin UPK3B)(62 fold changegy=0.03), LMBR1 domain containing peot
LMBRD1-0.84 fold changep=0.05), FAM55G({.71 fold changegy=0.04).

5.4.4.9Genes involved iniess response.

5 genes involved in response to stress, includimegd heat shock proteinslISPB8 (1.19
fold increasep=0.03), HSPH1 (1.43 fold increag=).00), HSPA1A (1.94 fold increase,
p=0.01) and HSPA1B (1.94 fold incregs®,01)andheat shock stimulatoDNAJB1, were
upregulated following BMA treatment

5.4.4.10 Genednvolved in imulus response

6 genes involved in the response to stimuli including temperature and antibiotics were
upregulated following BMA treatment. These include two heat shock proteins mentioned
above, HSPB8 and HSPA1B, as well as CASP3. AdglitisiAllrepair receptor XRCC2
(0.64 fold increasgy=0.00), Crystallin CRYAB (2.6 fold increps@,01) and growth factor
receptor NGFR (1.46 fold increape.00) were upregulated. Taken together, these
upregulations suggest that the embryo is respondm@MA treatment as a stress
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stimulus, with similar effects to exposure to increased temperature or antibiotic

compounds, suggesting very deleterious conditions for the embryo.

5.4.4.11 Genes involved inetlular remodelling

16 genes identified to have roles inlicéar remodelling and transport were upregulated
T2t f 26Ay 3 -axid&ionavkh(BMA. Thesk Tclude Stathmin STMNR77 fold
change), Kinesin light chin components KI#0150 fold change) and KLG®.62 fold
change), which are required for Bfiependent transport towards the + terminus of
microtubules, switchassociated protein SWAPD(98 fold change), ubiquitin esterase
UCHL1+%1.11 fold change), calcium binding protein S100A178 fold change), Tubulin
TUBBG6+0.85 fold change), CadhirrCDH241.08 fold change), actin component ACTG2
(+0.65 fold change), phospholipase PNPL#A263 fold change), calmodutttependent
kinase CAMK2N24Q.63 fold change), GTP cyclohydrolase G@BiZ§ fold change),
apoptosisrelated complex component AP2%0.86 fold change), spectrin component
SPTBN1H).96 fold change), COPII coat component SEC2UD7(fold change) and
CASP3, mentioned above.
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5.4.5Epigenetic microarrayollowing L-carnitinetreatment

A total of 148 probe binding regions were ffierentially methylated between carnitine
treated embryos and controls, with 733 hypermethylated in control and 681
hypermethylated in carnitingreated embryos. Of these, 65 exon sites were
hypermethylated and 42 sites within exons were hypomethylatechimitine treated
embryos compared with controls for a total of 107 dié#atially methylated exong?2
DMRs were within 1kbp of the transcriptistart site, 178 within Skbp and DMRs in
CGls were within 1kb of the transcription start site of at leastrdeg with a further 4

within 50kbp of transcription start sites of multiple genes.
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Figure48: Epigenetic circular plot summarising all significantly different probe binding
sites between control and-tarnitine treatedblastocysts. Only significantly different
(p<0.05) sites are displayed. Layers from top to bottom as follows: epiggretiue (0
0.05), epigenetic foldthange (difference in methylation irdarnitine treated embryos
relative to control$, conditionmean intensity, folechanges of 18 known imprinted

genes symbols of the imprinted genes.
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Volcano plot of fold-changes and p-values
Hyper-methylated Hyper-methylated
in Control: 733 regions in Carnitine: 681 regions
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Figure49: Volcano plot of all probes in methylation microarray between carnitneated
and control embryos. Hypermethylated regionsarnitine or control treatments were
above the threshold of logQ(5) fold change and<0.05. While high foldhange suggests
a greater overall difference in methylation between control anchtnitine treated
embryos, the relationship is not linear.

5.4.5.1Pramoter methylation

Following kcarnitine treatment, 4 CpG Islands within (1kbp) and 1 CGI within 5kbp of a
promoter were hypermethylated, while a further 7 region$8kbp from promoter

regions regulating a total of 67 genes. These changes are displalpsd Geyures0).
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Figure50: Differential methylation at CGlIs within 50kbpprbmoter regions in blastocysts produced following culture witatnitine.
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5.4.5.2Differential methylation within 5kbp of a promoter region
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Figure51: Differential methylation of CpG islands within 1kbp of promoter regions
blastocyg 1 & F2f f 2 ¢ A y-GidatighBvith R2carhitthg, 2 T |

Following embryo culture with-tarnitine, 4 CGls proximal to a gene promoter (within
1kbp) were significantly hypermethylated relative to control embryos. Such modifications
are likely to have an mbitory effect on gene expression. These include COX7A2L,
encoding cytochrome ¢ oxidase subunitiéfated protein (1.89 fold increasp0.01),
KIAA198 9 (0.63 fold increage0.02), phosphoinosite®-kinase PIK3CB (0.66 fold
increase p=0.04) andhe embryonictranscription regulatofOct6 or POU3F1 (0.82 fold
increasep=0.0). A CGI within 50kbp of the promoter controlling expression of
transmembrane protein TMEM141 was also hypermethylated (0.63 fold increase,

p=0.02).

5.4.5.3Distal promoter methylation

Additionally,a further 7 regions H0kbp from promoter regions regulating a total of 67
3SySa 4SNBE RAFTFSNBYGALI T & -okialiok with kcardtiRe. F 2 f |
It is hard to predict the effect of differential methylation of regions asttiistance from a

promoter. These are listed ihable20 below.
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Gene ID hame hole lFoId changelP value
I\BCA2 ATRBInding Cassette, Subamily A (ABC1), Member 2 Thought to export lipid in neural cells. 0.63 0.02
BAK1 BCL2antagonist/killer 1 Promotes apoptosis by inhibiting the effects of BCL2 0.76 0.03
IC11H9ORF116 Chromosomed open reading frame 116rtholog Encodes protein with unknown function 0.63 0.02
IC11H9ORF142 Chromosome9d open reading frame 14@rtholog Encodes protein with unknown function 0.63 0.04
IC8G Complement component 8, gamma polypeptide Component of bactericidal membrane attack complex 0.63 0.09
ICACNG4 Calciumchannel, voltagedependent, gamma subunit 4 Regulates trafficking of AMPAelective glutamate receptors -0.68 0.04
CLIC3 Chloride intracellular channel 3 Inserts into membranes to form chloride channels 0.63  0.07
EDF1 Endothelial differentiation-related factor 1 ¢CNI YAONRLIGAZ2Y It O2F OQGAGI G2NI F2NJ t thihdmg 063 002
of ATF1, ATF2, CREB1 and NR5A1
ENTPD2 Ectonucleosidetriphosphate diphosphohydrolase2 Hydrolyses nucleotides to regulatgurinergic neurotransmission 0.63 0.02
FBXW5 Fbox and WD repeat domain containing 5 Substrate recognition component of SCF and DCX ubicugtivtein ligase complexes. 0.63  0.02
FHL3 Four and a half LIM domains 3 Suppressesumorigenesis MyoD and IgEreceptor expression. 0.82 0.0
FUT7 Fucosyltransferase? (alpha (1,3) fucosyltransferase) Golgi membrane protein involved in creating sialyewis X antigens. 0.63 0.07
IGGNBP1 Gametogenetinbinding protein 1 May be involved in spermatogenesis 0.76 0.03
ER2 Immediate early response 2 Promotes tumour cell motility and metastasis 0.62 0.0q
NPP5B Smilar to inositol polyphosphate5-phosphatase, 75kDa Inactivates IP3 signalling, controlling calcium signalling 0.82 0.0q
TPR3 Inositol 1,4,5triphosphate receptor, type 3 Receptor for IP3, regulates calcium signalling 0.76 0.03
LCN1 Lipocalin 1 (tearprealbumin) Taste receptor, binds lipids and retinoids. 0.63 0.04
LCN10 Lipocalin10 Possible retinoid carrier in epididymis with a role in male fertility 063 0.09
LCN12 Lipocalin12 Possible retinoid carrier in epididymis with a role in male fertility 0.63 0.02
LCN15 Lipocalin 15 Protein coding gene, unknown function 0.63 0.02
LCN6 Lipocalin 6 Possible retinoid carrier in epididymis with a role in male fertility 0.63  0.07
LOC100295548Unassigned Unknown function 0.63 0.02
LOC100296246Unassigned Unknown function 1.89 0.01
ILOC100297567Unassigned Unknown function 0.62 0.0
ILOC100299600Unassigned Unknown function 0.63 0.09
LOC100336123Unassigned Unknown function 068 0.04
ILOC100336900Unassigned Unknown function 0.63 0.02
LOC100336928Unassigned Unknown function 0.63 0.02
LOC100336982Unassigned Unknown function 0.66 0.04
LOC100336993Unassigned Unknown function 0.66 0.04
LOC505851  Smilar to Wilms tumor 1 associated protein Unknown function -0.60  0.03
LOC514980  Smilar to Epididymatspecific lipocalird precursor Unknown function 0.63 0.09
LOC521846  Smilar to CG15216 CG152:FA Unknown function 0.63 0.02
LOC528914  Smilar to Olfactory receptor 1F12 (Hs6M35P) Unknown function -0.60 0.03
LOC529518  Smilar to Hcg1805526 Unknown function -0.60 0.03
LOC532291  Smilar to Hcg1805526 Unknown function -0.60 0.03
LOC618652  Imilar to 1A6/DRIMinteracting protein Unknown function 0.63 0.02
LOC781304  Hypothetical LOC781304 Unknown function -0.60  0.0§
LOC781874  Similarto basic helixloop-helix TFHAND2 Unknown function -0.60  0.0§
LYL1 LymphoblasticLeukemiaAssociatedHematopoiesis Helix-loop-helix transcription factor, roles irregulating haematopoiesis 0.62 0od
Regulator 1

AMDC4 MAM domain containing 4 Selective transport of receptors ands ligands across polarised epithelia 0.63  0.07

DM4 Mdm4 p53 regulator Inhibits p53 and p7anediated apoptosis 0.66 0.04

RPS2 Mitochondrial ribosomal protein S2 28S mitoribosome subunit 0.63 0.02

ACC1 Nucleusaccumbensassociated 1, BEN and BTB (POZ) Transcriptionalcorepressor recruits HDAC3 and HDAC4. Also recruits proteasome to 062  00d

domain containing cytoplasm.

KAPL NFKB activating protefike Implicated in schizophrenia -0.60 0.03

PDC1 Neural proliferation, differentiation and control, 1 Downregulates neural proliferation and transformation 0.63  0.07
PARF Rablike GTPbinding protein 1A May enhance proliferation 0.63  0.07
PGBD1 PiggyBadransposable element derived 1 Transposase expressed in brain -0.60 0.03
PHPT1 Phosphohistidinephosphatase 1 Reversible dephosphorylation of histidine residues in proteins. 0.63 0.02
PIK3C2B Phosphoinositide3-kinase class 2, beta polypeptide PI3kinase, involved in EGF and PDGF signalling 0.66 0.04
POU3F1 POU class 3 homeobox 1 Oct6 octamerbinding transcription factor 0.82 0.0
PPP1R15B  Protein phosphatase 1, regulatory (inhibitor) subunit 15t N2 Y2 1 S48 RSLIK2&LIK2NEBEF A2y 2F (NI yaON 0.66 0.04
PTGDS ProstaglandinD2 synthase 21kDa (brain) Maturation and maintenance of CNS and male reproductive system 063  0.07
[SF3A3 Slicing factor 3a, subunit 3, 60kDa Required for premRNA splicing 0.82 0.0q
ISLC31A2 Solute carrier family 31 (copper transporters), member Zopper uptake 0.68 0.04
ISTX10 Syntaxin 10 SNARE involved in transport of vesicles from late endosome to Golgi 0.62 0.0d
[TRAF2 TNF receptoassociated factor 2 Regulates activation of NF .and JNK, promotes ubiquitination of target proteins. 0.63 0.04
TRMT1 TRM1 tRNA methyltransferase 1 homolog (S. cerevisiaDemethylatesguanine 26 otRNAs 0.62 0.0q
UTP11L UTP11like, U3 smalhucleolarribonucleoprotein, Nuclear processing of pr&8S rRNA 0.82 0.0
ZFP37 Zincfinger protein 37 homolog Transcriptional regulator 0.68 0.04
ZKSCAN4 Zincfinger with KRAB and SCAN domains 4 Transcriptional regulatorMDM2 and EP300 -0.60 0.03
EZNF165 Zincfinger protein 165 Transcriptional regulator, spermatogenesis -0.60 0.03
EZNF187 Zincfinger protein 187/ZSCAN26 Transcriptional regulator -0.60 0.03
EZNF192 Zinc Finger With KRAB And SCAN Domains 8 Transcriptional regulator -0.60  0.03
ZNF389 Zincfinger protein 389 Pseudogene -0.60  0.03
ZSCAN16 Zincfinger and SCAN domain containing 16 Transcriptional regulator -0.60  0.03

Table20: Differential methylation in CGls betweer3®kbp of a promoter following
LINR Y 2 (i AoRigatioR ith kcarnitine.
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5.4.5.4Differential methylation at CGl sites within 50kbp of a
promoter

Functional annotation analysis of all differentially methylated CGls within 50kbp of a
promoter using DAVID online software revealed 2 functional annotation groups:

transcriptional regulatorand phosphatidylinositol signalling.
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Figure52: Differential methylation at CGlIs within 50kbp of a promdt#lowing L=
carnitine treatment.

