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Abstract 
Lipids, mainly long chain fatty acids, are in addition to their role as energy source 

implicated in many physiological processes such as precursors for the biosynthesis of 
membrane lipids, signaling transduction molecules and ligands for transcription factors. 
Fatty acids (FAs) and lipid transport, catabolism and synthesis require the correct temporal 
activity of several gene products. While the control of FAs transport and metabolism has 
been examined in different mammalian cells, regulation and coordination of lipid 
metabolism throughout maturation of mammalian oocytes and culture of early embryonic 
development is widely unknown. Therefore, transcript abundance of mRNAs involved in, 
1) FAs transport, including FA translocase (FAT/CD36), FA transport proteins 1 (FATP1), 
2) FAs β-oxidation like AMP-activated protein kinase (AMPK), carnitine 
palmitoyltransferase 1 (CPT-1), peroxisome proliferator-activated receptors αα (PPARα) 
and acetyl CoA carboxylase β (ACCβ), and 3) de novo FA synthesis including acetyl CoA 
carboxylase α (ACCα) and fatty acid synthase (FAS), were analyzed throughout oocyte 
maturation (2 h pre LH, 6 and 22 h after LH) and at the blastocyst stage (day 7) in vivo, 
using quantitative real time PCR. Presumptive competent oocytes were selected after oFSH 
treatment on the basis of the steroid profile in the enclosing follicle. Moreover, to determine 
the role of these transcripts in developmental competence, mRNA expression was 
compared with that of non-competent oocytes from preovulatory follicles of the same group 
of cows, and to that of cultured oocytes from slaughterhouse ovaries at corresponding times 
of maturation and in vitro derived blastocysts. Taken together, our results showed an 
increase in mRNA implicated in FAs transport (CD36 and FATP1) and catabolism (AMPK, 
CPT-1) during oocyte maturation compared with the blastocysts, where there is a marked 
decrease or lack of these transcripts. In contrast, a sharp and significant increase was 
observed in mRNAs involved in de novo FA synthesis (FAS and ACCα) at the blastocyst 
stage compared to the oocytes. Moreover, our results showed that different oocyte 
microenvironments can have a profound effect on mRNA encoding components of FA 
utilization, catabolism and synthesis. In vitro produced blastocysts showed a significant 
decrease in ACCα compared to the in vivo derived ones. Our results suggest that an 
aberrant expression of these transcripts might contribute to oocytes and blastocyst 
developmental competence. 
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Introduction 
 

Lipids, as well as carbohydrates and amino acids, are the three basic materials 
providing an important source of energy for all mammalian cells. Beside their crucial role 
as energy source, lipids, mainly long chain fatty acids (LCFAs) are precursors for the 
biosynthesis of membrane lipids, lipid signaling molecules and ligands for transcription 
factors that control metabolic activity. Depending on the cell type, and the energy needs, 
LCFAs can be imported into the cell from exogenous source, or generated endogenously 
from de novo synthesis, hydrolysis of triglycerides. Although, energy contained in lipids 
exceeds that in carbohydrates and proteins, much research relevant to energy needs during 
mammalian oocyte maturation and early embryonic development in vitro has been directed 
towards carbohydrates and amino acids and we know much less about the possible 
regulatory roles of lipids during mammalian oocyte maturation and early embryonic 
development. 
 

Structurally, lipid content in bovine oocytes tends to increase progressively with oocyte 
growth [1], In addition, ranking the oocytes based on the commonly used indices for COCs 
quality [2] demonstrated a difference in fatty acids (FAs) composition and indicates that the 
appearance of the cytoplasm may reflect its lipid, FAs content and developmental 
competence [3, 4]. Biochemically, higher lipase activity [5] and a decrease in triglyceride 
content recorded during in vitro maturation of bovine oocytes [4] indicate that lipid may act 
as energy source during bovine oocyte maturation.  
 

Oocyte and embryo FAs profiles and their rate of uptake have been proposed as a tool 
to predict oocytes and embryo quality. Haggarty et al [6] showed a reduction in the 
concentrations of linoleic and oleic acid in human embryos that failed to develop beyond 4-
cell stage compared to that developed normally. Similarly, Zeron et al [7] found evidence 
that the seasonal changes in the bovine oocyte developmental competence might arise 
primarily due to changes in FAs profiles of ovarian follicular fluid and oocytes. Moreover, 
marked changes in linoleic acid levels of NEFA and phospholipids concentrations have also 
been reported between estradiol active and inactive bovine preovulatory follicles [8]. On 
the other hand, lipid accumulation during in vitro culture of early bovine embryos in 
medium containing FCS compared to serum free medium remains a source of debate for a 
number of studies. Earlier studies had indicated that culture in the presence of serum results 
in intracellular lipid accumulation and greater sensitivity to freezing  [9-11] but more recent 
work suggests no difference in the post-cryopreservation survival [12]. Regardless of the 
presence or absence of serum, it is clear that culture of bovine embryos in vitro is 
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associated with a greater sensitivity to freezing during cryopreservation comparing to those 
matured in vivo [13]. Despite this evidence, the necessity of FAs and the pathways 
involved in regulation and coordination of lipid metabolism at the molecular level 
throughout maturation of oocytes and culture of early embryonic development remains 
largely unknown. 
 

Examining some of the key genes controlling the major pathways of 1) FAs transport 
like FA translocase (FAT/CD36), FA transport proteins 1 (FATP1), and 2) FAs β-oxidation 
like AMP-activated protein kinase (AMPK), carnitine palmitoyltransferase 1 (CPT-1), 
peroxisome proliferator-activated receptors α (PPARα) and acetyl CoA carboxylase β 
(ACCβ), and 3) de novo FA synthesis including acetyl CoA carboxylase α (ACCα) and 
fatty acid synthase (FAS), may elucidate the possible role of FAs during oocyte maturation 
and early embryonic development, and the tasks played by these genes with regard to the 
control of lipid metabolism. Although the Free FAs can be taken up by diffusion through 
the plasma membrane [14], different proteins integrally associated with the plasma 
membrane that have been identified [15] can facilitate uptake and coordinate the import of 
Free FA in harmony with metabolic demands. The best characterized, including FAT/CD36 
[16] and FATPs [17], changes in LCFA uptake have been observed to occur in parallel with 
changes in FAT/CD36 expression in rat heart and skeletal muscle [18], and a null mutation 
in FAT/CD36 reduced the uptake of FAs [19]. FATP1 is a well characterized member of a 
large family of plasma membrane proteins that increase FA import when expressed in 
cultured cells [17], disruption  of the yeast Saccharomyces cerevisiae FATP1 has been 
shown to impair LCFA uptake growth [20]. 
 

Within most mammalian cells, controlling energy demands in the form of ATP are 
done through β oxidation of FAs in the mitochondria. Different genes have been involved 
in the transcriptional control of β oxidation. AMPK is an attractive potential candidate, and 
its role in this process has been suggested [21, 22]. AMPK is activated by low ATP/AMP 
ratios to serve as a fuel gauge for mammalian cells to protect against energy deprivation 
[23], its activation is associated with increased mitochondrial biogenesis [24] and enzyme 
content [25] in rat skeletal muscle. Activation of this enzyme in muscle increases FAs 
oxidation [26-28] and inhibits acetyl CoA carboxylase [25, 29]. Within the cytoplasm, FAs 
are activated to long-chain acyl-CoA by an acyl-CoA synthetase. The acyl part is then 
transferred into the mitochondria for oxidation by a complex of enzymes involving CPT-1 
on the outer aspect of the inner mitochondrial membrane. Inside the mitochondrial matrix, 
long-chain acyl-CoA passes through the β-oxidation enzyme system to produce acetyl-
CoA. It is generally accepted that in different mammalian cells β oxidation is regulated 
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through CPT 1 through different mechanisms, including changes in the activity and 
transcription rate of CPT 1, or its inhibitor malonyl-CoA the end product of ACCβ 
associated with mitochondrial membrane [30]. The transcription factor PPARα is a member 
of PPAR family that functions as a ligand-dependent transcription factor [31], its 
expression is more abundantly in tissues that are characterized by high rates of FAs 
oxidation (FAO), and is considered as the main subtype that mediates lipid-induced 
activation of FAO genes [32].  
 

FAs are synthesized by a common biochemical pathway in all mammalian cells 
involving two key enzymatic reactions, the first is the carboxylation of acetyl-CoA in the 
cytosol to form malonyl CoA by ACCα [30], then FAS catalyzes the synthesis of LCFAs, 
by using acetyl-CoA as a primer, malonyl-CoA as a two-carbon donor for chain elongation, 
and NADPH for the reduction reactions [33].  
 