5.4.5.5Genes involved in phosphatidylinositol signalling

Several genes involved in phosphatidgsitol signallingvere hypermethylatedn
promoter regions following. JNB Y 2 { Aofidatiog With kcarnitine These included
inositol trisphosphate receptor ITPRE(76 fold changgy=0.03), inositol polyphosphate
5-phosphataséNPP5K+0.82 fold chage,p=0.03), along with lipocalin family members
Prostaglandin D2 synthas8 DGS+0.63 fold changep=0.02)and complement subunit
C8G(+0.63 fold changep=0.02).

5.4.5.6Genes involved in regulation of transcription

Differentially methylated regions were detected@G$ within 50kbp of the promoter
regiors controlling expression of a range of transcription factors. These inEIQd¢3F1
(discussed above{).82 fold changgy=0.00) EDF1+0.63 fold changep=0.02), Zic

Finger proteinZ FP37{+0.68 fold changey=0.04), ZKSCAN4 (6 fold changep=0.03),
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ZNF165-0.6 fold changep=0.03), ZNF18#{.6 fold changep=0.03), ZNF192(.6 fold
change p=0.03)and ZSCAN16{.6 fold changep=0.03). Pseudogene ZNF389 vaés0
hypomethylated {0.6 fold changep=0.03).

5.4.5.7Intragenic CGI methylatidiollowing L-carnitinetreatment

Table21 below shows a list of intragenic CGls which were differentially methylated
following L-carnitine treatment. Of these, COX7A2L, KIAA1984, PIK3C2B and POU3F1
were also methylated in promoteegions and are described inore detail above. DAVID
functional aanotation tools were used to identify the corresponding genes and their
functions, with further detail found through literature searché&s.general,tiis likely that
differential methylation of intragenic CGls walffect expression of the corresponding
gene,although the preciseffectsseem genespecific While this is speculative until

specific analysis of gene expression and methylation by gPCR is performed, some genes
bear discgsion in greater detail due to their specific functions and would be prioritised

for future study.

5.4.5.8Intragenic DMRs involved in signalling

A number of genes encoding products with roles in signalling including the wnt and MAP
kinase cascades and calciunnsigtransduction were differentially methylated in

AYGNF 3Sy A0 NB3IA 2y d-oxBa@ioniwehddaniithethdN@ndu@dimbrigoy’ 2
culture. These included G protein subunit GN&%Y fold changep=0.03), wnt ligand
WNT5B 10.87 fold changep=0.05), MAP kinase cascade component MARBB fold
change p=0.03), Calciundependent celcell adhesion protein PCDH®D (92 fold
change p=0.00), calciurractivated ion channel Tweety 20,75 fold change, 0.03).

5.4.5.9Posttranslational modification

Intragenic regions of ubiquitisbinding protein UBAC24).6 fold changep=0.02), Histone
acetyltransferase component TRRAR.48 fold changey=0.04) were differentially

methylated following embryo culture with-¢arnitine.
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5.4.5.10  Transcription factors

Transcription fators ZNF462-(Q.72 fold changey=0.00) and ZXD@{.69 fold change,
p=n®nnVv 6SNB RAFFSNBY(GALl & -oxdatiokwithd § SR T2

carnitine.

5.45.11 Intragenic CGI methylation

A number of genes encoding protein products involved in intralzellsignal transduction
were differentially methylated in intragenic regions. These inclGiG5encodngthe
cell surface linked @rotein coupled chemokine recept@uanineNucleotide binding
protein, whichinvolved in chemokine signalling transductiamhumars, itco-localises to

chromosome 1p22 with lysosomal chitobiggdimad et al. 1995)

WNT5B, encoding/inglessType MMTV Integration Site Family, Member 8B key
component of the wnt signalling cascade, vital in normal development, regulating cyclin
D1 expression and a key component of carcinoger{&sing 2003)Iinterestingly,

variation in wnt5b is tiked to type 2 diabeteéSalpea et al. 20@9. Hypermethylation of
WNT5B following-tarnitine treatment could enhance expression of this key protein,

potentially allowing accelerated development.

UBAC2encodingubiquitin-associated domakeontaining protein 2is potentially
involved in ubiquitindependent protein degradation. Intronic methylation may enhance
transcription of the gene product, potentially increasing protein degradation within the L

carnitine treated embryo. The gene is also associated with a In¢B&l#alha et al. 2011)

MARKS3 is a protein kinase activated by phosphorylation and activating MAP2 and MAP4
kinases to control cell polarity and cytoskelei@rewes et al. 1997]t also
phosphorylates HDAC7, regulating localisation and activity of histone deacetylase and

potentially leading to further epigenetic regulation of gene expression in the embryo.
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Exon intron r\lame Role Foldchange  |P-value
CLIP1 CLIP1 Cytoplasmic Linker Protein 1 Links cytoplasmic vesicles to the cytoskeleton 0.8 0.01
ICOX7A2L COXT7A2L Cytochrome c oxidase subunit 7A]l Regulatory subunit of complex IV which maycrease 1.8¢ 0.01
like protein respiration in response to oestrogen.
FRMD1 FRMD1 FERM Domain Containing 1 Associated with smallpox 0.6¢ 0.03
KIAA1984 KIAA1984 CoiledCoil Domain Containing 183 Unknownfunction 0.6 0.0
LRRC27 LRRC27 LeucineRich RepeaContaining Unknownfunction -1.0z 0.03
Protein 27
MARK3 MARK3 MAP/Microtubule Affinity-Regulating MAP kinase signalling. Phosphorylates MAP2, MA&H -0.6€ 0.03
Kinase 3 HDAC?7.
PIK3C2B  PIK3C2B PhosphatidylinositolPhosphate 3 Class Il PIRBinase. Involved in P13 signalling. 0.6€ 0.04
Kinase C2
POU3F1  POU3F1 POU class 3 homeobox 1 Oct6. Octamerbinding transcriptionfactor. Roles in 0.8z 0.04
embryo development and neurogenesis.
ISYNRG SYNRG Synergin' Interacts with APIclathrin-adaptor complex, may have ¢ 0.61 0.01
role in endocytosis/membrane trafficking
TTYH2 TTYH2 Tweetyfamily member2 Caz2+activated chloride channel. 0.7¢ 0.03
PS33B VPS33B Vacuolar Protein Sorting 33 HomolocVesicle mediated proteinrafficking, membrane fusion of 0.62 0.01
B late endosomes and lysosomes
MWNTSB WNT5B winglesstype MMTYV integration site Ligand in wnt cascade 0.87 0.04
family, member 5B
AATF Apoptosis Antagonizing TranscriptiorHDACInhibitor. Protects against oxidative damage -0.7¢ 0.0
Factor
ANO4 Anoctamin4 Associated with Alzheimer's disease 0.7¢ 0.01
GNG5 Guanine nucleotide binding protein5 HeterotrimericG protein subunit, involved in 0.9C 0.0
transmembrane signal transduction
KLC1 Kinesinlight chainl Microtubule-associatecprotein. May be involved in 0.5¢ 0.04
organelle transport
LOC100336662 Leucinerich repeat-containing G Unknown function 0.6¢ 0.0
protein-coupled receptor Sike
PALLD Palladin Cytoskeletal protein, involvedh establishing morpholog 0.71 0.01
motility and cellECM interactions.
PCDH15 Protocadherinrelated 15 Calcium dependent cell adhesion protein 0.92 0.0(
TRRAP Transformation/Transcription DomairComponent of histonecetyltransferasecomplexes. Role 1.4¢ 0.04
Associated Protein in transcription, DNA repair and epigenetic transcriptiol
activation.
UBAC2 UBA Domain Containing 2 Ubiquitin-binding, involved in protein degradation 0.6C 0.07
ZNF462 ZincFinger 462 Transcription regulation -0.72 0.0
ZXDC ZXD Family Zinc Finger C Cofactor topromote MHCI and MHCHranscription 0.6¢ 0.04

Table21Y

with L-carnitine.
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oxidation with kcarnitine.

185



5.4.6Epigenetic microarrayollowing BMA treatment

2,511 probe hybridisation sites were differentially methylated in BMA treatment versus
controls. Of these, CpG islands within 49 geagionsand within 50kbp of 17 promoter

regions were differentially methylated.

Volcano plot of fold-changes and p-values
Hyper-methylated Hyper-methylated
in Control: 1783 regions in BMA: 711 regions

log2(Fold-Change)

Figure54: Volcano plot indicating the spread of Differentially Methylated Regions
between BMA treated and control embryos. The dark points indicate meldgch
exceed the thresholds 0f40.05 and fold changdog2(.5).
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5.4.6.1Summary of epigenetic changes following BMA treatment
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Figure55: Epigenetic circular plot summarising all significantly different probe binding
sitesbetween control and BMA treated blastocysts. Only significantly differes@.05)
sites are displayed. Layers from top to bottom as follows: epigepetadue (G0.05),
epigenetic foldchange (difference in methylation in BMA treated embryos relative

controlg), condition mean intensity, foldhanges of 18 known imprinted genes, symbols
of the imprinted genes.
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5.4.6.2Promoter methylation in BMAreated blastocysts

2,511 probe hybridisation sites were differentially methylated in BMA treatment versus
controls.Of these, 64 sites were within CpG islands, with 7 of these within (<1kbp) a
promoter and a further 4 within 50kbp of a promoter. 30 CGls overlapped exond4dand

overlapped introns. 8 CGls did not overlap a genic or promoter region and were not

included in this analysis, although they could still have a regulatory role which could be

revealed in further investigations.

Differential methylation in promoter CpG islands
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Figure56: Differential methylation of CpG islands related to promoter regions following
BMA treatment of embryos in culture.

Gene ID | Gene name | Product function | Fold change | P value
CDV3 Carnitine-deficiency associated gene expressed in ventricle Bxpressed with HER in breast cancer cells 1.38 0.04
LOC100295009 Rhoguanine nucleotide exchange factor (GEHF)K& Now termedARHGEF7, induces membrane ruffling -0.69 0.02
LOC787649 HistoneH4like Pseudogene -0.77 0.05
MIC MHC class-telated protein Stressinduced cellsurface antigen 0.77 0.04
NAPB N-ethylmaleimide-sensitive factor attachment protein, beta Involvedin vesicular transport between endoplasi -0.60 0.05
reticulum andGolgiapparatus.
TMCC2 Transmembranend coiledcoil domain family 2 Lyg2t SR Ay 3ISySara 27 1.68 0.03
TMEM54 Transmembranerotein 54 Beta-Caseinlike, tumour-associated antigen 0.80 0.02
LOC618012 Similarto histone cluster 1 HistoneH2B type 1like 0.73 0.03
TMEM92 Transmembrane Protein 92 Expressed in prostate tumours. 0.73 0.03
COL1A1 Alpha1type | collagen Component of type | collagen is a fibfibrming 0.73 0.03
collagen found in most connective tissues.
LOC615867 Similarto Spermatidspecific linker histone Hlike protein Unknown function 0.73 0.03
SAMD14 Sterilealpha motif domain containing 14 Implicated in adenocarcinoma 0.73 0.03
SGCA Sarcoglycanalpha (50kDa dystrophiassociated glycoproteinSarcoglycan complex component, linkiteactin and 0.73 0.03
the ECM
LOC786342 Uncharacterised protein Unknownfunction -1.13 0.04
LOC781940 SPACA7Sperm Acrosome Associatetl Released following acrosome reaction in sperm. -1.13 0.04
MIR708 Mir-708microRNA Alters gene expressiorsuppressesvnt signalling. -0.70 0.01
UBE2E2 Ubiquitin-conjugatingenzyme E2E 2 (UBC4/5 homolog, yeastatalysesttachmentof ubiquitin to proteins for -0.59 0.05
degradation.