While the control of fatty acid transport and metabolism has been examined in 
different mammalian cells, little is known about the oocyte control of fatty acid entry 
during the final stages of maturation. It is also well documented that oocyte quality 
obtained from gonadotropin-stimulated cows or matured in vitro can be variable due to 
many factors, among these factors which have been clearly demonstrated are the ATP 
content [34, 35] and lipid composition of the oocyte [7]. To adjust to changes in the 
demand of lipids during maturation and early embryonic development, oocytes and early 
embryos must precisely regulate and coordinate the expression of several genes. Therefore, 
this study investigates the expression of key mRNAs involved in lipid metabolism 
throughout bovine oocyte maturation and blastocysts stage in vivo. Additionally, we also 
analyzed the expression of these genes under in vivo and in vitro culture conditions to 
unravel part of the signals and mechanisms that participate in developmental competence.  
 
 
Materials and Methods 
 
Experimental design 
 

At each time point of maturation, oocyte mRNA expression was compared with that of 
non-competent oocytes from preovulatory follicles of the same group of cows and with that 
of cultured oocytes from slaughterhouse ovaries at corresponding times of in vitro 
maturation. Secondly, mRNA expression of the competent oocytes was compared with that 
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of in-vivo derived blastocysts. Finally, mRNA expression of day 7 in-vitro produced 
blastocysts was compared to in-vivo derived counterparts. 

Follicle development was stimulated in Holstein-Friesian cows using our standard 
protocol [36] with oFSH and a Crestar/GnRH-controlled LH surge. Cows were allocated at 
random to three experimental groups for ovariectomy (OVX): 1) at onset (2 h before LH), 
2) after initiation (6 h after LH), and 3) at completion (22 h after LH) of final maturation to 
determine changes in mRNA expression throughout maturation in vivo. Oocytes were 
selected on the basis of follicle size, the steroid profile in the enclosing follicle as shown in 
table 2 and, were assigned to replicates for QPCR analysis in such a way that within a 
group replicates were equivalent with regards to steroid profile and represented maximum 
numbers of cows. In vivo blastocysts were collected from superovulated cows by flushing 
the uterus at day 7 after insemination. In-vitro oocytes were produced after maturation in 
vitro (IVM) using oocytes obtained from an abattoir, while in-vitro produced blastocysts 
were collected after fertilization and culture in-vitro of the in-vitro matured oocytes till the 
blastocysts stage. The experiment was carried out as approved by the Ethical Committee of 
the Veterinary Faculty of Utrecht University. 
 
Animals and treatment 
 

Normally cyclic Holstein-Friesian cows (n=36) were selected and treated for 
superovulation using the protocol as described before [36] with oFSH (Ovagen ICP, 
Auckland, New Zealand), prostaglandin (PG; Prosolvin; Intervet International B.V., The 
Netherlands) and a timed LH surge controlled by norgestomet/GnRH (Crestar ear 
implant/Receptal; Intervet International B.V.). Cyclicity was verified by measuring the 
concentration of progesterone in peripheral plasma during at least 6 weeks before FSH-
stimulation [37] and the LH surge was monitored in plasma from 38 h after PG until OVX 
using a validated RIA with bovine LH (bLH-7981) for iodination and standards, and rabbit 
anti-bLH (8101) as antiserum [38]. Oocytes and follicular fluids were collected following 
OVX at 50, 58 and 74 h after PG corresponding with 2 h before, 6 and 22 h after the 
maximum of the LH surge, respectively.  
 
Collection and selection of in-vivo preovulatory oocytes 
 

For every treatment run with a group of 4 cows OVX was performed at 1 h intervals, 
the time needed to collect all oocytes and follicles from one cow  by laparotomy through 
flank incision under local infiltration anesthesia [39]. Ovaries were collected in 0.9% (w/v) 
NaCl at 37oC and immediately transported to the laboratory. The contents of each follicle > 
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9 mm were aspirated using an 18-ga winged infusion set needle attached to 15 ml 
polystyrene conical tube under low pressure by means of a suction pump, and were then 
immediately stored on ice at 4oC. The size of the follicles was calculated from the volume 
of follicular fluid after collection. After retrieval of the cumulus oocyte complexes (COC) 
under a stereo microscope, the follicular fluids were centrifuged 3,000 g for 10 min at 4oC 
and stored at -25oC until analysis for steroids. Collected COCs were rinsed twice in 700 µl 
PBS (Sigma-Aldrich, St. Louis, MO, U.S.A.) supplemented with 5% (w/v) polyvinyl 
alcohol (PVA; Sigma). Cumulus cells were removed by continuous pipetting after 
incubation for one minute with 100 µl 0.1% (w/v) hyaluronidase (Sigma-Aldrich, St. Louis, 
MO, U.S.A.) and denuded oocytes were checked for remaining cumulus cells and washed 
three times with PBS-PVA and stored individually in at -80°C until RNA extraction.  

For each collection group relative to the LH surge, oocytes were sub-divided on the 
basis of the concentration of steroids in the fluid of the enclosing follicle. Briefly, oocytes 
from follicles with estradiol 17β > 0.9 µmol/L before LH, > 0.5 µmol/L 6 h after LH, and 
progesterone > 0.5 µmol/L 22 h after LH were considered to be competent (Table 2). 
Oocytes from follicles with unmistakably deviating steroid concentrations were assigned to 
the respective non-competent sub-groups, that is with estradiol < 0.37 µmol/L before and 6 
h after LH, and with progesterone < 0.38 µmol/L 22 h after LH. The few oocytes that had 
heavy atretic features (expanded cumulus scattered in dark clumps in a jelly-like matrix) 
were excluded. 
 
Blood sampling 
 

Heparinized blood samples were collected from the jugular vein every day during the 
experimental cycle, every 3 h starting 12 h before removal of the second implant and every 
hour thereafter for 6 h. After immediate centrifugation at 4 ºC, plasma was stored at -25 ºC. 
 
RIA of steroids in follicular fluid 
 

Concentrations of  the steroid hormones estradiol 17β and progesterone in follicular 
fluid were determined in aliquots of 1 to 25 µL fluid dependent of the hormone and the size 
of the follicle by solid-phase 125I RIA methods (Coat-A-Count, Diagnostic Products 
Corporation, Los Angeles, CA, U.S.A; estradiol 17β: TKE2; progesterone: TKPG) as 
validated for blood plasma of cows [37] with slight modifications such as extraction with 
diethyl ether (BDH Laboratory Supplies, Poole, England). 
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In vitro maturation (IVM) of immature oocytes 
 

Bovine ovaries were collected from abattoirs, and transported in a thermos flask within 
3 hours of collection. After washing with water and saline solution, cumulus oocyte 
complexes (COCs) were aspirated from follicles 3-6 mm in diameter, washed in HEPES-
buffered TCM-199 (Gibco BRL, Paisley, UK), and selected on the basis of their 
morphology for in vitro maturation according to the density of their cumulus cell layers, 
and randomly allocated in groups of 50 COCs per well to a 4-well culture plate (Nunc A/S, 
Roskilde, Denmark). In vitro maturation of the COCs was performed in 500 µl TCM-199 
per well, supplemented with 10% (v/v) fetal calf serum, 4 µg FSH/ml, and 6 µg LH/ml 
(Sioux Biochemical Inc., Iowa, U.S.A.), and 0.1 mM cysteamine (Sigma Chemical Co., St 
Louis, MO, U.S.A.) for 22 h at 38.5ºC under an atmosphere of 5% CO2 in air with 
maximum humidity. At the beginning (0 h), 6 h and 22 h of the maturation, cumulus cells 
of 13 oocytes from three different batches were denuded by vortexing and stored at -80 ºC. 
 
In vitro embryo production (IVP) 
 

Procedures for in vitro maturation were performed as described previously, after 
maturation, oocytes in COCs were fertilized in vitro according to the procedure described 
by Parrish et al. [40] with minor modifications [41] using frozen-thawed semen from a bull 
of proven  fertility. The presumptive zygotes were freed from cumulus cells 20 h after IVF 
by vortexing, and a maximum of ten zygotes was placed in a 20 µl droplet of synthetic 
oviductal fluid (SOF) medium [42] supplemented with essential and non-essential amino 
acids (Sigma-Aldrich, St. Louis, MO, U.S.A.) and 0.1% (w/v) BSA (Sigma-Aldrich), under 
oil (Reproline medical GmBH, Rheinbach, Germany) and cultured at 39°C, in humidified 
air containing 5% CO2 and 7% O2. On day 4 after IVF the number of cells per cleaved 
embryo was scored and all cleaved embryos were transferred to fresh SOF droplets. The 
developmental stage of the embryos was assessed at day 7 after IVF. Four groups of 5 
expanded blastocysts were rinsed in PBS and stored at -80°C until RNA extraction. 
 