Table22: Table showing gene name and product function of the data shown above in
Figure56.
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5.4.6.3Differential methylation of intragenic regions

49CGils in intragenic regions were differentially methylated following Beetrhent. Of
these, 29 were exonic and 44 were intronic, with 24 CGIs overlapping exonic and intronic

regions of the same gene. These are summarised bel&igure57.
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Figure57: Differential methylation of intragenic CpG island regions following BMA treatment to blastocyst stage. Gene IDs LRRC2W¢oeC
differentially mehylated in a exonic CGI, whereas genes from PTPRN2 to SLC29A11 were differentially methylated in and intronic regen. All gen
displayed exceeded the significance thresholds of fold chang@.%)g(ndp<0.05.
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Exon Intron Gene name Role Fold  |P-value|
change
LRRC27 LRRC27 Leucinerich repeat containing 27 Protein coding, unknown role -1.26  0.02
LOC61648 Uncharacterised Smilar to uncharacterized protein C170rf47 -0.90 0.03
COPS7A COPS7A COP9 constitutivphotomorphogenic COPSignalosomecomplex component. Regulates ubiquitin -0.90 0.02
homolog subunit 7A conjugation
MARK3  MARK3 MAP/microtubule affinity-regulating kinase :Phosphorylates tau, MAP2 MARhd HDACZ? -0.78 0.02
LOC78764'LOC787649 Histone H4like Similarto Histlh4c protein -0.77 0.05
PPP1R7 PPP1R7 Proteinphosphatase 1, regulatory (inhibitor, Regulates PP1, required for mitosis and correct localisation of PP1-0.73  0.00
subunit 7
LOC10033 Uncharacterised
287
LRRFIP2 Leucine Rich Repeat (In FLII) Interacting Wnt signalling activator, positively regulates Tdike receptor -0.67 0.01
Protein 2 signalling.
ZSWIM3 Zincfinger, SWIMtype containing 3 Zinc binding, unknown function -0.64 0.04
IQCE IQCE 1Q motif containing E Implicated in microcephaly -0.63 0.01
SERPINB4 Serpinpeptidase inhibitor, clade B Protease inhibitor, mediate immune response to tumour cells -0.61 0.03
(ovalbumin), member 4
LOC10033 SerpinB3like Possible protease inhibitor -0.60 0.01
240
MAN2A1 MAN2A1 Mannosidasealpha class 2A Glycosyhydrolase -0.60 0.01
RHBDF1 RHBDF1 Rhomboid5 homolog 1 (Drosophila) Regulates secretion of EGFR ligands -0.59 0.04
LOC10029LOC10029678:Diabetes relatecankyrinrepeat proteinlike Unknown function. 0.60 0.04
784
RSBN1 RSBN1 Roundspermatid basic protein 1 Transcription regulation in germ cells 0.65 0.01
SH2B3 SH2B3 SH2B adaptor protein 3 Growth factor and cytokine signalling 0.65 0.04
LOC10029'LOC10029947!Uncharacterised Unknown function 0.66  0.02
475
HMCN2 HMCN2 Similarto hemicentin2 Calcium ion binding 0.68 0.04
MIC MIC MHC class-telated protein Stressinduced cellsurface antigen 0.77 0.04
KIF14 KIF14 Kinesinfamily member 14 Microtubule-associated motor role in cytokinesis 0.77  0.03
TMEM54 TMEMS54 Transmembraneprotein 54 Tumourassociated antigen, antisense RNA 0.80 0.02
MYO9B MYO9B MyosinIXB Unconventional myosinassociated with type 1 diabetes 0.80 0.04
SETD1B SETD1B SET domain containing 1B Histonemethyltransferasecomponent 0.81 0.00
WNT5B  WNT5B Winglesstype MMTV integration site family, Ligand in wnt cascade 0.82 0.04
member 5B
TMCC2 TMCC2 Transmembrane andoiled-coil domain Interacts with amyloid protein precursor and apolipoprotein A. 1.68 0.03
family 2
NKX2 NKX2 NKZgomeobox 1 Thyroid-specific transcription regulator 126 0.01
CDV3 CDV3 Carnitine-deficiency associated gene Expressed with HER in breast cancer cells 1.38 0.04
expressed in ventricle 3
PTPRN2 Receptortype tyrosine-protein phosphatase Phosphorylates phosphatidylinositol, Autoantigen associated with -0.98  0.01
N2 precursor type |l diabetes mellitus
ZNF462 Zincfinger protein 462 Transcription regulation -0.92  0.02
SLC39A11 Solute carrier family 39 (metal ion Zincinflux transporter -0.84 0.02
transporter), member 11
SUFU Quppressorof fused homolog (Drosophila), Negative regulator osonichedgehofpatched signalling -0.84 0.02
TCERGIL Transcriptionelongation regulator tike Associated with type Il diabetes and ADHD -0.84 0.02
FBF1 Fas(TNFRSF6) binding factor 1 Apical junction complex assembly in epithelial cells -0.82 0.03
LOC615982  Similarto PH domain leucineich repeat Unknown function -0.77  0.02
containing protein phosphatase
LOC10033697.Centaurin, gamma 2like Unknownfunction -0.77  0.02
BRSK2 BR serine/threonine kinase 2 Key role in axogenesis, cell cycle and insulin secretion. -0.74 0.04
LOC10029893!Uncharacterised Unknown function -0.74 0.04
JPH3 Junctophilin3 Junctional membrane complex component. Brain specific. -0.67 0.02
FOXN3 Forkheadbox N3 DNAdamage inducible transcription repressor causes cell cycle ar-0.65  0.02
DTX2 Deltex 2 Ubiquitin E3ligase, regulator of notch signalling -0.65 0.01
PDE10A Phosphodiesterasel 0A Regulates cAMP and cGMP concentration. -0.63 0.01
MSI2 MusashiRNAbinding protein 2 RNA binding protein in neuronal and embryonic stem cells -0.63 0.04
LOC790124 dmilar to vasoactive intestinal peptide Unknown function -0.61 0.05
receptor 2
MKL1 Megakaryoblastideukemia(translocation) 1 Transcriptional coactivator of serum response factor. Inhibits casp:-0.61  0.02
expression. Embryonistemcell differentiation
SHANK2 SH3 and multipleinkyrinrepeat domains  Postsynaptic side of excitatory synapses. Role in autism, also AUT0.64  0.04
rotein 2
TFDP1 'FI)'ranscriptionfactor Dp1 E2F transcription factor, regulates activity of cell cycle promoters 0.67  0.02
PCDH15 Protocadherin15 Regulates calciurdependent celicell adhesion 0.76  0.00
KCNK9 Potassiumchannel, subfamily K, member 9 pH sensitive K+ channel. Maternally imprinted in brain. Deficiency 0.79  0.02
linked to increased appetite and weight gain in mice
SLC39A11 Solute carrier 39. Zincinflux transporter 156 0.04

Table23: Table describing the gene name, product function, fold changeparadue of
the data shown above iRigure57.
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5.4.6.4Genes involved in signalling cascades

A number of genes encoding products involved in key signalling cascades were
RAFFSNEBYyGALfte YSGKeatl SR A sxidatigrOnitoBMA.E (G 2 O
These include frizzled receptor liga¥¢NT5B £0.82 fold changegy=0.04), Sonichedgehog
pathway inhibitor SUFUQ.84 fold changep=0.02),Rhomboid proteasdike protein
RHBDF1-Q.59 fold changep=0.04), adaptor protein SH2B30(65 fold changey=0.04),

MAP kinase cascade component MSI263 fold changep=0.04) and wnt signalling

regulator LRRFIP2D(67 fold changegy=0.01).

5.4.6.5Genes involved irr&nscription

C2ftf206Ay 3 -byuidOWHIBMA,Wrangciptional regulator TFBB.67 fold
changep=0.02) and spermatidpecific transription factor RSBN1).65 fold change,

p=0.01) were hypermethylated, while FOXN3.§5 fold changep=0.02) was

hypomethylated, potentially leading altered expression of these genes and a dysregulated

expression of their target genes.

5.4.6.6Genes involvedipost-translational modification

BRSK2Q.74 fold changgy=0.04), MARK3Q.78 fold changey=0.02) and PTPRND(98
fold changep=0.01) are all involved in protein phosphorylation and all were
hypomethylated following BMA treatmeniannosidase MAN2A(-0.6 fold change,
p=0.01) and histone methyltransferase component SETBAB] fold changgy=0.0)

were also differentially methylated.

5.4.6.7Genegelated todisease

A number of genes which have been implicated in metabolic diseases were differentially
methe f G SR T2t f 2 ¢dxigafon Anyaddkian Xo(BRSKY angd FTPRN2, which
are linked to diabetes, MYO98B)(8 fold changep=0.04), an unconventional myosin
associated with type 1 diabet€®Virth et al. 1996; Monsuur et al. 2005; Persengiev et al.
2010)and KCNK9H).79 fold changep=0.02), which is linked to increased appetite and
weight gain in micéPang et al. 2009were also differentially methylated following

AY KA O A-Oxddatigh. 2 F |

192



A number of DMRs following BMA treatment were related to neurological disorders, for
example JPH3Q.67 foldchangey=n ®nH0 A& | 2a20Al SR {@xiSK |
Piatkowska et al. 2008nd SHANKZ2H).64 fold changep=0.04) with autism(Berkel et al.

2010) TMCC2+1.68 fold changey=0.03) interacts with both amyloid protein A and
FLI2EALRLINRGSAY | | YR KSy O®lopkins ethlR2011;0 SR (0 2
Hopkins 2013)
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5.4.10verview of the icarnitine treated blastocyst transcriptome
and epigenome
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Figure58. Combinectircular plot showing transcriptomic and epigenetic changes
F2ff 26 Ay 3 LINEGOR With ZafnitiBeTOnly genes which were significantly
differentially expressed or differentially methylated are displayed.

One gene, encoding the mineralocortidand glucocorticoiglependent transcription
factor NR3C2, was upregulated and hypomethylated followingrhitine treatment. The
S5awX K2gSOSNE ¢l a Ay Iy W2LISy aSIQ NBIAz2

limiting its effect on transcription.
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5.4.10verview of theBMAtreated blastocyst transcriptome and

1
4 - wﬁfﬁt_‘“ o 2
+ oy epigenetic =
% g™ P9 o
e i p-value & ”’Tﬂmpq? &“!’j#,ﬁ; &
o s \«\" epigenetic ; H-ag S 2
A ,;- fold-change Wi R
\j;\“\ w “‘? d} i, V /}/;}/) # ,“{c, N
& O \
Yo » transcriptomic ‘ ¥ ¥
¥ 4
\.‘# « ‘ | & s AR N
" o8 Y < 7 p-value N 'V %/ G
Voa R QSA 3‘ 4 - > 73 PR
e~ ¢ Y - transcriptomic L 2 4
y & <" fold-change Wy p g, » SR

i
© g\ 4 % "o, *
g [‘ - Concordant * ® “
Ty : aANS

0 ’ differences B » *; <0
v AU DR P ” M’} R
- » & 2 ¥ %
A, 3 .
50 T ﬁ’ '? { - “ ﬁ f_
0 b~ - ‘; ‘l‘ e "
o 35_;’ ..ih E ? Histograms of p-values 3 \E
IE | ;_: ' < h 'EL average of -log10(p-value) ~ Qverlay: top 100 differentially -“ = 0
= a > 1{ overaSMbpinterval  methylated/expressed genes: v - :- :',_?:
x5 &4 < . - LB
f E 1! % A Positive fold-change '-.'.l-_ = EL R
o W Negative fold-change l”’-”‘iz' ? - = =75
SRR ab = E
ro25 = |
= Histograms of fold-changes ?"' > = o
0 L,: ey %? average fold-change(log2} : _1- = HE
'Ji ? = : over a 5M bp interval m Inal
? - é J{, Positive fold-change l_!! s
SR » - = xF
: J? . e 'y T’l Negative fold-change > E g
o “3 e !
3 2 p 14 e, J‘f v .i <
"2 2 "2, S & v
v e A I -
A »% * RS 4 3
'Y o LN N . ? A5
5 B ’ ,5;' %"‘% & o T E T
. »
e e e L RO
N T Py S &
Py Ca vip VM e o KO
o "
* ¥ Q\;J N R &L o
Gd Qf\h,’/ & Y .“ N v“ v ““ \; \\\.}% &
& '94#. N 4 « & A\ ﬁ\) '5 i *3\": ‘
o T g 61?7 e ol v A ;&% o
i,
o ot o # o
Sy I g prerpy ¥ L P T
S g o k)
% g’f{”u!’ ) - e
T e Moy = ST
i T ST e RSB
R og B N
14 13 *

Figure59: Combined circular plot showing transcriptomic and epigenetic changes
T2t f26Ay3 -axidaionavkhiBMA. Onlyy@nes which were significantly
differentially expressed or differentially methylated are displayed.