Collection of in-vivo derived blastocysts 
 

Superovulation was induced using an eCG/monoclonal anti-eCG/PG treatment scheme 
[37]. Cows were inseminated with one straw into each uterine horn, 10 h after the LH peak. 
Seven days later the embryos were non-surgically recovered, embryonic developmental 
stage and general morphological appearance were assessed by stereo microscopy, once 
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qualified to those in morphological grades I and II [43], frozen for storage in liquid nitrogen 
until use. 
 
RNA isolation, precipitation  
 

Total RNA was prepared from at least three replicates at each maturation stage, except 
22 h normal, 6 and 22 h deviant oocytes, where 20, 18 and 11 oocytes were collected, 
respectively. Each replicate containing from 9 to 13 pooled oocytes. Four replicates of day 
7 blastocysts were used each containing 5 blastocysts, the RNA was then isolated using 
microspin column and DNA was digested with Dnase1 to eliminate possible genomic DNA 
contamination according to manufacturer’s instruction (Absolutely RNA Microprep Kit, 
Stratagene, San Diego, CA, U.S.A.). The RNA was recovered by two subsequent 50-µl 
elutions with warmed (60°C) elution buffer provided in the kit.  
RNA was then precipitated with 250 µl of 100% ethanol (EtOH) and 10 µl of 3 M sodium 
acetate pH 5.2, using 1 µl of 1 mg/ml linear acrylamide (Ambion, Austin, TX, U.S.A.) as 
co-precipitant. The mixture was chilled at -80oC for 30 min, centrifuged for 20 min at 4oC 
at 16000 g. The pellet was then washed with 75% EtOH and resuspended in 15 µl of water 
for real-time PCR analysis. 
 
Real-time Polymerase Chain Reaction 
 
Reverse Transcription and primers design 
 

Total RNA was reverse-transcribed in a total volume of 20 µl using the iScript cDNA 
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.) containing oligo-dT and 
random hexamer primers. Reactions were incubated for 5 min at 25 °C, 30 min at 42°C, 
and 5 min at 85°C. 
Primer sets were designed by using Beacon Designer 4 software (PREMIER Biosoft 
International, Palo Alto, CA, U.S.A.), from bovine sequences from NCBI, the primers used 
in the study are shown in table 1. The specificity of the primers was confirmed by 
sequencing and confirmation of the PCR product size on a standard 2% agarose gel with 
ethidiumbromide (EtBr). The PCR products were sequenced after purification with the 
QIaquick PCR Purification Kit (Qiagen, Valencia, CA, U.S.A.) and quantification with a 
spectrophotometer (Nanodrop ND 1000, Isogen, IJsselstein, the Netherlands). PCR 
products were then diluted from 100 to 0.01 fg as standards to construct the standard curve. 
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Real-time Polymerase Chain Reaction 
 

Real-time PCR was performed on a Bio-Rad MyiQ system using the 2X iQ SYBR 
Green Supermix reagents, following the manufacturer’s protocols. Reactions were 
performed using 25 µl duplicate reactions with the quantity of diluted cDNA corresponding 
to 0.1 to 0.3 of an oocyte, depending on the mRNA abundance as determined using oocytes 
from slaughter house ovaries matured in vitro, and 0.5 µM of each primer. Each transcript 
was amplified from at least three different groups of pooled oocytes, except 22 h normal, 6 
and 22 h deviant oocytes, where 2, 2 and 1 group were used, respectively (see table 2).  
 
Table 1. Information on the primers used for real-time PCR 

 

Genes GeneBank 
accession  number 

Oligos sequences Product 
size (bp) 

Annealing 
temperature 

(oC) 

CD36 NM_174010 F 5’-tcattgctggtgctgtcattgg-3’ 
R 5’-aactgtcacttcatctggattctgc-3’ 

209 
 

59 
 

FATP1 NM_001033625   F 5’-caagagcctggtcaagttc-3’ 
R 5’-cgtgtagatgtagaagagtcg-3’ 

157 
 

57 

AMPAKγ1  BT025456 F 5’-aagatagaaacttggagagaggtg-3’ 
R 5’-aacttgaggaacttgaggatgc-3’ 

197 
 

59 

CPT-I NM_001034349          F 5’-ggtcaacagcaactactacg-3’ 
R 5’-tgaacatcctctccatctgg-3’ 

188 
 

52 
 

PPARα NM_001034036 F 5’-tcgtttcctcctttaccttc-3’ 
R 5’-tctgtgtccaccatctcc-3’ 

170 
 

54 

ACCβ AJ966324  F 5’-tacctgcgggcgtctgag-3’ 
R 5’-gctgattctggtgtagtcttgg-3’ 

192 
 

56 
 

ACCα NM_174224 F 5’-aagcaatggatgaaccttcttc-3’ 
R 5’-gatgcccaagtcagagagc-3’ 

197 
 

58 
 

FAS NM_001012669          F 5’-ctctccctcagccgttcg-3’ 
R 5’-gcctgtcatcatctgtcacc-3’ 

168 
 

63 

GAPDH BTU85042 F 5’-ccacgagaagtataacaacacc-3’ 
R 5’-gccagtagaagcagggatg-3’  

229 
 

56 

Bos taurus CD36, Fatty acid translocase; FATP1, Bos taurus fatty acid transport protein 1; AMPAKγ1, Bos taurus 
AMP-activated protein kinase gamma 1; CPT-1, Bos taurus carnitine palmitoyltransferase 1; PPARαα, Bos taurus 
peroxisome proliferator-activated receptors α; ACCβ, Bos taurus acetyl-CoA carboxylase β; ACCα, Bos taurus 
acetyl-CoA carboxylase α; FAS, Bos taurus fatty acid synthase; GAPDH, Bos taurus glyceraldehyde-3-phosphate 
dehydrogenase 
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Samples and standard curves were amplified on the same run with the same PCR 
master mix.  

The thermal cycling program starts with an initial denaturation step at 95°C for 3 min, 
and is followed by 45 PCR cycles (dissociation for 5 sec at 95oC, annealing for 5 sec at 
temperature showed in table 1, and elongation for 20 sec at 72oC), one melting cycle 
consisting of 5 sec at 95oC, 30 sec at 72oC, and a step cycle up to 95oC (0.3oC/sec transition 
rate), and finally a cooling down cycle at 40oC. Amplification of the GAPDH mRNA [44, 
45] was performed for each reverse transcribed sample as an endogenous quantification 
standard.  These raw CT values were then analyzed with a modified delta-Ct method using 
a PCR data analysis program, qBase (version 1.3.2) (http://medgen.ugent.be/qbase/) to 
obtain relative quantification values. PCR product was analyzed on a 1.5% agarose gel with 
EtBr to confirm amplification. Product sizes and annealing temperatures for each gene are 
presented in table 1. 
 
Statistical analysis 
 

Data are presented as the mean ± SEM. Initially, expression analysis data of the 
oocytes from follicles with a normal profile were subjected to one-way ANOVA and 
Bonferroni test was used as a post hoc for comparison of individual means to assess the 
effect of maturation stages (-2, 6, 22). Secondly, data from oocytes classified normal in the 
prematuration stages (-2) were compared using un-paired Student’s t-test to the in vivo 
derived blastocysts to study the difference in gene expression between oocytes and 
blastocysts. Thirdly, differences within each oocyte time group (follicles with a normal 
profile, deviant profile and oocytes matured in vitro) were analyzed using one-way 
ANOVA. Difference between in vivo and in vitro derived blastocysts was analyzed using 
Student’s t-test. Differences were considered statistically significant at the 95% confidence 
level (P < 0.05). 
 
 
Results 
 

In total 171/241 before LH, 135/183 at 6 h after LH and 60 oocytes/ 93 follicles were 
retrieved resulting in 71, 74 and 65% recovery, respectively. The number of oocytes 
classified as competent and non-competent based on steroid and follicle size are presented 
in table 2. 
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Table 2.: Steroid concentrations in follicles with competent and non-competent oocytes recovered during 
maturation in FSH-stimulated cows with a controlled LH surge 

 

 notes 2 h before LH 
(Pre) 

6 h after LH (Post) 22 h after LH 
(Post) 

Normal follicles 
- number 
- estradiol 17β 
- progesterone 
- follicle diameter 
- number of cows 
 
Deviant follicles 
- number 
- estradiol 17β 
- progesterone 
- follicle diameter 
- number of cows 

[1] 
 

[2] 
 

[3] 
[4] 

 
47 

1.64 ± 0.12 
0.15 ± 0.01 

13 ± 0.4 
13 

 
 

52 
0.21 ± 0.01 

 0.09 ± 0.004 
12 ± 0.3 

7 

 
50 

0.84 ± 0.04 
0.51 ± 0.01 
13.5 ± 0.3 

9 
 
 

18 
0.23 ± 0.03 
0.58 ± 0.06 

12 ± 0.4 
7 

 
20 

0.11 ± 0.01 
0.75 ± 0.05 

13 ± 0.5 
8 
 
 

11 
0.19 ± 0.02 
0.16 ± 0.03 

12 ± 0.8 
3 

 
[1] competent: oocytes from functional follicles on the basis of steroid profile 
[2] steroid concentrations ± SEM in µmol/L follicular fluid 
[3] mean diameter in mm as calculated from volume of fluid of follicles from which oocytes were used 
[4] number of cows from which oocytes were retrieved 

 
Results of gene expression were used to organize group of genes according to their 
function. 
 