Four concordant differences were detected following BMA treatment, LOC506260,
LOC511424, LOC505766 and SCHIP1. Encoding Schwamteragting protein 1,

SCHIP1 was upregulated and hypmthylated following BMA treatment. SCHIP1 interacts
with NF2 or schwannomin, a scaffolding protein and tumour supprg§soutebroze et

al. 2000)
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5.5 Discussion

Alargenumber of genes were altered at the level of gene expression or methylation in
NBalLlyasS (2 YL yA Ldcation. WRilg therficro@rtayiainaysid OA R
produces a static impression of the genetic activity of a group of embryos and the fold
change may be minor, differential regulation of gene expression at this early stage of
development could have fareaching consequences for the ongoing development of the
embryo. Thdoetal developmental origin of health and disease (DoHaD) hypothesis was
first noted in(Barker 1986)more recently reviewe@arker 2007and siggests that

minute changes in the oocyte and embryo environment permanently affect the

2NHI YyAAYQa RS@St2LIYSyYy (s Yndpéacting @nfuicdpibility td R 3 !
coronary heart disease and many other conditions. As discussed above, chatiges in
expression levels of some genes seem to predispose an embryo to a failed implantation
or placental development, potentially abortirigetal development. It is equally likely that
changes in expression of some genesld generatean apparently normal lpenotype,

with similarin vitrodevelopment rates and possibly successful pregnancies, but with far

reaching consequences for the ongoing development of each individual.

It should be noted that the pattern of gene expression differs greatly betvie@no
derived andn vitro produced embryogNiemannand Wrenzycki 2000; Bertolini et al.
2002; Lonergan et al. 2003Yloreover, comparison of gene expression betweembryos
produced by IVF had substantial differences in gene expregsofile compared to
embryos generated by ICEridges et al. 2011¥ven between constitutively expressed
orsoOl f f SR WK 2 dza(ButhSihedetydl320B)S Yy S & Q

5.5.1Metabolic differences

L-carnitine treated blastocysts had significantly lower OCR and pyruvate consumption
rates than control or BMA treateembryos(Figure42). This is in agreement witihe

previous OCR data this thesisFigure31). In contrast to previous dat@digure30, Figure

31), BMAtreated embryos did not have significantly increased OCR compared to control
embryos. This may be due to the removal of outliers exceeding mean pyruvate or oxygen

consumption 2s.d. asnore metabolically active blastocysts e.g. expanding blastocysts
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may have dramatically higher consumption rates than a group of similar stages of early

blastocysts.

~

5525 AFFSNBYyGALFf SELINB&aaA2Yy T2
oxidation

t NPY23GA2Y 2o%dabr withi L&EarritiGeNeR to ia total of 152 changes in gene
expresion at the blastocyst stage saift related to an overall decrease in oxygen and
pyruvate consumptionKigure42). A relatively minor manipulation, providing an

increased supply of a physiological compound to manipulate metabolism of an
endogenous energy source, clrerefore give rise to a wide range of effects at the
metabolic and transcript S@Sf a4 ® ¢ KA a a dzaxa&ianisdinkédior G F I {
overall regulation of metabolism and gene expressiontiad R & & NB 3 dxtidatiors R |

in the earliest stages of preimplantation development can havedaching effects.

5.5.2.1Genesgnvolvedin sucessful pregnancy
{SOSNIt 2F GKS 3ISySa oKAOK @gSNB | fd§SNBR |
oxidation with kcarnitinehavepreviouslybeenreported to be differentially expressed in
SYONE2& GKFG FFEAEfSR (2 3A @SociatedndtiSatdlll y O& &
resorption and was upregulated in embryos resulting in no pregnéRekik et al. 2011)
In the present study,-tarnitinetreated embryos did noéxhibitaltered expression of
¢bCh G2 O2y(iNRf &z odzi SELMMBused ANFyacta®)F [ L ¢!
SyO2RAY3 | LINRGSAY 6KAOK YSRAIFIGS&E ¢bch S
downregulated in the present study were PGTS2 (Cyclooxygenase 2), PLdha&gro
G LIS LI I AYAyY 23S yClKideiférad tail &, Miiich binds'GDXAirChovine
non-trophoblast cellsTranscript abundance d@iXNIRthioredoxininteracting protein),
whichinhibits TXN activityor availability, was increas€0.88 fold incease,p=0.03).
Expression of C@GX PLAU, TXN and CDX2 was lower in embryos resulting in unsuccessful
pregnancy in a study yekik et al(2011) suggesting a potential link between increased

i -oxidation and unsuccessful pregnancy.

5.5.2.2Mitochondrial pemeability and morphology

The transcription of a number of genes involved in mitochondrial behawasaltered

following carnitine treatment. HEBP2, also known as SOUL, was downregul#ted at
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transcript level. This gene plays a rolehe induction d apoptosis in response to

oxidative stress. Normally, mammalian embryos cannot undergo apoptosis prior to the
maternatzygote transition (MZT) and apoptosis is rare in embryos of higher
morphological quality before the blastocyst sta@tardy 1999)However the net effect of
reduced HEBP2 expression may allow compromastomerego escapeapoptosis.
Reduction of HEBP2 may also reduce mitochondrial membrane permeébylikgand
Reppert 1999; Szigeti et aD@6; Szigeti et al. 2010; Ambrosi et al. 20Hgwever, as
reported above, Lcarnitinetreated embryos did not have significantly different
mitochondrial polarisation compared to controls, although mitochondrial polarisation
was significantly lower aarly cleavage stageBigure37, Chapter 4. ALAS2, required for
haem biosynthesis, was upregulated followiagarnitine treatment, suggesting that
synthesis of hemoproteins could be increased followidy2 Y 2 (i AoRigAtior2 Also
upregulated was RAB32, a protein which is required for mitochondrial fission. Perhaps
increasing expression of ALAS2 and RAB32 could support or even accelerate
mitochondrial development and division. These data suggest titetteal expression of
genes involved in mitochondrial structure and function could contribute to the metabolic
RATFSNBYOSa 20 aS NS Rxidatdr witt?kaknifir® dutiig? Y2 G A 2 Y

preimplantation development.

5.5.2.3Genes involved in metabolism

Anumberz ¥ ISy S& NIBf I-akiBaRon iwete modulatédtat tlar@dripR level
following L-carnitine treatment. Five genes involved in fatty acid elongation and synthesis

of triglyceride were downregulated following carnitine exposure (ELOVL1, ACOT4, ACSL6
¢l 9any ¢tLmOI GgKAT S aydation CYPYA/AONE UgieguNBd) dzA |
It is tempting to speculate that the overall effect of these changes is to rethece
aeyiKSara 2F GNAIt & OSNARRS -okigation t6 rative [évaIsy LIG
abating the promoting effect of-tarnitine. CYP422A (cytochrome P450, family 4,

subfamily A, polypeptide 22) is required for hydroxylation of laureate and palmitate, two

unsaturated fatty acids.

In contrast, only one gene directly relateddarbohydrate metabolism was altered.
STBD1, starch binding domain 1, may anchor glycogen to intracellular membranes as part
of glycogen degradatio@iang et al. 2011)nterestingly, this transcripasupregulated

in L-carnitinetreated blastocysts, suggesting an increased capacity to degrade glycogen.
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However, this is thenly gene involved in carbohydrate metabolism identified by the
transcriptomic platform, suggesting that the reduction in pyruvate consumption in this
cohort (Figure42B) and increased glycolysis bgarnitinetreated embryos Figure32C)

areregulated at a mebolic, rather than genetic, level

5.5.2.4Genes involved ihpid metabolism

ELOVL1, responsible for elongation of kahgin fatty acids, was downregulated,
suggesting a decrease in synthesising longer chain forms for storage agekement

with the model ofA Yy O NBS-bxa&iéh rdther than fat storage. Downregulation of

ACSL2, a lorghain fatty acid synthetase, and TPI1, whionvertsGlyceraldehydes-
Phopshatq GAP) to Dihydroxyacetonghosphate (DHA) for TG synthesigy have a

similar effect A similar gene to ELOVL1, ELOVLS5, is differentially expressed in response to
serum treatment in the ovine blastocyst and is required for fertility in njMeon et al.

2009; Hughes et al. 2011j is thereforepossible that downregulation of ELOVL1 could
impacton fertility. ACOT4, which hydrolyses AGAJA and THEM4 whichhydrolyses

medium and longchain fatty acylCoA groups, were also downregulated, suggesting a
LI2aaAof S NBIdzZ | G 2-okilation 81Ot of inceeaseddagnitife A YA (|
provision.STB®1, starch binding domaim, involved in carbohydrate binding and glycogen
metabolism, was upregulated in carnithtieeated blastocysts, suggesting a possible

increase in glycogen breakdown.

Additionally, MTMR9jnked to obesity and diabeteslong withCLDN23, linked to
childhood obesity, were downregulated following treatment witedrnitine. It is
tempting to speculate that sucthangesnight offer a link towardbesity in childhood or

adult life following dysregulated embryonic fatty acid metabolism.

5.5.2.5Genes involved in successful pregnancy

Three transcripts related to successful pregnancy were dmgulated in carnitine

treated blastocysts compared to controls. Interferon A & G KS LINR Y| NB & A
recognition of pregnancy and low expression T2t €t 26 Ay 3 Ay ONBI-4SR
oxidation, would likely reduce the chance of successful recognition of pregnancy.

Reduced expression of PAG2 has been related to spontaneous abortion, while PAG12 is
reportedly involved in implantation and plac®genesis. Taken together, downregulation

of PAG genes may have a compounding effect leading to inhibition of successful
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implantation and placenta development and an increased likelihood that the embryo will
abort. If the carnitinetreated embryos happergto develop more slowly, these changes
would be unsurprising, however the carnitii@ated and control embryos were each
profiled at around stage B3ngan=2.7 v 2.6). Therefore, these data suggest that

of Fat20@aida -oxidalioh have/fédides abifitbt&Rsighal to the mother and

implant successfully.

Several genes which are altered at transcript level have been reported to have differential
expression dependent of the stage of embryo development. In separate experiments,
kinetic data colleted using the Primovision embryo development tracking system
suggested that{carnitinetreated embryos begin blastocoel expansion earlier than

control or Etomoxktreated embryos Figure40). However, in this case the metabolic

profiles and fixing for microarray analysis were performed.@arnitine-treated and

control blastocysts at similar stages of blastocyst expansion (BByverage, BMA

treated embryos were at a slightly more advanced stage of development (B4), though this
was not a statistically significant differenfe=0.8). Where possible, blastocysts of a

similar developmental stage were analysed but embryos weraanly selected based

on metabolic similarity and blastocyst numbers were dependent on a variable tissue
adzlJL) 8d ¢eLIAOlIffes SYONEB2A ¢A0GK at2gSN R
but in this case the carnitinreated embryos were measured atsimilar stage of

expansion and may have increased development rdtagufe40). This suggests an even
greater discrepancy between the rate of developmeny R ¢ b Ch S EcadhitiBed & A 2

treated embryos.

5.5.2.6Genes involved inlgtathione metabolism

The gene GSTO1, encoding the cytoplasmic enGiotathione Sransferase omegd,

was downregulated in-tarnitinetreated embryosL-carnitine treatment has ben

reported to alter glutathione metabolism, increasing resistance to oxidative stress, in a
range of cell type§Gulcin 2006and this may be part of such a response. GSTOL is one of
a number of enzymes bonding glutathione to a range of reactive moieti¥s (R
glutathione). RX-glutathione is then degraded by GGT1 and GGTL3. This change at the
transcript level may lead to an irease in bioavailability of glutathione, but a reduction in

glutathionemediated breakdown of toxic moieties.
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5.5.2.7Squalene epoxidase

SQLE, encoding an oxygemnsuming enzyme, may be responsible for some of the non
mitochondrial oxygen consumption reported@hapter 3(Figurel9). Interestingly, its
expressiorwasdownregulated following carnitine treatment, and overall oxygen

consumptionwascorrespondinglyeduced.

5.5.2.8Genes involved inrptein modification

5.5.2.9Genes related to disease

Almost all of the genes discussed above have relevance to disease conditions, including
developmental and metabolic disorders related to knockout or overesgion of
enzymecoding genes. However some of the genes identified have hitherto been detected
only in association with disease and it is possible that further analysis could eluitidate
developmental origins or components of certain conditions. Faligvitcarnitine
GNBFGYSyaGs /!'[.m A& R2¢gyNB3IdzA I SR IyR A&
patients. CLDN23 and MTMR9 are both downregulated and have links to childhood and
adult obesity respectively. FSTL1 is upregulated and upreguiditergeres involved in

the inflammatory component of arthritis. Also upregulated is AUTS2, which has been

reported to confer susceptibility to autism.

5.5.2.10  Genes involved in prostaglandin synthesis

Prostaglandins are synthesised from arachidonic acid anetamitine treatment

LINR Y2 (G Sa -oyoarinNgof fattpdaids, it might be expected that bioavailability of
arachidonic acid would also be reduced. Indeed, TIA1, encoding a silencer-af &0X
well as its target gene, PTGS2/CDwWere both downregulated followingdarnitine
supplementation. This suggests a possible mechanism for a reduction in prostaglandin
a@YyUKSaAA Ay SYodxiBaich Thiede préteins grenitBchoadsidlly |
localised and their activity may be linked to the changes in mitochondrial polarisation,
OCR and potential changes in mitochondrial development following carnitine treatment.
Prostaglandin synthesis normally varies with embryo development, so decreased
expression of these genes might suggest a reduced abiliti-¢arnitine-treated embryos

to synthesise prostaglandins in comparison with control embryos at the same stage of

development.
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5535 AFFSNBYy ALt SELINSD A& dokidagon F 2 |
5.5.3.1MAPkinasesignalling

A number of gnes involved in MAP kinase signalling were upregulated following BMA
treatment. The MAP kinase pathway typically responds to stimuli including mitogens but
also osmotic or heat stress, and regulates proliferationpsig, apoptosis and gene
expression. An increase in expression of MAP kinase components suggests that the BMA

treated embryo is under stress and magssesalteredcell division and apoptosis rates.

It is possible that CACNALG responds to mitochondribldeisation in embryos with
dysregulatedatty acid metabolismKigure37, Chapter 4. A common mutation of

CACNAI1G is linked to autig8trom et al. 201Q)adding to a growing evidence base

linking calcium signalling, mitochondrial function and autigrombard 1998)It is

interesting to consider that carnitineated embryos have increased lactate production

at early cleavage and blastocyst stages, as high blood lactate production is a signature of

mitochondrial defects in children with aistn (Correia et al2006)

TNFRSF1A, an activator ofRB; as well as NiB itself, were both upregulated following
BMA treatment, potentially having a synergistic increase irkBlBignalling. NkB has a
wide range of effects and dysregulated activation can causanmfiatory conditions and

immunodeficienciegPiret et al. 1995)

5.5.3.2Genegnvolvedin lipid metabolism

Two genes involved in lipid metabolism were upregulated following BMA treatment.
APOAL, the main protein component of high density lipoproteins, is a prostacyclin
stabilising factowhich promotes fat efflux. Its upregui@mn following BMA treatment

might suggest that the embryo is attempting to remove excess lyidlternate means,

since BMA inhibits-oxidation.t bt [ ' v A& F GFNBSG 2F tt! w!
increase hydrolysis of lipid in lipid droplethichhas been implicated in the response to
starvation(Kim et al. 2006; Fischer et al. 2007; Paek et al. 2012)

5.5.3.3Genes involved in amino acid metabolism

A total of 5 genes involved amino acid degradation were dowrgelated following BMA

treatment. This includes 2 subunits of the glycine cleavage system, polyamine oxidase and
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proline dehydrogenaséOne interpretation of these results is théte BMAtreated

embryo is recovering from& R dzO-6xilatibn by conserving amino acids for use as an
energy source, reducing breakdown of amino acids for biosynthetic pathways. PAOX is
involved in polyamine back conversion and regulates polyamine intracellular
concentration. It is also involved kO, generation, so a decrease in expression could

reduce ROS generation.

5.5.3.4WNT signalling

WNT5B, encoding/inglessType MMTV Integration Site Family, Member 8B key
component of the wnt signalling cascade, vital in normal developnsemte it regulags
cyclin D1 expression ansla key component of carcinogeneg¥ang 2003)Interestingly,
variation in wnt5b is liked to type 2 diabetéSalpea et aR009%). Hypermethylation of
WNT5B following-carnitine treatment could enhance expression of this key protein,

potentially allowing accelerated development.

5.5.3.5Genes involved in mitochondrial structure and function

A total of 24 genes involved mitochondrial structure and function were downregulated
following BMA treatment. This is a large number of genes, and likely reflects the
decreased mitochondrial polarisation ratio and increased oxygen consumption by BMA
treated embryosigure29 and Figure36, Chapter4). Indeed, among the downregulated
genes are SLC25A5, SLC25A11, both ADP/ATP carriers involved in ATP synthase activity,
along with the ATP synthase component ATP5G1 (FO subunit) and ATP6VIC2 (ATPase
subunit B1), possibly suggesting a decreased capacgyrtthesise ATP which might

stimulate increased OCR in an attempt to overcome this. Genes encoding subunits of the
glycine cleavage system are included in this cluster (loc78Td@®B3608. The general
functions of 10c613316 and loc7835@#e generationof precursor metabolites and

energy.

PHB2 is involved in regulating mitochondrial respirafiéoates et al. 2001LENDOG
generates RNA primers needed for mtDNA replication and, alongiE6 and SSBP, is
required for mitochondrial biogenes(Siranti et al. 1995)MRPL2 encodes the large
subunit of the mitoribosome, one of 54 mitoribosomal proteins, all of which are encoded
by nuclear DNAKenmochi et al. 2001Yhe homodimeric SUOX localises to the

mitochondrial intermembrane space and catalyses the final oxidation in the oxidation of
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cysteine and methioninéKisker et al. 1997AIFM2 binds ssDNA and mediates caspa
independent apoptosigOhiro et al. 2002)SLC25A5 cycles ADP and ATP between the
cytoplasm and mitochondrial matrix and its suppression induces apotizsig et al.

2008) Thioredoxin 2 ab has an arapoptosis function and regulates mitochondrial
membrane potentia{Chen et al. 2002HMBS is involved with heme synthesis and
mutations are associated with autosomal dominant dise@egor et al. 2002 CYC1l is a
component of cytochrome+ol complex, which accepts electrons from the Rieske protein
and transfers to cytochrome (®alnot et al. 1999)TIMM17B encodes a component of the
TIM23 complex which mediates transport of mitochondrial proteins across the inner
mitochondrial membrangBauer et al. 1999 ATP5G1 is one of 3 genes encoding subunit
c of the proton channel of ATP synthgd&yerand Walker 1993)IVD catalyses thihird

step in leucine breakdown and &ficiency leads to a buHdp ofthe toxic isovaleric acid
which can damage the brain and nervous syst@rockley et al. 2000ATP6V1C2
encodesa subunit of Vacuolar ATPase, which acidifies ordes& regulate protein

sorting andreceptormediator endocytosigSmith et al. 2002)

5.5.3.6Posttranslational modification

Of these genes, 11 are involved in formation of disulphide bridges (B4AGALT1, CTSL2, MPz
LOC786967, FETUB, 88553, SCARA5, PROS1; also TXN2, GLRX, GLRXL, LOC786967
and LOC783653 mentioned above) and 11 with glycoproteins (B4AGALT1, SLC2A8, P2RX4
CTSL2, MPZ, FETUB, UPK3B, LMBRD1, FAM55C, SCARA5, PROS1). Concurrent
downregulation of these genes is likely to redumverall protein modification and may

have adverse effects on protein turnover.

I ydzYoSNJ 2F 3ISySa NBfII ISR (G2 dzoAljdzAGAY L G,
oxidation. Following BMA treatment, CLQBP expression was downregulated and UBE2E2
was hypoméhylated in a promoter region. Abnormalities in ubiquitontrolled

processes has been shown to cause disease including carcinogenesis, so it is possible tha
these alterations could have a deleterious effect on embryo development aside from

dysregulatedprotein breakdown(EFSayed et al. 2006)

5.5.3.7Stress response

5 genes involved in response to stress, including 4 heat shock protalri3NAJB1, were

upregulated following BMA treatmeni his suggestthat the BMAtreated blastocyst is in
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a state of stress reflected by the lowitochondrial polarisation ratioKigure36) and

altered carbohydrate metabolisiffrigure32). These data suggest that the BNt&ated
embryo might be trapped in a hypermetabolic state, forcing the dynamic energy budget
which describes the ability of respiring cells to modulate energy metabolism in response
to changing demands and environmental conditiongy apotentially damaging range
termed pejus(Kooijman 2009; Guerif et al. 2013ADD45B ialsoinduced by stressful
growth conditions and its upregulation following BMA treatment is another indication
GKFG GKS SYOoNE2 NFB-éxidigighRsia trésg cordifida AGARDASB2 Yy 2
demethylates certain DNA promoter regions, increasing expresgigares involved in
neurogenesisn the adultsuch as brakterived neurotrophic factor and fibroblast growth
factor (Takekawand Saito 1998; Ma et al. 2009)

5.5.3.8Stimulus response

Six furthergenes involved in the response to stimuli including temperature and antibiotics
were upregulated following BMA trelattent. These include two heat shock proteins
mentioned above, HSPB8 and HSPA1B, as well as CASP3. Additionally, DNA repair
receptor XRCC2 (0.64 fold incregs«).00), Crystallin CRYAB (2.6 fold increps@,01)

and growth factor receptor NGFR (1.46 faldreasep=0.00) were upregulated. Taken
together, these upregulations suggest that the embryo is responding to BMA treatment
by invokinga stresgesponse with similar effect@sexposure to increased tempature

or antibiotic compounds

5.5.3.9Cellular remodding

Of the genes in this categgrgnormallyhave roles in cell projectigrsuch as cilia,

filopodia or axongSTMNZ2, KLC1, SWAP70, UCHL1, S100A11, TUBB6, CDH2, KLC2) 8 ha
cytosolic rolesACTG2, CASP3, KLC1, UCHL1, PNPLA2, KLC2, CAMK2Aai2] G&E1)
required for intracellular transportAP1S2, KLC1, UCHL1, SPTBN1, KLC2, SERI24D)

group of genes cover intracellular structure and trafficking of proteins as well as overall
cellular movement into the extracellular space. Typicatlyhe adult,anumber of the

genes are associated with axon growth and other cellular extrusibmsght be
consideredunusual to see such genes significantly upregulated in blastocyst/embryo
development buthis may beconnected with the relative higher stage of exigéon

compared to the control embryos. However, it seems likely that increased cellular
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remodelling wouldblace a greater demand on energy production, possibly explaining the

increased oxygen consumption of BMA treated embryos compared to centrol

5.5.4Differential methylationF 2 € £t 2 Ay 3 EINB Y2 (.
oxidation

al y ALz I G A yoFidaffon ifl theearly énibiigo causa wide range of metabolic,
transcriptomic and now epigenetic effects. These data, along with recently published
reports, suggest thattheniel 6 2 f A O f S 3 Odxidatien iskcéndphdds 3 dzt | G S
potentially interfering with successful recognition of pregnancy and embryo

development, programming altered metabolism and genetic susceptibilities to disease.

5.5.4.1Differential methylation at CGlI sitesthin 5kbp of a promoter

Following embryo culture with-tarniting, CGls within 1kbp of the gene promoters
controlling expression of COXZL, KIAA198 PIK3CB and POU3F1, along with one

further CGI within 5kbp of a promoter (TMEM141), were significanthehypthylated

relative to control embryos. COX7A2L encodes a protein which may bind to electron
transport chain complex IV to regulate oxygen consumption following stimulation by
oestrogen(Watanabe et al. 1998Also hypermethylated was a CGI within 1kbp of the
promoter controlling expression of phosphoinositiéd A y I a S H i tLYO/ H. Z
phosphorylates phosphatidylinositol and phosphatidylinosiigdhosphate and is

involved in PI signalling and metabolig¢Arcaro 1998; Arcaro et al. 200@) transcription
regulator thought to be involved with key embryonic development events, POU3F1 or
Oct6, was also hypermethylated within 1kbp of its promoter region. This might suggest a
potential suppression of expression, which is usually linkeedhoptetion of stem cell
differentiation (Kawasaki et al. 2003; Patodiad Raivich 2012)

5.5.4.2Differential methylation at CGl sites within 50kbp of a
promoter

Functional annotation analysis of all diffetedly methylated CGlIs within 50kbp of a
promoter using DAVID online software revealed 2 functional annotation groups:
transcriptional regulators and phosphatidylinositol signalling. Additionally, a number of

genes were relevant to metabolic and developrtaisease.
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5.5.4.3Genes involved in phosphatidylinositol signalling

Several genes involved in phosphatidylinositol signalliace differentially methylated in
promoter regions followind. JNRB Y 2 (i Aofigatio® MPR3 is an I3P receptor which
mediates intracdular calcium releaséBansaghi et al. 2014I8Preceptors are also
associated with calmodulin and are phosphorylated by PKA, PKB, PKG and CaMKII.
Knockout studies in mice recently suggested that ITPR3 as well as ITPR2 are involved in
energy metabolism and growifrutatsugi et al. 2005Promoter hypermethylation could

cause suppression of ITPR3 expression, restricting aspects of energy metabolism.