Group 1.  Fatty acid transport: within the oocytes selected from normal follicles, levels 
of CD36 (fig. 1, A) and FATP1 (fig. 1, B) mRNA were relatively high before, 6 and 22 h 
after maturation, but no significant (P < 0.05) differences were observed between the 
different time groups (from normal follicles). The expression pattern of this group at the 
blastocysts stage characterized by the absence (CD36) or low levels of mRNA (FATP1).  
Within each time group, there were marked changes in the expression between the groups 
but it was significant only between oocytes collected from FSH stimulated cows classified 
as normal and deviant in the pre-maturation groups for both mRNA. 
 

Group 2. Fatty acid β-oxidation: mRNA levels varied across this group, with the level 
of AMPK (Fig.1, C) and CPT-I (fig. 1, D) high during the pre-maturation and 6, 22 h after 
maturation but there were no statistical significant differences between the time groups (P < 
0.05). A marked reduction in the mRNA expression for both mRNA at the blastocyst stage, 
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CPT-1 mRNA was not detected in in vivo derived blastocysts. The gene expression of 
AMPK and CPT-1 was significantly (P < 0.05) reduced in the oocyte scored as bad during 
pre-maturation compared to the good one, CPT-1 expression in the oocyte matured in vitro 
was significantly altered compared to the oocytes classified as normal, whereas both 
transcripts remained unchanged during 6 h of maturation. A significant difference within 
the 22 h group in the expression of AMPK, between in vivo normal, deviant, and those 
matured in vitro was observed. 

The levels of PPARα (Fig. 1, E) mRNA remained unchanged between the different 
time groups and also between oocytes and blastocysts. A significant difference between the 
oocytes collected from follicles with normal profiles was seen compared to those scored as 
deviant and matured in vitro (P < 0.05). Whereas no significant alterations in PPARα 
mRNA expression between in vivo and in vitro blastocysts were detected. Similarly, ACCβ 
(Fig. 1, F) mRNA levels were not significantly different (P < 0.05) within the oocyte time 
groups (-2, 6, 22) and also between the oocytes and the blastocysts. 

 
Group 3. Fatty acid synthesis: A similar pattern of changes characterize both member 

of this group,  ACCα (Fig. 1, G) and FAS (Fig. 1, H). No differences between different 
time groups during oocyte maturation and a sharp and significant increase in both mRNA 
levels during the blastocysts stages compared to oocyte maturation. A stastically significant 
difference (P < 0.05) was observed in the expression of ACCα between in vivo derived 
blastoysts and those cultured in vitro.  
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Figure 1. Quantification of mRNA levels by real-time PCR of genes involved in lipid metabolism (A to H) in 
bovine oocytes from cows undergoing superovulation with FSH scored as normal or deviant based on steroid 
profile and follicle sizes and oocytes collected from slaughterhouse ovaries and matured in vitro. 
a, b, c: significantly different within the time groups ( in vivo normal, in vivo deviant and in vitro oocytes) (P < 
0.05). 
* Significantly different from the oocytes 
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Discussion 
 

Our data suggest that, under physiological conditions, 1) during oocyte maturation, 
exogenous FAs supply is probably the preferential source of LCFA and energy source, 
based on the higher expression of transcripts involved in FAs transport and key regulatory 
enzymes involved in β-oxidation of FAs.  2) At the blastocysts stage, the parallel increase 
in the mRNA abundance of FAS and ACCα suggests an increased rate of lipogenesis which 
may be needed to support earlier embryogenesis. 3) A lower reliance on FAs as a source of 
energy at the blastocysts stage as shown by a lack or sharp decrease of mRNAs implicated 
in FAs catabolism. 4) Exogenous FSH stimulation and in-vitro culture conditions can 
results in extreme deviations in several transcripts involved in lipid metabolism during 
oocyte maturation and blastocysts formation. 
 

CD36 expression favors tissues with high metabolic capacity for LCFA, such as 
adipose, heart and muscle, whereas it is absent from tissues like brain that do not utilize 
LCFA [16], its mRNA expression is induced by LCFA and not by short chain FAs [46]. 
The CD36 mRNA has been reported previously in mouse oocytes using the microarray 
technique [47]. The mechanisms by which oocyte competence is affected by FAs are not 
completely understood. However, the higher abundance of plasma membrane fatty acid 
transport mRNAs (CD36 and FATP1) suggests that the effect of LCFAs on oocyte 
maturation is direct and not mediated by cumulus cells. It also may indicate that the oocyte 
can not synthesize certain LCFA and that exogenous FAs are needed to support certain 
oocyte requirements. It is well known that animals can synthesize most fatty acids, with the 
notable exceptions of polyunsaturated fatty acids (PUFA) like linoleic and linolenic acids, 
since animals must have a dietary source of these FAs and therefore they are considered as 
essential FAs. The essential FAs have different important functions, the most important is 
structural contribution to the maintenance and function of the cellular membranes [48]. 
Alterations in FAs composition and lipid contents during oocyte growth are a well 
documented phenomenon. Zeron et al [7] reported that the decline in the developmental 
competence of oocytes Holstein cows was mainly associated with a significantly lower 
linoleic acid content in the oocyte membrane. The same author reported changes in the 
ewes oocyte’s FAs profile by PUFA diet supplementation which associated with better 
oocyte quality and chilling resistance [49]. As a result, it appears likely that the reduction in 
the synthesis of mRNA for the genes encoding CD36 and FATP1 observed in oocytes 
classified as deviant and oocytes matured in vitro may reflect later reduced LCFAs import 
into the oocyte that may affect fundamental cellular processes such as FA incorporation 
into triglycerides, membrane components, signal transduction pathways, gene expression 
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and FAs generated energy. Moreover, the co-expression of both CD36 and FATP1 in the 
oocyte may indicate that they have a different function since a number of studies using 293 
cells [50] and FATP1 knock-out mice have reported that LCFAs taken by FATP1 were 
channeled into triglycerides synthesis. This synthesis exceeded oxidation in the 
mitochondria [51], whereas FA/CD36 was identified recently on mitochondria isolated 
from rat and human skeletal muscle and found to be involved in LCFA oxidation [52, 53].  
 

Little is known about the nutritional requirement of the bovine oocyte. Using FCS as 
IVM medium supplement can promote oocyte developmental competence. Its efficacy has 
been ascribed to its superior protein quality, amino acids, vitamins, heavy-metal chelators 
and unknown growth factors, making it the most effective IVM component. Oocyte 
triglyceride and the total lipid content have been shown to increase in oocytes matured in 
vitro in a medium containing FCS compared to those matured in serum free medium [4]. 
This may strongly indicate indirectly that the beneficial effect of FCS as a major 
component of bovine oocyte IVM medium may be also due to FAs contents. It has been 
suggested that decrease or increase in the expression of different lipid metabolic genes are 
modulated by direct contact with FA, that alter chromatin structure and transcription 
through direct effect on histone deacetylase activity, for instance, FATPs, CPT-1, PPAR 
has been shown to be upregulated by FAs whereas FAS, ACC are down-regulated (for 
review see [54]. Based on the above, decreased FA oxidation may reflect a defect in fatty 
acid oxidation genes activation due to alterations in CD36 and FATP1 abundance as a 
result of poor culture conditions.  
 

AMPK activity depends on the AMP/ATP ratio that is changed during oocyte 
maturation. Cyclic AMP degradation results in the accumulation of AMP which binds and 
activate AMPK directly by binding to its γ subunit, mechanisms other than changes in the 
cellular AMP-to-ATP ratio have also been reported to activate AMPK [55]. However, our 
results showed a higher expression of AMPK mRNA even in the oocytes collected before 
LH surge and maturation in vitro, which is consistent with the recent finding using mouse 
oocytes [56]. AMPK is a stress-activated enzyme, and even gentle physical manipulation 
can stimulate the kinase [57, 58]. In mouse oocytes, AMPK activation has been shown to 
precede GVBD and to play an important role in meiotic resumption [56]. The simultaneous 
increase of AMPK, CD36, FATP1, and CPT-1 suggests that AMPK is associated with FAs 
catabolism as shown previously in most mammalian cells. 
Cyclic AMP-dependent protein kinase (PKA) and AMPK phosphorylates and inactivates 
ACC, decreases malonyl-CoA levels and increases fatty acid oxidation both in vivo and in 
vitro [59, 60]. This phosphorylation regulation may be also an important regulatory aspect 
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of fatty acid metabolism during oocyte growth and maturation. Higher cAMP within the 
oocytes activates PKA before maturation and maintain meiotic arrest while a decrease in 
intra-oocyte cAMP initiate oocyte maturation [61]. The expression of both ACC and 
AMPK may suggest that the oocyte uses the same mechanism to phosphorylate and 
inactivate ACC, which stimulates fatty acid oxidation by different pathways as for other 
somatic cells through stimulation of PKA following elevation of cAMP levels. Thus, cAMP 
signaling is required not only for meiotic arrest and resumption but also for their intimate 
coordination of the several oocyte metabolic processes.  
 

CPT-1 resides on the outer mitochondrial membrane and catalyses the conversion of 
palmitoyl-CoA to palmitoylcarnitine, which is the rate limiting step in the transfer of long-
chain fatty-acylCoAs from the cytosol to the mitochondria for oxidation [30, 62]. Its 
activity is inhibited by malonyl-CoA, therefore, a decrease in the malonyl-CoA removes 
inhibition of CPT-1 and allows fatty acid oxidation to increase to meet the increased energy 
requirement. In mammals, two different CPT-1 enzymes are encoded by two different 
genes, liver CPT-1 and muscle CPT-1 [63]. Muscle CPT1 has a crucial role in controlling 
the rate of β-oxidation in heart and skeletal muscle and is more sensitive to malonyl-CoA 
inhibition [64]. Therefore, we decided to specifically amplify the muscle isoform. In the 
present study, we found that a general increase of CPT-1 mRNA levels takes place during 
early oocyte maturation or results from the polyadenylation of stored pools and lack of 
expression at the blastocysts stage. These findings together with the results published 
recently, using methyl palmoxirate (MP), the inhibitor of CPT-1 enzyme activity [65], 
indicate an increase in the rate of β-oxidation and important role of fatty acids as a source 
of energy during oocyte maturation. The lower expression of CPT-1 during prematuration 
in the oocytes matured in vitro and oocytes from deviant follicles may indicate a 
dysregulation of fatty acid oxidation activity causing a shortage of ATP and hence lower 
oocyte developmental competence [34]. These results are not surprising, steroid hormones 
have a significant control on cellular lipid in metabolically active tissues [66]. In skeletal 
muscle, ovariectomy suppresses the maximal activity of CPT-1 and the activity of this 
enzyme is up-regulated following treatment with E2. Moreover, In aromatase deficient 
mice (ArKO), exogenous E2 is necessary to maintain the gene expression and enzyme 
activity of the hepatic β-oxidation pathway [67] suggesting a capacity of E2 to regulate the 
expression of genes implicated in lipid metabolism. Low mitochondrial β-oxidation could 
also change the fatty acid composition within the oocyte since a marked change has been 
reported in the linoleic acid levels occuring between E2 active and inactive bovine 
preovulatory follicles [8]. In addition to its role in β-oxidation, lower CPT-1 activity has 
also been reported to enhance palmitic acid (PA) induced cell death and PA anti-
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proliferative effect [68]. Possibly, this is also the case in the oocytes from deviant follicles 
and in those matured in vitro, the decrease in CD36 and FATP1 may result in the preferent 
use of FAs other than LCFA through passive diffusion, and lower CPT-1 mRNA 
expression may decrease the utilization of LCFA. This altered mRNA expression may 
affect the balance in the lipid FAs composition ratios at the physiological level. Thus, 
understanding of the import of FAs, the specific metabolic fates of different FAs and the 
manner in which these are regulated may contribute to the better design of oocyte IVM 
medium.  
 

At the blastocysts stage, we found a small increase of a CPT-1 mRNA in the ones 
cultured in vitro compared to the in vivo counterparts. This may contribute to incomplete 
blockage of β-oxidation pathway in blastocyst cultured in vitro. It has been hypothesized 
that metabolically active blastocysts have less chance to develop to term after transfer and 
the metabolically inactive are more likely to develop after transfer [69, 70]. This slight 
increase in CPT-1 mRNA in the blastocysts cultured in vitro may be also related to the 
lower levels of ACCβ mRNA expression in in vitro blastocysts that probably was not 
enough to block CPT-1 activity. The block of CPT-1 activity probably induces more acetyl-
CoA to go to lipid synthesis instead of β-oxidation. Our finding that the oocytes express 
CPT-1 mRNA before and during maturation and the lack of the expression at the 
blastocysts stage, support and explain recent findings that blocking of β-oxidation using 
CPT-1 inhibitor methyl palmoxirate before or during maturation of bovine oocytes 
significantly decreases oxygen consumption, while no difference was reported in the 
oxygen consumption of day 7 blastocysts [65]. Furthermore, based on the lack of CPT-1 
mRNA expression in blastocysts, it appears that the lipids synthesized during early 
embryonic development were not used as a source of energy, and may be directed for 
membrane structure and organogenesis. Therefore, energy requirements at this stage are 
preferentially supplied by carbohydrates and amino acids as shown previously [71, 72] 
 

The potential role of PPARα in regulating fatty acid oxidation has been well 
demonstrated. Activation of PPARα results in increase in the gene expression of many FAO 
enzymes [73, 74]. In the present study, the synergistically up-regulation of fatty acid 
transport and oxidation genes and PPARα mRNA may indicate that these genes are targets 
for the activation by PPARα. Fatty acids especially highly unsaturated fatty acids have 
profound effects on gene expression, acting on the genome through PPAR leading to 
changes in metabolism, growth and cell differentiation [75, 76]. Fats rich in PUFA like fish 
oil increase activity and mRNA levels of hepatic FAO enzymes [77]. Polyunsaturated fatty 
acids have also been considered as a natural ligands or activators of PPAR [78]. A study 
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using PPARα-deficient mice suggested that PUFA (fish oil) up-regulates FAO enzyme 
gene expression through a PPAR dependent mechanism [79]. In the same experiment, it has 
been shown that PUFA-mediated suppression of lipogenic gene expression does not require 
PPARα. Therefore, the lack of certain FAs may explain the difference in the abundance 
between oocytes from normal or deviant and those matured in vitro. 
 

In the present study, the expression of both isoforms of ACC was identified in the 
oocyte and the blastocyst stage. The malonyl-CoA, the product of ACCα and ACCβ, exists 
in two separate compartments in the cell, cytosol and mitochondria, respectively [80] and 
do not mix. The cytosolic malonyl-CoA is used in FAs synthesis, while the mitochondrial 
part regulates CPT-1 and hence, FAs oxidation. ACCα is the dominant isoform and 
contributes to most of the malonyl-CoA. A study using ACCα knockout mice reported an 
essential role in embryo development  [80] whereas ACCβ works as a regulator of FAs 
oxidation [81]. Oocytes from deviant follicles and those matured in vitro, showed a lower 
mRNA level of ACCα at the GV and MII than those classified as normal. Since ACCα is 
involved in fatty acid elongation, this indicated that the activity of ACCα is not completely 
blocked and certain enzyme activity is needed. A Saccharomyces cerevisiae mutant of 
ACCα grown at restrictive temperature developed an altered nuclear envelope and showed 
severe abnormalities in spindle formation to become arrested in the G2-M phase of the cell 
cycle loosing viability [82]. In addition, our study showed a statistical significant decrease 
in ACCα mRNA abundance in the blastocysts obtained using IVP system. This may 
indicate a change in the quantity of synthesized lipid, resulting in a lack of certain LCFAs 
needed for membrane integrity and structure. In yeast, inactivation of ACCα completely 
inhibits growth and cause cell death even after supplementation of FAs [83]. Moreover, 
inhibition of ACCα in a prostate tumor cell line has been shown to induce a growth arrest 
and apoptosis [84]. LCFAs and the degree of unsaturation of membrane lipids are the major 
factors determining the structure and fluidity of lipid membranes and hence chilling 
sensitivity [85, 86]. Thus, membranes with unsaturated acyl chains in phospholipids remain 
fluid at lower temperatures than do membranes with saturated lipids [87, 88]. In view of the 
high degree of conservation of ACCα in most living organisms, a similar function of this 
gene is possible in the oocytes and early embryos. Collectively, these findings may explain 
partly the lower developmental competence of the in-vitro matured oocytes and those from 
deviant follicles with FSH stimulated cows. They probably explain the sensitivity of IVP 
blastocysts to chilling compared to the in-vivo derived ones, and represent strong candidate 
markers for developmental competence of oocytes and blastocysts. 
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FAS, catalyses the de novo synthesis of saturated FAs such as, myristate, palmitate and 
stearate using acetyl- and malonyl-CoA. Targeted deletion of the FAS gene results in mice 
that die in utero [89], and more than 50% of heterozygous FAS knockout mice fail to 
survive embryonic development [89]. Expression of FAS is controlled primarily at the level 
of transcription and in response to both hormonal and nutritional signals [90, 91]. In the 
present study, contrary to our anticipations, there was a marked increase of FAS mRNA 
abundance at the blastocysts stage compared to that in oocytes suggesting an important role 
in the FAs or triglycerides synthesis. However, the absence of difference in the abundance 
of FAS mRNA between the in vivo derived blastocysts and those obtained from in vitro, 
may suggest a less critical role in the developmental competence of early embryos.  
 