INPP5Bvashypomethylated in a promoter regiofT his iss membraneassociated protein
which activates phosphatidylinositd|5-bisphosphate by hydrolysis atatalises to the

endocytic and secretory pathwagd/illiams et al. 2007)

5.5.4.4Genes involved iprostaglandin metabolism

A CGI within 50kbp of the promot&TDG®/as hypomethylatd. This gene encodes
Prostaglandin D2 synthas&hichconverts PGH2 to PGD2, a prostaglandin with a wide
variety of roles includingraintenance of the male reproductive system and the central
nervous systenfRoss et al. 1991)nterestingly, increased provision of lipid in the bovine

diet has been reported to redugerostaglandin secretiofPetit et al. 2002)

Hypermaéil K& f F A2y 2F (KA a 3ISy SDxidatibn cdddldhavea a S 2

similar effect.

PTDGS and C8G are part of the lipocalin superfamily, along with- Bipiaoglobulin,
although PTDGS has diverged in structure and fun¢hiagata et al. 1991L8G is a

lipocalin family member, the human variant encoding one of three componeritgeof
Complemenimembrane attack complefDewaldet al. 1996) Lipocalins transport
hydrophobic molecules and are associated with innate immunity, prostaglandin synthesis

and transport of retinoids and pheromes and are allergens to many mammals

5.5.4.5Genes involved in regulation of transcription

Differentially methylated regions were detected@G$ within 50kbp of the promoter
regiors controlling expression of a range of transcription factors. These inEIQd¢F 1,
discussed above, whigh a transcription factor binding the octamer motif likely involved

in embryo developmengKawasaki et al. 2003; Patodiad Raivich 2012)POU3F1 is
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clustered with a long on-coding RNA gene. LncRNAs also have regulatory roles, with
some acting as eactivators alongside transcription factor proteins, such as the ncRNA
Evi2 and homeobox TF DIXRanganibamnd Rubenstein 200Z-eng et al. 2006)
Hypermethylation of this CGI may affect expression of both62artd the INCRNA,

potentially dysregulating aspects of embryo development.

EDF1 is a transcription -@xtivator, functioning with TA€lement binding protein and
othersSOATFTAO | OGAQDIG2NI LINPGSAYya G2 ItNBy3adz | (S
therefore have a diverse range of effects in lipid metabolism, cell differentiation and nitric
oxide synthesigDragoni ¢ al. 1998; Mariotti et al. 2000; Ballabio et al. 2004)CGI

within 50kbp of the EDF1 promoter site was hypermethylated followtngrhitine

treatment and a resulting change in Bdf SELINB&aaAz2zy O2dzZ R Ré aNB
I £ F 01 27FR tRIOGNES 16323zt A LIA R-oxdatianNsupp@ting theR Ay C

K A Fd&iddtion metabolism of-arnitine treated embryos.

Zinc Fingeand SCAN Domain Containing transcriptional regulators ZFRSSCANA4,
ZNF165ZNF187 (also known as ZNE2Z8YF192nd ZSCAN16 were differentially
YSGKefFrGSR Ay [/ DL& NBfIGSR (2 -tiNRBiohRihS NJ NJ
L-carnitine.ZNF165 is specific to sperm and testis and may play a role in spermatogenesis
(Tirosvoutis et al. 1995; Dorg al. 2004) while ZKSCAN4 regulates expression of the
ubiquitin ligase MDM2 and the histone acetyltransferase ERBOét al. 2007)

Differential methylation of these transcriioin factor genes could allow differential

expression and a resulting dysregulation in transcription of myriad associated genes.

5.5.4.6Genes related to disease

PGBD1 encodespaggyback transposase which is specifically expressed in the brain and
implicatedinnelzNJ f RA&A2NRSNAR Ay Of dzZRAy 3 ! (BelbiK&A Y SN
al. 2011; Ohnumaetal. 20k@) | @ LI2 YSG K& f I (A 2 y-oxkai$h cauld R @& & |

allow altered expression, potentially disrupting neural development.

5.5.4.7Intragenic DMRs involved in signalling

A number & genes encoding protein products involved in intracellular sigaalsduction

were differentially methylated in intragenic regions. These inclGéé&s5, Guanine
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nucleotide binding protein 5, encodes a cell surface linkgatd®ein coupled chemokine

recepbr involved in cheokine signalling transductiohmad et al. 1995)

WNT5B, encoding/inglessType MMTV Integration Site Family, Member 8B key
component of the wnt signalling cascade, vital in normal development, regulating cyclin
D1 expression and a key component of carcinoger&siag 2003)Interestingly,

variation in wnt5b is liked to type 2 diabetéSalpea et al. 2009alypermethylation of
WNT5BnN an intergenic CGobllowing L-carnitine treatment couldhlter expression othis
key protein, potentially allowing accelerated developmeviARK3 is a protein kinase
activated by phosphorylatiowhich activatesJAP2 and MAP4 kinases to control cell
polarity and cytoskeletoDrewes et al. 1997)t also phosphorylates HDAC?7, regulating
localisation and activity of histone deacetylase and potentially leading thdurt
epigenetic regulation of gene expression in the embiijlese relatively minor changes in
methylation state of the embryonic genome could havertaiching effect®n ongoing

development.
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5.5.5Differential methylation followings Y KA 6 A-UA 2y 2°
oxidation

5.5.5.1Genes involved inbiquitination

UBEZ2E2 transfergbiquitin from the E1 completo lysine residues of proteins designated
for degradation(Kimura et al. 1997; Ito et al. 199%)ypomethylation may result in an

increase of UBE2E2 expression.

5.5.5.2Genes involved ingnaling

Promoter regions of several genes involved in cell signalling pathways were
hypomethylated following pro (i A 2 y6xidat®n.LLOC100295009, known as ARHGEF7
2 N<Pix is a Rho GTPase which actig&hko proteins, recruiting Racl and inducing
membrane ruffling and apoptosis. ARHGEF7 also interactsSSMA&NK genes, which have
reported association with autism spectrum disordésidebert et al. 2004; Valdes et al.
2011) MIC is similar to human variants MICA and MICB, whichssttessinduced seH
antigensrecognizedoy* T, leading to cell lysis. MICalad B are associated with a

number of diseases including type 1 diabefie§pezArbesu et al. 2007; Field et al. 2008)
NAPB Betzoluble NSF attachment protein is a component of the intracellular membrane
fusion apparatus, which is controlled by SNé&tuble NSF attachment prote)ns

receptors (Whiteheart et al. 1993)Themicro RNA MIF08 wasalsohypomethylated
following BMA treatment. Overexpression causes increased cell proliferation, migration
and invasion in lung cancer and negatively regulates wnt sign&liamgy et al. 2012;

Robin et al. 2012)t is possible that altered expression due to promoter hypomethylation

may also affect these pathways.

5.5.5.3Genes related to disease

TMCCZHopkinsetal. 201y a Ay @2f OSR Ay LI GK23SySara =z
AYONBI aSa Lanplddzéptide ByynhteractingiwithPP (Amyloid precursor
protein) and APOE4, the major known causelof T K SA Y S Nddang RA1iin8 | &4 S
increases be specific to presenifhS R A | -dledvRggTharpand Sarkar 2013)
Hypermethylation during earlier development could lead to altered production of these

proteins.
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CDV3 encodes a honag to the mouse gene: Carnitine Deficierigsociated Gene

Expressedh Ventricle 3. It is highly expressed in the ventriclesarhitine-deficient

juvenile visceral steatosis (J\'ife, a model of cardiac hypertrophlyut this

upregulation is reduced wdn the mice are supplied withdarnitine within 6h(Fukumaru
etal.2002)Ly (G KS LINBaASyld aiddzRés /50 oI &- KeL)S
oxidation with BMA. It is tempting to speculate that this would allow an increase in CDV3

expression, causing cardiac hypertrophy in &ukilt.

SAMD14 was also hypermethtdd in the promoter region, an epigenetic alteration
previously reported to suppress expression, with involvement in the carcinogenesis of

pulmonary adenocarcinomggsun et al. 2008)

SGCA is expressed in myotomes during muscle formation and mutations result in
autosomal recessive lamdardle muscle dystrophgFougerousse et al. 1998)nlike
SGCB, which is expressed ubiquitously by the developingmpkintation embryo, SGCA

is usually specific to striated muscle.

Now identified as sperm acrosome associated 7 or SPACK7/8194Was
KelLRYSGKetlIGdSR Ay of I aGoxidaion with BMABRPACRZS A y 3
expressed in testis in the mouse from postnatal day 21 and is released from spermatozoa
following the acrosome reaction, suggesting a role in cumulus dispersal and fertilisation
(Nguyen et al. 2014)

5.5.5.4Differential methylation of intragenic regions

5.5.5.5Genes involved in signalling cascades

WNT5B and SUFU are both involvedhie hedgehog signalling pathway, as well as
generation of basal cell carcinomaDC79012#ay also be involved in signal
transduction. WNT5B is a ligand for the frizzled family of receptorgpast @f the wnt
signallingcascade, involved in developmemtd carcinogenesiSaitohand Katoh 2001;
Salpea et al. 2009b)RRFIP&as also hypomethylated and era®s an enzyme which
positively regulates wnt and Tdike receptor signallin@lin et al. 2013(-0.67 fold
change, p=0.01)

Hypermethylation of WNT58nd hypomethylation of its regulator LRRFiRr&y affect

developmental patterning, whilaypomethylation of SUF& corepessor complex in
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sonichedgehogiatch signallingChi et al. 2012 and LOC790124 potentially affect
hedgehog signalling. The hedgehog cascade is also involved in embrycdemeip

particularly organogenesis, as well as in stem cell renewal.

RHBDF1 is a Rhomboid protedige protein, but does not have protease activity. Instead
it localises to the ER and regulates secretion of ligands for the epidermal growth factor
receptor, potentially regulating sleep, cell survival, proliferation and migrafidakagawa
et al. 200; Yan et al. 2008; Zou et al. 2008)2B3 is an adaptor protein involved in
negative regulation of cytokine signal transduction &@@&matopoiesismutations are
implicated in coeliac disease type 13 ausceptibilityto type 2 diabetegPlagnol et al.
2011) This gene product also has roledNiotch signallingYamamoto et al. 2001,
Takeyama et al. 2003ylusashi 2 which isnvolved in embryonic stem cell development
and differentiation(Wuebben et al. 20129s well asvlitogen Activated Phosphorylase
Kinase signallin(zhang et al. 2014yas hypomethylated following-tarnitine treatment
(-0.63 fold change, p=0.04)ifferential methylation of these genes could disrupt several

key cell signalling pathways.

5.5.5.6Genes involved in transcription

C2tft26Ay3 HyuKiAOMHIBMA, Yrangciptional regulator TFDP was
hypermethylated while FOXN@ashypomethylated, ptentially leadingo altered

expression of these genes and a dysregulated expression of their target genes. TFDP1 is &
downstream targetof TGF & A 3y | £ A y 3 >t the GRph&3é afzhieScall cyeIBNE
while FOXN3 may also be involved in Btd#nag dependent cell cycle arrest and a

decrease in its expression could lead to propagation of cells with DNA daR&B&l1 is
expressed in round spermatids, interacts with protein kinase A andcastihinsa

homeobox motif, is likely to play a role in hajl germ cell transcription regulation

(Takahahi et al. 2004)It is also associated with hypothyroidism and type 1 diabetes.