Changes in transcription cannot be equated to changes in functional pathways because 
transcripts have to be translated, and proteins may require post-translation modification in 
order to become functional, [92]. Minimal polyadenylation is required for reverse 
transcription but it does not ensure translation. To validate translation, protein levels have 
to be measured and often they increase as the RNA level drops before the maternal-zygote 
transition (MZT) in bovine while it is the opposite after the MZT [93]. Therefore, changes 
in mRNA levels needed the support of functional biochemical assays. Unfortunately, 
current protein and enzymatic activity evaluation techniques will require a large quantity of 
oocytes, which are very difficult to obtain and limit such assays in the case of oocytes from 
in vivo material. Identification of mRNA expression will provide the basis to define the 
complex regulation of lipid metabolism.  
 

In conclusion, the increase in mRNA levels implicated in FAs transport and catabolism 
during oocyte maturation compared to that during early embryonic development is probably 
due to an increased metabolic activity resulting from higher energy requirements. 
Moreover, we have shown that different oocyte and blastocyst microenvironment and 
culture conditions can have a profound effect on mRNA encoding components of FA 
utilization and synthesis. We propose that the resultant changes in the oocyte and blastocyst 
gene expression in vivo vs. in vitro contribute to the observed decrease in the 
developmental competence of embryos by alteration in lipid metabolism.  
 
 
Acknowledgements 
 

Mrs. D.M. Blankenstein and Mrs. C.H.Y. Oei for their excellent technical assistance 
with all the endocrine monitoring of cows and follicles; post-graduate students H. 



Chapter 5 
 
 

 137

Groenendaal, A.C.T.M. van Gastel and Mrs. E. van Reenen for round-the-clock assistance 
with managing the experiments; J.H.M. Lutz and animal caretakers for their skilful treating 
of the animals; F.J. van Kooi and assistants for help with surgery;  Dr B. Aguilar et al. 
(Theriogenology, 1997 47;111-20) for kindly donating in vivo derived blastocysts, and S. 
Merton from Holland Genetics Arnhem, The Netherlands, for the generous supply of in 
vitro produced blastocysts; Dr B.A.J. Roelen for providing facilities for IVM. We also 
thank Dr. Isabelle Dufort for a critical review of the manuscript. 
 
 
References 
 
1. Fair T, Hulshof SC, Hyttel P, Greve T, Boland M. Oocyte ultrastructure in bovine primordial to early 

tertiary follicles. Anat Embryol (Berl) 1997; 195: 327-336. 
2. de Loos F, van Maurik P, van Beneden T, Kruip TA. Structural aspects of bovine oocyte maturation in 

vitro. Mol Reprod Dev 1992; 31: 208-214. 
3. Nagano M, Katagiri S, Takahashi Y. Relationship between bovine oocyte morphology and in vitro 

developmental potential. Zygote 2006; 14: 53-61. 
4. Kim JY, Kinoshita M, Ohnishi M, Fukui Y. Lipid and fatty acid analysis of fresh and frozen-thawed 

immature and in vitro matured bovine oocytes. Reproduction 2001; 122: 131-138. 
5. Cetica P, Pintos L, Dalvit G, Beconi M. Activity of key enzymes involved in glucose and triglyceride 

catabolism during bovine oocyte maturation in vitro. Reproduction 2002; 124: 675-681. 
6. Haggarty P, Wood M, Ferguson E, Hoad G, Srikantharajah A, Milne E, Hamilton M, Bhattacharya S. 

Fatty acid metabolism in human preimplantation embryos. Hum Reprod 2006; 21: 766-773. 
7. Zeron Y, Ocheretny A, Kedar O, Borochov A, Sklan D, Arav A. Seasonal changes in bovine fertility: 

relation to developmental competence of oocytes, membrane properties and fatty acid composition of 
follicles. Reproduction 2001; 121: 447-454. 

8. Moallem U, Folman Y, Bor A, Arav A, Sklan D. Effect of calcium soaps of fatty acids and 
administration of somatotropin on milk production, preovulatory follicular development, and plasma 
and follicular fluid lipid composition in high yielding dairy cows. J Dairy Sci 1999; 82: 2358-2368. 

9. Abe H, Yamashita S, Satoh T, Hoshi H. Accumulation of cytoplasmic lipid droplets in bovine embryos 
and cryotolerance of embryos developed in different culture systems using serum-free or serum-
containing media. Mol Reprod Dev 2002; 61: 57-66. 

10. Fair T, Lonergan P, Dinnyes A, Cottell DC, Hyttel P, Ward FA, Boland MP. Ultrastructure of bovine 
blastocysts following cryopreservation: effect of method of blastocyst production. Mol Reprod Dev 
2001; 58: 186-195. 

11. Reis A, Rooke JA, McCallum GJ, Staines ME, Ewen M, Lomax MA, McEvoy TG. Consequences of 
exposure to serum, with or without vitamin E supplementation, in terms of the fatty acid content and 
viability of bovine blastocysts produced in vitro. Reprod Fertil Dev 2003; 15: 275-284. 

12. Mucci N, Aller J, Kaiser GG, Hozbor F, Cabodevila J, Alberio RH. Effect of estous cow serum during 
bovine embryo culture on blastocyst development and cryotolerance after slow freezing or vitrification. 
Theriogenology 2006; 65: 1551-1562. 



 
 
 

 138

13. Rizos D, Ward F, Duffy P, Boland MP, Lonergan P. Consequences of bovine oocyte maturation, 
fertilization or early embryo development in vitro versus in vivo: implications for blastocyst yield and 
blastocyst quality. Mol Reprod Dev 2002; 61: 234-248. 

14. Kamp F, Hamilton JA, Kamp F, Westerhoff HV, Hamilton JA. Movement of fatty acids, fatty acid 
analogues, and bile acids across phospholipid bilayers. Biochemistry 1993; 32: 11074-11086. 

15. Schaffer JE, Lodish HF. Expression cloning and characterization of a novel adipocyte long chain fatty 
acid transport protein. Cell 1994; 79: 427-436. 

16. Abumrad NA, el-Maghrabi MR, Amri EZ, Lopez E, Grimaldi PA. Cloning of a rat adipocyte 
membrane protein implicated in binding or transport of long-chain fatty acids that is induced during 
preadipocyte differentiation. Homology with human CD36. J Biol Chem 1993; 268: 17665-17668. 

17. Hirsch D, Stahl A, Lodish HF. A family of fatty acid transporters conserved from mycobacterium to 
man. Proc Natl Acad Sci U S A 1998; 95: 8625-8629. 

18. Van Nieuwenhoven FA, Verstijnen CP, Abumrad NA, Willemsen PH, Van Eys GJ, Van der Vusse GJ, 
Glatz JF. Putative membrane fatty acid translocase and cytoplasmic fatty acid-binding protein are co-
expressed in rat heart and skeletal muscles. Biochem Biophys Res Commun 1995; 207: 747-752. 

19. Coburn CT, Knapp FF, Jr., Febbraio M, Beets AL, Silverstein RL, Abumrad NA. Defective uptake and 
utilization of long chain fatty acids in muscle and adipose tissues of CD36 knockout mice. J Biol Chem 
2000; 275: 32523-32529. 

20. Faergeman NJ, diRusso CC, Elberger A, Knudsen J, Black PN. Disruption of the Saccharomyces 
cerevisiae homologue to the murine fatty acid transport protein impairs uptake and growth on long-
chain fatty acids. J Biol Chem 1997; 272: 8531-8538. 

21. Hardie DG. Regulation of fatty acid and cholesterol metabolism by the AMP-activated protein kinase. 
Biochim Biophys Acta 1992; 1123: 231-238. 

22. Hardie DG. Minireview: the AMP-activated protein kinase cascade: the key sensor of cellular energy 
status. Endocrinology 2003; 144: 5179-5183. 

23. Hardie DG, Carling D. The AMP-activated protein kinase--fuel gauge of the mammalian cell? Eur J 
Biochem 1997; 246: 259-273. 

24. Bergeron R, Ren JM, Cadman KS, Moore IK, Perret P, Pypaert M, Young LH, Semenkovich CF, 
Shulman GI. Chronic activation of AMP kinase results in NRF-1 activation and mitochondrial 
biogenesis. Am J Physiol Endocrinol Metab 2001; 281: E1340-1346. 

25. Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M, Holloszy JO. Activation of AMP-activated 
protein kinase increases mitochondrial enzymes in skeletal muscle. J Appl Physiol 2000; 88: 2219-
2226. 

26. Russell RR, 3rd, Bergeron R, Shulman GI, Young LH. Translocation of myocardial GLUT-4 and 
increased glucose uptake through activation of AMPK by AICAR. Am J Physiol 1999; 277: H643-649. 

27. Ihlemann J, Ploug T, Hellsten Y, Galbo H. Effect of tension on contraction-induced glucose transport 
in rat skeletal muscle. Am J Physiol 1999; 277: E208-214. 

28. Bergeron R, Russell RR, 3rd, Young LH, Ren JM, Marcucci M, Lee A, Shulman GI. Effect of AMPK 
activation on muscle glucose metabolism in conscious rats. Am J Physiol 1999; 276: E938-944. 

29. Carling D, Aguan K, Woods A, Verhoeven AJ, Beri RK, Brennan CH, Sidebottom C, Davison MD, 
Scott J. Mammalian AMP-activated protein kinase is homologous to yeast and plant protein kinases 
involved in the regulation of carbon metabolism. J Biol Chem 1994; 269: 11442-11448. 

30. Abu-Elheiga L, Brinkley WR, Zhong L, Chirala SS, Woldegiorgis G, Wakil SJ. The subcellular 
localization of acetyl-CoA carboxylase 2. Proc Natl Acad Sci U S A 2000; 97: 1444-1449. 



Chapter 5 
 
 

 139

31. Rosen ED, Sarraf P, Troy AE, Bradwin G, Moore K, Milstone DS, Spiegelman BM, Mortensen RM. 
PPAR gamma is required for the differentiation of adipose tissue in vivo and in vitro. Mol Cell 1999; 4: 
611-617. 

32. Braissant O, Foufelle F, Scotto C, Dauca M, Wahli W. Differential expression of peroxisome 
proliferator-activated receptors (PPARs): tissue distribution of PPAR-alpha, -beta, and -gamma in the 
adult rat. Endocrinology 1996; 137: 354-366. 

33. Girard J, Ferre P, Foufelle F. Mechanisms by which carbohydrates regulate expression of genes for 
glycolytic and lipogenic enzymes. Annu Rev Nutr 1997; 17: 325-352. 

34. Stojkovic M, Machado SA, Stojkovic P, Zakhartchenko V, Hutzler P, Goncalves PB, Wolf E. 
Mitochondrial distribution and adenosine triphosphate content of bovine oocytes before and after in 
vitro maturation: correlation with morphological criteria and developmental capacity after in vitro 
fertilization and culture. Biol Reprod 2001; 64: 904-909. 

35. Van Blerkom J, Davis PW, Lee J. ATP content of human oocytes and developmental potential and 
outcome after in-vitro fertilization and embryo transfer. Hum Reprod 1995; 10: 415-424. 

36. Knijn HM, Wrenzycki C, Hendriksen PJ, Vos PL, Herrmann D, van der Weijden GC, Niemann H, 
Dieleman SJ. Effects of oocyte maturation regimen on the relative abundance of gene transcripts in 
bovine blastocysts derived in vitro or in vivo. Reproduction 2002; 124: 365-375. 

37. Dieleman SJ, Bevers MM. Effects of monoclonal antibody against PMSG administered shortly after 
the preovulatory LH surge on time and number of ovulations in PMSG/PG-treated cows. J Reprod 
Fertil 1987; 81: 533-542. 

38. Dieleman SJ, Bevers MM, Poortman J, van Tol HT. Steroid and pituitary hormone concentrations in 
the fluid of preovulatory bovine follicles relative to the peak of LH in the peripheral blood. J Reprod 
Fertil 1983; 69: 641-649. 

39. Dieleman SJ, Kruip TA, Fontijne P, de Jong WH, van der Weyden GC. Changes in oestradiol, 
progesterone and testosterone concentrations in follicular fluid and in the micromorphology of 
preovulatory bovine follicles relative to the peak of luteinizing hormone. J Endocrinol 1983; 97: 31-42. 

40. Parrish JJ, Susko-Parrish J, Winer MA, First NL. Capacitation of bovine sperm by heparin. Biol 
Reprod 1988; 38: 1171-1180. 

41. Izadyar F, Zeinstra E, Colenbrander B, Vanderstichele HM, Bevers MM. In vitro maturation of bovine 
oocytes in the presence of bovine activin A does not affect the number of embryos. Anim Reprod Sci 
1996; 45: 37-45. 

42. van Wagtendonk-de Leeuw AM, Mullaart E, de Roos AP, Merton JS, den Daas JH, Kemp B, de Ruigh 
L. Effects of different reproduction techniques: AI MOET or IVP, on health and welfare of bovine 
offspring. Theriogenology 2000; 53: 575-597. 

43. Robertson I, Nelson R. Certification of the embryos. Manual of the international embryo transfer 
society. Savoy, IL; 1998. 

44. Bettegowda A, Patel OV, Ireland JJ, Smith GW. Quantitative analysis of messenger RNA abundance 
for ribosomal protein L-15, cyclophilin-A, phosphoglycerokinase, beta-glucuronidase, glyceraldehyde 
3-phosphate dehydrogenase, beta-actin, and histone H2A during bovine oocyte maturation and early 
embryogenesis in vitro. Mol Reprod Dev 2005. 

45. Goossens K, Van Poucke M, Van Soom A, Vandesompele J, Van Zeveren A, Peelman LJ. Selection of 
reference genes for quantitative real-time PCR in bovine preimplantation embryos. BMC Dev Biol 
2005; 5: 27. 

46. Sfeir Z, Ibrahimi A, Amri E, Grimaldi P, Abumrad N. Regulation of FAT/CD36 gene expression: 
further evidence in support of a role of the protein in fatty acid binding/transport. Prostaglandins 
Leukot Essent Fatty Acids 1997; 57: 17-21. 



 
 
 

 140

47. Stanton JL, Green DP. A set of 840 mouse oocyte genes with well-matched human homologues. Mol 
Hum Reprod 2001; 7: 521-543. 

48. Sinclair HM. Essential fatty acids in perspective. Hum Nutr Clin Nutr 1984; 38: 245-260. 
49. Zeron Y, Sklan D, Arav A. Effect of polyunsaturated fatty acid supplementation on biophysical 

parameters and chilling sensitivity of ewe oocytes. Mol Reprod Dev 2002; 61: 271-278. 
50. Hatch GM, Smith AJ, Xu FY, Hall AM, Bernlohr DA. FATP1 channels exogenous FA into 1,2,3-

triacyl-sn-glycerol and down-regulates sphingomyelin and cholesterol metabolism in growing 293 
cells. J Lipid Res 2002; 43: 1380-1389. 

51. Kim JK, Gimeno RE, Higashimori T, Kim HJ, Choi H, Punreddy S, Mozell RL, Tan G, Stricker-
Krongrad A, Hirsch DJ, Fillmore JJ, Liu ZX, Dong J, Cline G, Stahl A, Lodish HF, Shulman GI. 
Inactivation of fatty acid transport protein 1 prevents fat-induced insulin resistance in skeletal muscle. J 
Clin Invest 2004; 113: 756-763. 

52. Campbell SE, Tandon NN, Woldegiorgis G, Luiken JJ, Glatz JF, Bonen A. A novel function for fatty 
acid translocase (FAT)/CD36: involvement in long chain fatty acid transfer into the mitochondria. J 
Biol Chem 2004; 279: 36235-36241. 

53. Schenk S, Horowitz JF. Coimmunoprecipitation of FAT/CD36 and CPT I in skeletal muscle increases 
proportionally with fat oxidation after endurance exercise training. Am J Physiol Endocrinol Metab 
2006; 291: 254-260. 

54. Pegorier JP, Le May C, Girard J. Control of gene expression by fatty acids. J Nutr 2004; 134: 2444S-
2449S. 

55. Hawley SA, Gadalla AE, Olsen GS, Hardie DG. The antidiabetic drug metformin activates the AMP-
activated protein kinase cascade via an adenine nucleotide-independent mechanism. Diabetes 2002; 51: 
2420-2425. 