5.5.5.7Posttranslational modification

BRSK2, MARKS3, PTPRN2 are all involved in protein phosphorylation and all were
hypomethylated following BMA treatment. This could lead tcoaerall decrease ithe
phosphorylation of proteins involved in downstream events leading to neuron
development, insulin secretion, and histone deacetylation. Both BRSK2 and PTPRN2 are

linked to diabetes, as BRSK2 inhibits insulin secretion when phosataahyhile
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PTPRNZ2 is an aumtigen in type 1 diabeted84AN2A1 localises tthe Golgiand
catalyse thefinal hydrolysiof the asparagindinked oligosaccharide maturation
pathway.It also hasales in lipd and carbohydrate metabolism and istpntially linked
to obesity(Shenfield et al. 2001BETD1B specifically methylates lysinaf histone 3,
deperdent on demethylation oheighbouringys9 (Lee et al. 2007)

5.5.5.8Genes related to disease

A number of gnes which have been implicated in metabolic diseases were differentially
YSGKeflGSR T2t f-éiddtiohaBRIK? keguatesulin Befretidrfin |
respase to elevated glucose level@ phosphorylation of CDK16 and PAK&also
regulatescytoskeletorreorganizatiorand may be involved iBR stressnduced
apoptosisPTPRN2 is implicated in instilmiependent diabetegLi et al. 1997; Caromile

et al. 2010) MYO9B is an unconventional myosin associated with type 1 diapafieth

et al. 1996; Monsuur et al. 2005; Persengiev et al. 2HONK?9 is maternally imprinted
and expressed in the bra{Barel et al. 2008)Deficiency in KCNK9 expression is linked to

increased appetite and weight gain in m{¢&ang et al. 2009)

A number of DMRs were related to neurological disorders, for example JPH3 is associated
gAGK | dzy (A ya{i eeyREvskr ét al.200&)y% SHANK2 with autis(Berkel

et al. 2010) TMCC2 interacts with both amyloid protein A and apolipoprotein A and
KSyOS A& NBf I (SR (Hopkinslettal 208 AHOEKINIRGI3)RA & S & S

Several of the differentially methylated genes argessresponse elements, such as
stressinduced cell surface antigen M(Collins 2004)whileKIF 14 is a microtubule

associated motor with roles in cytokineg¢(Sruneberget al. 2006; Madhavan et al. 2007)

5.5.6Patterns inthe transcriptome and epigenome

Only one concordant difference was identified followingaknitine treatment, encoding
the mineralocorticoid and glucocorticoitependent transcription factoNR3C2

Activation of NR32C stimulates expression of transporters includini#hd’ATPase

vital to blastocoel developmer{Fullerand Young 2005)Defects in NR32C are associated
with early onset hypertension which is severely exacerbated during pregnancy. The

transcriptis upregulated and hypomethylated followingc&rnitine treatment, potentially
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allowing an increased bioavailability of the gene product. This could have a protective

effect.

Four concordant differences were detected following BMA treatmealudingfour
uncharacterisedranscripts(LOC506260, LOC511424, LOC505a66)SCHIP1
Schwannomirnteracting protein 1 igure59). SCHIPIwhichco-localiseswith
schwannomiradjacent tothe plasmamembrane(Goutebroze et al. 2000yvas
upregulated and hypomethylated following BMA treatmeripomethylation could
enhance expression of SCHIPatentiallyleading to increased irtactiors with
schwannominSchwannomins ascaffolding protein and tumour suppressor, soreased
expression of SCHIP1 nmafject celtcell adhesion, ohave a protective effect by binding

schwannomirto prevent schwannoma tumour formation.

As the present study marks the first report to combthe EmbryoGEN&anscriptomic
and methylomic platforms, it is ngtet possible to compare the current levels of
congruence to publishedata using the same methad the preimplantdion embrya
Some studies haveombined genomavide analysis of transcription and methylation
statusin other tissues For exampleBock et al(2012)reported similarhierarchical
clustering ofdifferentiallymethylated and differentially expressed genesriarine blood
stem cells, forming a distingirofile to that of murine skin stem cellsHowever current
understandingsuggestdhat in the mammalian embrydhere isa disconnectetween
methylation levels and gene expressiécent studies suggest that most methylation in
the human oocyte an@mbryooccurs in the gene body, rather than promotegions
(Guo et al. 2014; Okae et al. 201%hereforeit appears that the lack of congruence
between methylation status and gene expression in the presamdy may betypical to

preimplantationtissues

5.5.7Strengths and limitations

Chapter 5 describes and discusses the myriad changes to gene expression and epigenetic
ail Gddza Ay GKS 02@0AyS of ! ai2 OexdatonF\@hiled 2 g A y
many significant alterations were found betweeacdh treatment group and controls,
unfortunately time was not available to validate these data by gPCR analysis. Data
collected using the EmbryoGENE platforms in other studies have been successfully
validated(Robert et al. 2011; Plourde et al. 2012; CagnameSirard 2013; Cagnorand
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Sirard 2014)but without validation of the key genes discussed in this chapter,
interpretation of the data is limitedAs the present study marks the first use of the
EmbryoGENE methylation microarray, it is not possibleferito published dataising a

similar method

In order to provide enough genetic material for microarray analysis, blastocysts were
combined into small groups. As each blastocyst has a unique genome, this introduces
heterogeneity. However metabolic pitifig of pyruvate and oxygen consumption

allowed selection of matched embryos, reducing variation within sample groups.

5.5.8General conclusions

The data presented in this chapter reinforce the causal relationship between
preimplantation embryo metabolism andkge expression, potentially extending to
fATSGAYS STFSOGa GKNRdAzZAK Y2RAFTAOFGAZY 27
oxidation with EOI N A G Ay ST 2xXidatibn/HABMA, ledci? have 2 Wideirange

of effects on metabolism, gene expressemd DNA methylation, despite no change in

developmental competence, at least to the blastocyst stage.

t NB Y 2 (i AogidatioR I&d td changes in expression of genes involved in mitochondrial
structure and function, metabolism, metabolic disease such &sibjg transcription and
protein modification. Differential methylation affected genes involved in cell signalling,

transcription and postranslational modification.

Ly KA 0 A-Oxidatigh lefl  chianges in expression of genes involved in mitochondrial
structure and function, metabolism of lipid and amino acids, transcription, protein
modification, wnt and MAP signalling cascades and stress response, overall suggesting a
response to stress conditions and dysregulation of metabolism. Differential métyla

again affected genes involved in cell signalling, transcription andtpstlational

modification.

Changes in gene expression indicate a potentially transient response to the metabolic
manipulations, but altered expression can have lasting ramifinatin terms of
development, metabolism and the successful recognition of pregnancy. Furthermore,
expression of stress response genes is also associated with embryo loss or loss of

pregnancyCagnonend Sirard 2013)In addition, canges in CpG methylation indicate a
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heritable regulatory level potentially affecting gene expression throughout a hypothetical
2NHFYyAaAYQa fATSALI Yy ¢ KS soSidakohinthe adz33Sad
preimplantation mammalian embryo can have letegm effects on gene expression

through control of epigenetic modification.

216



5.6 Future studies

Analysis of blastocyst DNA and mRNA using the EmbryoGENE platforms has revealed a
number of genes involved in embryo metabolism and developmémnthwvere altered
following L-carnitine and BMA treatment. Of these, several groups of genes could be
investigated in more detail using a combination of metabolomics and gPCR techniques
with individual embryos. Analysis of individual blastocyst expressigenes involved in
mitochondrial function and energy metabolism could be compared with oxygen and
carbohydrate metabolism to further investigate the mechanisms of dysregulated

YSUlI o2t AaY T2t dbdatiérd BladtbcysNiiapdy anglySisgehds which
have been identified to have a role in successful implantation or pregnancy in tandem
GAUK YSGlro2t2YA0a O2dz R g&Natighand postS | LILI NJ
implantation embryo viability. While prenplantation embryo viability and cetbunts

were not altered during-carnitine or BMA treatment, expression and methylation of

many genes involved in proliferation, differentiation and apoptosis were altered. Assays
of apoptosis could reveal dysregulated proliferation and apoptosis in-B¥sted

embryos suggested by the differential expression of genes involved in these processes.
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6 Generaldiscussion
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The basi@aspects of mammalian embryo energy metabolism are understood following a
programme of research reporting turnover of energy substrates including glucose,
pyruvate, lactate, amino acids and oxydéeese 2012)lthough this is limited ta vitro
studies due to technical challenges and ethical limitati@wsygen consumption rate
(OCR) is an exocetit marker of overall metabolic activity, increasing during blastocyst
development with a concurrent increase in oxidative phosphorylation to meet high
energy demandTrimarchiet al. 2000b) However relatively few studies hauadertaken
adetailed examination othe bioenergeticof preimplantation embryo developmenin
one of the few studies to detail components of oxygen consumptitemes and Lai
(1995)found that 49% of rabbit blastocyst oxygen consumption rate (OCR) was non
mitochondrial, whilen another, Trimarchi et al(200(b) reported that 30% of bovine
blastocyst OCR was namitochondrial. Lopest al. (2005) validated the
nanorespirometer system, a sensitive, accurate and-imvasive assay of embryo OCR
and linked individual morphological blastocyst quality to differences in basal OCR.
However, b my knowledge, this thesis represents the firgport to measurethe

components of OCR in the mammalireimplantation embryo

Metabolism of fatty acids by-oxidation in mammalian embryos represents one area of
metabolic research which, historically, has been relatively neglected. An exciting and

gog Ay 3 02R& 27F NBa&SI| NKdatiokdf éndo§ehnaus thglyderid& SR (i
stores provides a vital energy source to mammalian embryo developriretged,

LINE Y 2 (i AoRidatiog With éxogenous-tarnitine duringn vitro oocyte maturation

has posiive effects on maturation, embryo development and cryopreservatidowns et

al. 2009; Dunning et al. 2018uttonrMcDowall et al. 2012; Valsangkamd Downs 2013)

while supplementatiorof oocytesin vitrowith Non-Esterified Fatty Acids (NEFA) has
numerous detrimentaeffects to embryo developmenmetabolism and gene expression

(Van Hoeck et al. 2011; Van Hoeck et al. 2008 of the aims of this thesis has been
AY@SaaAaalrisS (§KS LI 0 Sofidafioh dlongsidlefpStédiategatyd LINE
STFSOGa 2-axiddighRehadive dridoyirk embryo developmenenergy

metabolismand gene expression.
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6.1 Summary

6.1.1Bioenergetic profiling of bovine embryos.

Chapter Jescribeghe optimisation of 2 methods used to produce a detailed breakdown
of the components of OCR in bovine blaststs. The mean coupled OCR was 66%, similar
to most somatic cell type@Birket et al. 2011)The mean spare capacity wed%%o,

potentially allowing the embryo to alter its OCR and ATP produdyoamically in

response tahighrenergy demand independently of the number of mitochoadNon
mitochondrial OCR was lower than values previously reported in réldlaihesand Lai
1995)and mousgTrimarchiet al. 2000bjat around 2% and may be due to NADPH
oxidase activity or noimitochondrial ROS production. The majority of coupled (BZRo
was due to electron flow from NADH to complex I, while a smaller portion was due to
electron transfer from FADHo complex Il. FADHs a lowerenergy substrate than NADH
and typically supports a lower P/Oméxobes et al. 1990Around 12% of OCR was
unaccounted for and could be part of mitochondrial ROS production, which may be
regulated or spontaneous. Individual variation between blastocysts sugtedtthis

profile is dynamic and mayovide a useful marker @mbryo response to nutritional or

pharmacological challenges, such as those described in chapter 4.

6.1.2i -oxidation and metabolism

/| KILJASNI n RSaAaONRO6Sa GKS Sfdatsroolendogefoud ISR Y 2
stores on oxygen, carbohydrate and lipid metaboliShe effect of increasing exogenous
supply of NEFA by serum supplementation a&®investigated.To summarisg

LINE Y 2 éofidétidn with exogenous-tarnitine decreased oxygen @pyruvate

consumption, increased rates of TG consumption and lactate prodycimhled to
mitochondrial inner membrane depolarisatioBlastocyst development and cell count

were unaffected Dysregulated carbohydrate metabolism and mitochondrial dysfigamct

are likely to be deleterious effec{S&rindlerand Moley 2013; Guerif et al. 20).3

Preimplantation embryos show some plasticity by adaptinghtanging metabolic
O2yRAGAZ2yas Ffft2gAy3 Odz (GdzNBE &e ad Bggersi 2 |

andRacowsky 2002Jor examplehovine embryos increase glucose and oxygen
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consumption at blastocyst stage to provide increased ATP for blastocyst expansion and
protein synthesis. Embryos can be cultured to the morula stage with only lactate or

pyruvate as sole exogenous energy soy@&®wnand Whittingham 1991)

In contrast to the reported beneficial effects etarnitine supply duringn vitro oocyte
maturation (Downs et al. 2009; Wu et al. 2Q18uttonMcDowall et al. 2012these data
suggest that in@® | & SoKdation during preimplantation development colifdpact
2y32Ay3 RSOSEt2LISylid hy (KS ouidaNVitK BMARY
increased oxygen and pyruvate consumption, depolarised mitochondria and decreased

the rates of TG consoption and lactate output. Furthermore, inhibiting fatty acid

0 NJ y &L NI -oziddtiGnNuBh ExomaekiFincreased pyruvate consumption and
decreased lactate production. Again, cell count and blastocyst development were
unaffected but dysregulated caohydrate metabolism and mitochondrial dysfunction

could affect postimplantation development. Furthermore, without any recognisable
Y2NLIK2f 23A0Ft OKI y3aSs -cRiaboNBug @ diek, Hise&ser R & a NS |
environmental effects may potentiallyddto downstream problems by mechanismsuch

as altered gene expression and permanent epigenetic modification.

However, the successful development of embryos to blastocyst stage despite

R & a NB 3 dxtidatiorSsRggeésts an impressive degree of plastaity adaptability.