56. Chen J, Hudson E, Chi MM, Chang AS, Moley KH, Hardie DG, Downs SM. AMPK regulation of 
mouse oocyte meiotic resumption in vitro. Dev Biol 2006. 

57. LaRosa C, Downs SM. Stress stimulates AMP-activated protein kinase and meiotic resumption in 
mouse oocytes. Biol Reprod 2006; 74: 585-592. 

58. Hardie DG, Salt IP, Davies SP. Analysis of the role of the AMP-activated protein kinase in the 
response to cellular stress. Methods Mol Biol 2000; 99: 63-74. 

59. Dyck JR, Kudo N, Barr AJ, Davies SP, Hardie DG, Lopaschuk GD. Phosphorylation control of cardiac 
acetyl-CoA carboxylase by cAMP-dependent protein kinase and 5'-AMP activated protein kinase. Eur J 
Biochem 1999; 262: 184-190. 

60. Ha J, Daniel S, Broyles SS, Kim KH. Critical phosphorylation sites for acetyl-CoA carboxylase 
activity. J Biol Chem 1994; 269: 22162-22168. 

61. Bornslaeger EA, Mattei P, Schultz RM. Involvement of cAMP-dependent protein kinase and protein 
phosphorylation in regulation of mouse oocyte maturation. Dev Biol 1986; 114: 453-462. 

62. Kerner J, Hoppel C. Fatty acid import into mitochondria. Biochim Biophys Acta 2000; 1486: 1-17. 
63. Van der Leij FR, Huijkman NCA, Boomsma C, Kuipers JRG, Bartelds B. Genomics of the human 

carnitine acyltransferase genes. mol Genet Metab 2000; 71: 139-153. 
64. McGarry JD, Brown NF. The mitochondrial carnitine palmitoyltransferase system - from concept to 

molecular analysis. Eur J Biochem 1997; 244: 1-14. 
65. Ferguson E, Leese H. A potential role for triglyceride as an energy source during bovine oocyte 

maturation and early embryo development. Mol Reprod Dev 2006; 73: 1195-1201. 
66. Campbell SE, Febbraio MA. Effect of ovarian hormones on mitochondrial enzyme activity in the fat 

oxidation pathway of skeletal muscle. Am J Physiol Endocrinol Metab 2001; 281: E803-808. 



Chapter 5 
 
 

 141

67. Nemoto Y, Toda K, Ono M, Fujikawa-Adachi K, Saibara T, Onishi S, Enzan H, Okada T, Shizuta Y. 
Altered expression of fatty acid-metabolizing enzymes in aromatase-deficient mice. J Clin Invest 2000; 
105: 1819-1825. 

68. Paumen B, Ishida Y, Muramatsu M, Yamamoto M, Honjo T. Inhibition of carnitine 
palmitoyltransferase I augments sphingolipid synthesis and palmitate-induced apoptosis. J Biol Chem 
1997; 272: 3324-3329. 

69. Leese HJ. Quiet please, do not disturb: a hypothesis of embryo metabolism and viability. Bioessays 
2002; 24: 845-849. 

70. Houghton FD, Leese HJ. Metabolism and developmental competence of the preimplantation embryo. 
Eur J Obstet Gynecol Reprod Biol 2004; 115 Suppl 1: S92-96. 

71. Wirtu G, Pope CE, Damiani P, Miller F, Dresser BL, Short CR, Godke RA, Bavister BD. Development 
of in-vitro-derived bovine embryos in protein-free media: effects of amino acids, glucose, pyruvate, 
lactate, phosphate and osmotic pressure. Reprod Fertil Dev 2004; 15: 439-449. 

72. Thompson JG, Simpson AC, Pugh PA, Wright RW, Jr., Tervit HR. Glucose utilization by sheep 
embryos derived in vivo and in vitro. Reprod Fertil Dev 1991; 3: 571-576. 

73. Aoyama T, Peters JM, Iritani N, Nakajima T, Furihata K, Hashimoto F, Gonzalez FJ. Altered 
constitutive expression of fatty acid-metabolizing enzymes in mice lacking the peroxisome proliferator-
activated receptor α (PPARα). J Biol Chem 1998; 273: 5678-5684. 

74. Schoonjans K, Staels B, Auwerx J. Role of the peroxisome proliferator-activated receptor (PPAR) in 
mediating the effects of fibrates and fatty acids on gene expression. J Lipid Res 1996; 37: 907-925. 

75. Jump DB. Fatty acid regulation of gene transcription. Crit Rev Clin Lab Sci 2004; 41: 41-78. 
76. Ide T. Effect of dietary alpha-linolenic acid on the activity and gene expression of hepatic fatty acid 

oxidation enzymes. Biofactors 2000; 13: 9-14. 
77. Forman BM, Chen J, Evans RM. The peroxisome proliferator-activated receptors: ligands and 

activators. Ann N Y Acad Sci 1996; 804: 266-275. 
78. Ren B, Thelen AP, Peters JM, Gonzalez FJ, Jump DB. Polyunsaturated fatty acid suppression of 

hepatic fatty acid synthase and S14 gene expression does not require peroxisome proliferator-activated 
receptor alpha. J Biol Chem 1997; 272: 26827-26832. 

79. Kates M, Pugh EL, Ferrante G. Regulation of membrane fluidity by lipid desaturases. Biomembranes 
1984; 12: 379-395. 

80. Abu-Elheiga L, Matzuk MM, Kordari P, Oh W, Shaikenov T, Gu Z, Wakil SJ. Mutant mice lacking 
acetyl-CoA carboxylase 1 are embryonically lethal. Proc Natl Acad Sci U S A 2005; 102: 12011-
12016. 

81. Abu-Elheiga L, Oh W, Kordari P, Wakil SJ. Acetyl-CoA carboxylase 2 mutant mice are protected 
against obesity and diabetes induced by high-fat/high-carbohydrate diets. Proc Natl Acad Sci U S A 
2003; 100: 10207-10212. 

82. Al-Feel W, DeMar JC, Wakil SJ. A saccharomyces cerevisiae mutant strain defective in acetyl-CoA 
carboxylase arrests at the G2/M phase of the cell cycle. Proc Natl Acad Sci U S A 2003; 100: 3095-
3100. 

83. Hasslacher M, Ivessa AS, Paltauf F, Kohlwein SD. Acetyl-CoA carboxylase from yeast is an essential 
enzyme and is regulated by factors that control phospholipid metabolism. J Biol Chem 1993; 268: 
10946-10952. 

84. Brusselmans K, De Schrijver E, Verhoeven G, Swinnen V. RNA interference-mediated silencing of the 
acetyl CoA carboxylase-α gene induces inhibition and apoptosis of prostate cancer cells. Cancer Res 
2005; 65: 6719-6725. 



 
 
 

 142

85. Giraud MN, Motta C, Boucher D, Grizard G. Membrane fluidity predicts the outcome of 
cryopreservation of human spermatozoa. Hum Reprod 2000; 15: 2160-2164. 

86. Arav A, Pearl M, Zeron Y. Does membrane lipid profile explain chilling sensitivity and membrane 
lipid phase transition of spermatozoa and oocytes? Cryo Letters 2000; 21: 179-186. 

87. Sul HS, Wang D. Nutritional and hormonal regulation of enzymes in fat synthesis: studies of fatty acid 
synthase and mitochondrial glycerol-3-phosphate acyltransferase gene transcription. Annu Rev Nutr 
1998; 18: 331-351. 

88. Paulauskis JD, Sul HS. Hormonal regulation of mouse fatty acid synthase gene transcription in liver. J 
Biol Chem 1989; 264: 574-577. 

89. Chirala SS, Chang H, Matzuk M, Abu-Elheiga L, Mao J, Mahon K, Finegold M, Wakil SJ. Fatty acid 
synthesis is essential in embryonic development: fatty acid synthase null mutants and most of the 
heterozygotes die in utero. Proc Natl Acad Sci U S A 2003; 100: 6358-6363. 

90. Moustaid N, Sakamoto K, Clarke S, Beyer RS, Sul HS. Regulation of fatty acid synthase gene 
transcription. Sequences that confer a positive insulin effect and differentiation-dependent expression 
in 3T3-L1 preadipocytes are present in the 332 bp promoter. Biochem J 1993; 292 (Pt 3): 767-772. 

91. Clarke SD. Regulation of fatty acid synthase gene expression: an approach for reducing fat 
accumulation. J Anim Sci 1993; 71: 1957-1965. 

92. Lewin B. Genes VIII. Prentice Hall: Upper Saddle River, NJ; 2004. 
93. Vigneault C, McGraw S, Massicotte L, Sirard MA. Transcription factor expression patterns in bovine 

in vitro-derived embryos prior to maternal-zygotic transition. Biol Reprod 2004; 70: 1701-1709. 
 
 