Even when access to the endogenous energy store of TG is inhibited, the embryo adapts,
altering oxygen, carbohydrate and amino acid metabolism to compensate, even if the
result is mitochondrial dysfunction and altered gene expressiofydirg upregulation of

stress response genes. This might suggest that the embryo is surviving in adverse
conditions, rather than thrivingperhapsanindication that the embryo is in pejusstate
(Kooijman 2009)The ability of the bovine embryo to adapt in this way lends further

weighti 2 0KS W SG G0KS SYONRB2 OK22aSQ | LILINE I

6.1.31 -oxidation and gene expression

Some of the data reported in chapter 4 were suspected to be legacy effedefaadtive

i -oxidation, such as thaltered carbohydrate metabolism during early cleavage leading
to differences iNOCR at blastocyst stag&y contrast, ther data pointed to Igacy

effects inpostimplantation development, such as mitochondrial dysfunction atlidred

lipid consumption. One mechanism for such effects could be alteration of gene
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expression by immediate alteration at transcription level or epigenetic modification

DNA. Indeed, changes in expression of genes related to metabolism, development, stress
response, metabolic disease and successful pregnancy were identified following

Y|y A Lzt |-oftidagoy. FitAermiore, differential methylation of genes encoding
products involved in metabolism, development and disease were also identified. These
data lend weight to the idea that manipulation of metabolism during preimplantation

development can lead to permanent impairment.
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6.2 Furtherwork

Two major research themesere unfortunately not included in the bioenergetic study.
One original aim was to continue to define the components of OCR in terms of cellular
process, including OCR used for protein synthesis, transcription, DNA replication and
signalling using nanorespmetry, applying a similar approach to that®fket et al.

(2011) It is well established that transcription and protein synthesis gradually increase
during embryo development and profiling the changing oxygen demand from these
processes could provide rich information regardihg budgeting of ATP during early
development.n addition, this research has focused on blastocyst oxygen metabolism,
but ideally the same methods would be applied to cleavage stage embryos. As the
number of mitochondria is fixed during embryo developmehe maximal OCR may also
be fixed, or perhaps regulated by changes in mitochondrial inner membrane polarisation
of pH. If so, the spare respiratory capacity would be reduced as an embryo increases OCR
in order to undergo blastocoel formation and blastetgxpansionThese studies were

not completed due to time constraints and would be a priority for further investigation.

Furthermore, production of Reactive Oxygen Species (ROS) is one fate of uncoupled OCR
in most cell types and oxidative damage hasla m embryo development and

developmental failure. Multiple methods to detect markers of oxidative damage were
trialled, but unfortunately were not sensitive enough for use in individual or small groups

of blastocysts. The opportunity for further methavelopment could allow sufficient
optimisation to investigate the potential relationship between differences in individual

dzy 02 dzLJt SR h/w YR 2EARFGAGBS RI YI-AiGaBonl & &
on markers of oxidative damage. These coutdude techniques previously employed in
embryos(Sturmey et al. 2009s well as optimisation of newdblniques for use with

individual or small groups of embryos such as analysis of Thiobarbituric Acid Reactive
Substances (TBARS), a marker of lipid dartagigeskog et al. 2006)BARS have been
detected in follicular fluid, albeit at much lower levelsathin serum(Jozwik 1999nd

may be present in the embryo.

a | y A LJdztokidathoy s shown to affect basal OCR of embryos. Analysis of

mitochondrial padarisation revealed dysfunctional mitochondria in both treatment groups

0§Sa0SRT Al A& GKSNBFT2NB fA1Ste GKFIOG 4KS
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oxidation would be altered; in particular % uncoupled OCR might increase, increasing
basal @R in order to provide enough ATP to meet energy demand and therefore
reducing spare respiratory capacity. These factors could be investigated by
nanorespirometry to further define the mechanism of altered OCR following

Yl y A L)zt l-odidagoy. 2 F |

A majorconsideration of this thesis was the relationship between metabolism during
individual embryo development and health and disease during the ongoing development

of the organism. Several findings, such as variable coupled OCR and spare capacity,
depolarisedY A 1 2 OK2 Y RNA X YR SLIAISYSGAO Y2RATFTA
oxidation are likely to have faeaching effects. Uncoupled or dysregulated mitochondrial
respiration is implicated in a number of conditions, including-tateet neurological

diseased dzOK ' & ! T KSAYSNRa RAaSFHaS FyR | dzyia
metabolism is characteristic of metabolic disease including diabetes and metabolic
syndrome. Several genes implicated in successful recognition of pregnancy, Autism,
diabetes, AlZBEA YSNIR& YR |l dzydAy3didz2yQa RAASI&ASaxz
SELINB&EEASR 2N RAFTFSNBYGAL & -oxdatiork @darkbé SR T ;
argued that these discoveries link to developmental origins of health and disease

(DoHaD), buwithout further study, these ideas are speculative. Ideally, metabolically
profiled embryos would be transferred to recipient females to investigate the relationship
0S06SSy Re&aNB3IdzZ I G§SR 2Ee&é 3 S yxidatibniahdosa@ctesstuly 2 |
pregnancy and live birth. Furthermore, investigation of the relationship between

epigenetic alteration and dysregulated metabolism at the blastocyst stage and lifetime

health and disease was limited by the {aéased nature of this work.
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6.3Concluding remarks

Thebroad aim of this work, as outlined in Chapter 1, was to investigate the regulation of
oxidative metabolism in individual mammalian embryos and the immediate and legacy
effects of metabolic dysregulation. To do this, a number of existing metiveds

employed and optimised, as described@hapter 2The data from these studies is
summarised irFigure60. In Chapter 3, the components of oxidative phosphorylation in
the bovine blastocyst were reported. Data regarding the coupled OCR and spare
respiratory capacity of bovine blastocysts wereagpd for the first time providinga

new understanding of blastocyst energy metabolism and allowinge accurate

calculations of ATP production for future studies.

' FGSNI I LISNRA2R 27T -gkiflaidn $f@ridogkngus lipkd Stords lsvadS NI (i
increasingly regarded as a key component of oocyte and preimplantation embryo
metabolism.In Chapter 4 metabolism of endogenous lipid was manipulated using a

LINR Y2 & SNJ | vy Roxidayof lh Both Gades,) blastocyst development was

unaffected, havever several changes @mergy metabolism were reported, including

altered OCR, carbohydrate turnover and mitochondrial polarisaiitkese differences

were suspected to have legacy effects and so the relationship betivexidation of
endogenous fatty eids and gene expressioas well as gene methylation, was

investigated in Chapter 5. These studies reveal a number of potentially deleterious effects
of dysregulated fatty acid metabolism, but also highlight the plasticity of the mammalian

embryo to adapto sometimes harmful conditions by dynamic metabolic regulation.
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Figure60: Summary figure combining key data from chaptets 3he components of
blastocyst oxygen consumptio®CR were reported (Chapter 3). Promotion of thaacid
transportwith L-carnitine or inhibition ofi -oxidation withi -mercaptoacetate BMA) led

to altered mitochondrial energy metabolism during early cleavage and blastocyst stages,
including inner mitochondrial membrane polarisatign £), OCRpyruvate andlactate
consumption (Chapter 4). Microarray analysis of blastocysts followtagnitine or BMA
treatment revealed changes in transcriptianRNA and differentially methylated

regions DMR9 of genes involved in many key processes (Chapter 5).
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8.1Suppliers

Alpha Laboratories Ltd
40 Parham Drive
Eastleigh

Hampshire

SO50 4NU

United Kingdom

Analox Instruments
Unit 22

Acton Park Estate
The Vale

London W3 7QE
UnitedKingdom

BOC LIMITED
P OBOX 12
Priestly Road
Lancashire
M28 2UT
United Kingdom

Camlab House

Norman Way Industrial Estate

Over
Cambridge

CB24 5WE (formerly CB4 5WE)

United Kingdom

/ N} 6 F2NR L4dOA Sy (G A T A (

Holm Street
Strathaven
Lanarkshire
ML10 6NB
United Kingdom

Ferring Pharmaceuticals Ltd

Drayton Hall
Church Road
West Drayton
UB7 7PS
United Kingdom

Fisher Scientific UK Ltd
Bishop Meadow Road
Loughborough

LE11 5RG

United Kingdom

Fresenius Kabi
Cestrian Court
Eastgate Way
Manor Park
Runcorn
Cheshire

WA7 INT
United Kingdom

Life Technologies Ltd

3 Fountain Drive
Inchinnan Business Park
Paisley

PA4 9RF

United Kingdom

Sarstedt Ltd.

68 Boston Road
Beaumont Leys
Leicester LE4 1AW
United Kingdom
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Scientific Laboratory Supplies Limited
Wilford Industrial Estate

Ruddington Lane

Wilford

Nottingham

NG11 7EP

United Kingdom

SigmaAldrich Company Ltd.

The Old Brickyard
New Road
Gillingham
Dorset

SP8 4XT

United Kingdom
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8.2Materials

Chemical Supplier Cat No. Amount
(+}Etomoxir sodium salt hydrate SigmaAldrich E19055MG | 5mg
2,4-Dinitrophenol SigmaAldrich D198501 59
Antibiotic/Antimycotic (Gibco, 100X) | Fisher 11580486 | 20ml
Antimycin A SigmaAldrich A8674 25mg
25MG
BME 50x SigmaAldrich B6766 100ml
BSA FAF SigmaAldrich A6003 259
BSA FrV SigmaAldrich A9418 509
Calcium Chloride Dihydrate SigmaAldrich C7902 5009
(CaGl2H:0)
Decon 90 Detergent SLS CLE1020 1L
DiSodium Hydrogen Orthophosphate| SigmaAldrich 71638 5009
Dihydrate (NaHPQ.2H,0)
EGF (bovine) SigmaAldrich E4127 1mg
Ethanol (Mol.Bio grade) SigmaAldrich 51976 500m|
S00ML:=F
FCS SigmaAldrich F9665 50ml
FGF (bovine) SigmaAldrich F3133 Mna >3
FSH (ovine) SigmaAldrich F81741VL | 1 vial
Gentamycin Solution SigmaAldrich G1272 10ml
Glucose SigmaAldrich G6152 100g
Glucose standard, 5.0mmol/L, 30ml | Analox GMRDB010 | 30ml
Heparin(bovine) SigmaAldrich HO777 100kU
Heparin (porcine) SigmaAldrich H3149 25kU
HEPES free acid SigmaAldrich H4034 100g
HEPES sodium salt SigmaAldrich H7006 100g
Hypotaurine SigmaAldrich H1384 10mg
JC1 Molecular Probes | T-3168 5mg
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Kanamycin Sulphate SigmaAldrich K1377 59
Lactate standard, 5.0mmol/L, 25ml | Analox GMRDBO79 | 25ml
L-Carnitine inner salt SigmaAldrich C0158 5¢
L-Glutamine SigmaAldrich G8540 25¢g
LH (ovine) SigmaAldrich L52691VL | 1 vial
LONG®@&R3IGFI (human) SigmaAldrich 11271.1MG | 1mg
M199 liquid SigmaAldrich M4530 100ml
M199 liquid 10x SigmaAldrich MO0650 100ml
Magnesium Sulphate Heptahydrate | SigmaAldrich M2643 500g
(MgC}.7H0)
MEM 100x SigmaAldrich M7145 100ml
Mineral Oil SigmaAldrich M8410 1l
Myxothiazol SigmaAldrich T5580 1mg
Nile Red Molecular Probes | N-1142 25mg
Oligomycin SigmaAldrich 048765MG | 5mg
PBS Tablets SigmaAldrich P4417 100x
100TAB
Penicillamine SigmaAldrich P4875 19
Penicillin/Streptomycin SigmaAldrich P0O781 100ml
Penicillin/Streptomycin 10mg/ml SigmaAldrich P4333 100ml
100ML
Percol® SLS 17089102 | 250ml
Phenol Red Solution SigmaAldrich P0290 100ml
Phosphate Buffered Saline SigmaAldrich P4417 100
100TAB tablets
Potassium Chloride (KCI) SigmaAldrich P5405 2509
Potassium BDHydrogen SigmaAldrich P5655 100g
Orthophosphate (KHPO4)
Pyruvate reagent kit, 30 tests, incl. stq¢ Analox GMRD140 | 5ml
Sodium Bicarbonate (NaHgO SigmaAldrich S4772 5009
Sodium Chloride (NaCl) SigmaAldrich S5886 5009
Sodium DHydrogen Orthophosphate | SigmaAldrich 71500 2509
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Dihydrate (NakPQ,.2H,0)

Sodium Lactate Syrup SigmaAldrich L1375 100ml
Sodium Pyruvate SigmaAldrich P2256 5¢
I -mercaptoacetate SigmaAldrich 108995 5¢
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